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PREFACE.

THE author's object in writing this book has been to present, within the

compass of a single volume, the results of many researches on the nature

and properties of cast and malleable cast iron, and the scientific principles

underlying their manufacture. These researches are for the most part

scattered widely throughout the journals of technical societies, magazines,

and periodicals, and it is hoped that, collected together in their present

form, they will prove of greater value to metallurgical students, engineers,

and manufacturers. Much of the subject-matter is the result of the author's

own investigations in this field, and embodies many years' experience.

The metallurgy of cast iron presents problems of profound interest,

upon which much light has been thrown by the equilibrium diagram of

the iron carbide system. The author has, therefore, conceived it best to

start with a description of this diagram and of the nature and constitution

of those alloys. The succeeding chapters deal with the influence of the

other constituents, such as silicon, phosphorus, sulphur, manganese, and

the rarer elements. The remainder of the volume is devoted to the con-

sideration of the influences incidental to the modes of manufacture, such

as the casting temperature, shrinkage and contraction, and heat treatment

generally.

Many of the researches described consist of the work of eminent

metallurgists at home and abroad, and it has been the author's endeavour

to afford a fair presentation of their views. At the same time, he has

drawn largely upon his own practical experience, which he trusts may be

useful to those who, like himself, are actively interested in the manufacture

of castings, as well as to students and others.

His thanks are due to the Professors and staff of the Metallurgical

Department of the Sheffield University, and to Mr J. F. Crowley and

other friends, for the interest they have evinced in the preparation of the

book. He also desires to take this opportunity of thanking the Councils

272870
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and Secretaries of the several Societies and Institutions which have accorded

him permission to reproduce illustrations from papers read before such

Societies. Last, but not least, his thanks are due to the publishers, Messrs

Charles Griffin & Co., Ltd., who have been willing to include his work

amongst the valuable treatises which they have, from time to time,

published in their "Metallurgical Series."

W. H. HATFIELD.

15 OAKDALE ROAD,

SHEFFIELD.
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CAST IEON
IN THE LIGHT OF RECENT RESEARCH.

INTRODUCTION.

ONE of the greatest triumphs of the present age is the Modern Blast Furnace,
which in the course of a single day now produces hundreds of tons of molten
iron. The ores from which the iron is smelted are contaminated with various
oxides and earths with which they are found associated, and the reducing
action which produces the metallic iron liberates at the same time consider-

able quantities of other elements, which are subsequently found in the

product of the furnace. As the iron approaches and passes through the
fusion zone, large quantities of carbon are taken up from the fuel, and it is

then that the previously liberated silicon, manganese, and other substances pass
into solution, resulting in the production of that most complex and variable

substance known as pig iron.

To the metallurgical student, the early developments in the production of

iron always present a most fascinating chapter. Although meteoric iron was

probably the form in which the metal was first known to the ancients, man
very early learnt that a lump of iron ore when thrown upon a fire would be-

come a spongy metallic mass capable of being forged, and from this primary
knowledge the rudimentary methods of smelting gradually developed. Amongst
primitive peoples the world over, and throughout all history, there is a
remarkable similarity in these earliest processes. The method employed by
the Celts on the Cheviot Hills of Britain previous to the Roman Invasion
was very similar indeed to that at present employed by the African natives
on the banks of the Zambesi. The Egyptians imported the greater quantity
of their iron from Ethiopia ;

and it is curious to note that the methods of iron

smelting depicted by the ancient Egyptians are almost precisely the same as

the one at the present day used by the Abyssinians. Assyria from the earliest

times produced quantities of iron, whilst to the Aryans of early India the art

of iron working was not unknown. It would seem that, the world over, man
even in his earliest stages of development learnt to produce and to value this
"
precious

"
metal. Although little advance was made in actual iron smelting,

much progress was made in its manipulation, and very early indeed did the

art of producing steel arrive, it being no doubt first obtained by the contact

of the metallic sponge with the carbon of the fire. The excellence of the

1



2 OAST IRON^ IN THE LIGHT OF RECENT RESEARCH.

Syrian swords was proverbial in pre-Roman times. As indicating the early

appreciation of iron in our own country, the Franciscan, Bartholomew,

writing in 1260, said: "Use of iron is more needful to men in many things
than use of gold, though covetous men love more gold than iron. Without
iron the commonalty be not sure against enemies, without dread of iron

the common right is not governed ;
with iron innocent men are defended,

and foolhardiness of wicked men is chastised with dread of iron. And well-

nigh no handiwork is wrought without iron
;
no field is eared without iron,

neither tilling craft used nor building builded without iron." 1

The iron produced by the early methods was relatively pure and, owing
to the intense heat required to render it molten, the casting of iron was not

possible, and hence the art of the smith was so superbly developed. An
examination of the artistic productions of the Middle Ages reveals magnificent

castings in bronze and in the precious metals, but in the case of iron we
have to be content with the work of the smith. In this connection the

following table of melting points will be found of interest, and incidentally
will provide the explanation :

"Centigrade.
Platinum . . ., . . .1750
Wrought iron . . . . . 1505
Steel (1-45 per cent, carbon) . . . 1425

Cast iron (3*8 per cent, carbon) . . 1150

Copper 1084
Gold 1064
Silver 962

It will be seen that the comparatively infusible wrought iron has its

melting point brought down by the influence of the addition of about 4 per
cent of carbon to within measurable distance of that of copper. It is there-

fore obvious why the discovery of cast iron and the introduction of the blast

furnace in the fifteenth century gave such a vast impetus to the development
of the iron industries.

The evolution from the rudimentary methods of iron smelting to the

modern blast furnace affords perhaps the most interesting record in metal-

lurgical literature.

In the earliest times the smelting hearths were placed at the top of wind-

swept gullies or neighbouring heights, such, for instance, as our numerous
local "bole" hills, so that advantage might be taken of the assistance of the

prevailing winds. Even by such inadequate means satisfactory lumps of iron

were produced. Naturally we find that the first development was the sub-

stitution of artificial blast for the somewhat unreliable natural winds. Hence
the development of the various types of bellows, some of the most ingenious,
in ancient Egypt, India, China, and Africa. One cannot help regarding with

interest the early Indian foot bellows and the superb, box bellows of China.

The introduction of artificial blast must have created quite as great an
.economic flutter in its time as the latter-day introduction of such improve-
ments in its application as that of Neilson.

The process of smelting on a small hearth supplied with an air blast

1 Bennett H. Brough,
"
Early History of Iron," Journal of the Iron and Steel Institute,

1906, No ;
i.



INTRODUCTION.

constituted for centuries the general method of iron production in Europe ;

and the Catalan Forge, which is illustrated in fig. 1, is typical of the better

type of such furnaces. This furnace held its own until comparatively recent

Trompe and I- unute Longitudinal vertical section

FIG. 1.

times, and is remarkable for the ingenious method of supplying the blast.

This was done by a trompe, an apparatus invented in Italy in mediaeval times
;

it consisted of inducing a pressure of air by means of falling water. The
furnace itself will be seen to consist of a four-sided hearth into which the ore

FIG. 2.

and charcoal were fed, and the blast was supplied through one tuyere in the
manner shown in the illustration.

The next development would seem to be typified by furnaces of a similar
kind to the Osmund, which is so ably described by Percy.

1

Fig. 2 shows

1

Percy's Metallurgy of Iron and Steel.
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the construction, which will be seen to be almost identical in principle with
that of the Catalan Forge, with the one difference that it is built with a

higher hearth.

The old German Stuckofen, fig. 3, is really the progenitor of the modern
blast furnace, and bears a marked resemblance to it. It will be seen to be

really the old Osmund furnace, with the addition of a superimposed truncated
cone of masonry. This increased height, by increasing the time in which the

reduced iron was in contact with the fuel, produced the first cast iron. Our
modern furnaces (see fig. 4) owe their origin to this simple stuckofen, and
to the ingenuity of our engineers in providing the necessary power for the

progressively increasing blast pressure and volume which the development
demanded. To anyone interested in this phase of the development the author
would recommend the paper read before the Institution of Mechanical

Engineers in 1907 by D. E.

Roberts, who traced therein the

enormous evolution which has

taken place in the design and pro-
duction of the blowing engine.

The range of composition of

the product of the blast furnace is

very wide. It is dependent upon
many factors, and is determined
not only by the class of ore, fuel,

and flux which is smelted, but also

by the ratio which the weights
of the components of the charge
bear to each other. The speed
at which the furnace is worked,
the temperature and condition of

the blast, and the design of the

furnace, also influence the quality
of the iron. Typical analyses of

modern pig irons are given on

pages 240-4 which afford some idea

of the wide range of compositions
which is now at the service of the foundryman.

Pig iron, then, is the iron produced in the blast furnace, and cast iron is

pig iron which has been melted and cast into the required form. In some
instances, however, what are called "

direct castings
"

are made
;
that is, the

blast furnace product is run directly into moulds instead of being cast into

pigs.
As previously mentioned, it is the quantity of carbon alloyed with the

iron that confers upon it those properties (including its low point of fusion)
which have so commended it to industrial usage.

Iron as produced in early times was relatively pure, and consisted of

material which under the microscope would have been seen to consist mainly
of "ferrite" crystals. It was extremely soft and ductile. The later addition
of carbon resulted in the production of steel, and the microstructure then

presented in the normal or softened condition the well-known" pearlite
"

structure, containing either ferrite or free "cementite" according to whether
the steel contained more or less carbon than about 0'89 per cent. Relatively,

FIG.
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the iron-carbon steels present little difficulty, forming as they do a single iron-

carbon system in which the carbon exists in the unhardened condition, as

massive carbide or as the segregated carbide of the pearlite, and at high

temperatures as a solid solution of carbide in iron. Of the elements other

than carbon usually present,

only manganese substantially
modifies the stru'cture. This

element, by chemical union with

the carbide of iron, materially
alters the characteristics of the

pearlite, and incidentally the

mechanical properties likewise.

With pig or cast iron the

problem is rendered much more

complicated by the large per-

centages of other elements

present, it being usual to find,

along with the carbon, very
considerable quantities of man-

ganese, sulphur, silicon, and

phosphorus. These elements all

individually produce definite re-

actions with iron, and also, in

some cases, with each other,

and thus pig iron may present
a complex and variable mass

of free iron and free carbon,

carbides, double carbides, sul-

phides, silicides, and phosphides.
Each individual constituent will

have its own particular char-

acteristics, its own thermal

phenomena, and, what is also

very important, its own co-

efficient of contraction.

One aspect of the presence
of the impurities is, that their

influence is greater than the

percentage recorded by analysis
would lead one to anticipate.
It is found that the compounds
formed by the various elements

present occupy such consider-

able volume that they have most

seriously to be reckoned with.

For instance, H. M. Lane, in a recent paper, demonstrated that a No. 2

foundry iron, whilst only containing 6 '93 per cent, of impurities, contained

by volume 35 '73 per cent, of compounds formed therefrom. In fig. 5 will

be found a photomicrograph of a sample of ordinary foundry cast iron.

The background or matrix consists of silico-ferrite, and this will be seen

to be cut up by the graphitic plates and by the phosphide of iron pro-

FIG. 4.
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duced from the phosphide eutectic originally present in the iron. This

micrograph will demonstrate the point of the foregoing remarks.

FIG. 5. Etched picric acid in alcohol. Magnified 60 diameters.

It will therefore be seen how advantageously the accumulated researches

of recent years may be perused by those interested in obtaining the best

results under works conditions
;
and the author hopes that the following pages

may prove of assistance to those interested in the study of cast iron.



CHAPTER T.

THE IRON-CARBON ALLOYS AND CAST IRON
FROM THE STANDPOINT OF THE

EQUILIBRIUM DIAGRAM.

BEFORE the various iron-carbon alloys which come under the category of cast

iron can properly be understood, an appreciation of the iron-carbon equilibrium

diagram is necessary.
Frederick Guthrie,

1 in his classical researches, worked out the freezing

diagrams of various salt solutions, and it is of

considerable interest to note that a work which
was no doubt considered at the time of its publi-
cation to be purely academical should have formed
the basis of modern metallurgical research. An
invaluable method has thus been provided of

correlating the numerous data which have resulted ^
from much varied work. *>

In fig. 6 will be seen the equilibrium diagram >3

of solutions of common salt (NaCl) in water. It
-

is not proposed here to go into the detail of ^
Guthrie's experiments ;

those researches, along
with others, will be found admirably treated else-

where. 2 Suffice it that it was demonstrated that

the addition of common salt progressively lowered

the initial freezing point of water until at the

point B (fig. 6) with 23 "5 per cent, of NaCl it

had reached - 22 C. With solutions of this Fm 6._Freezi diagram of

particular percentage of salt the simultaneous solutions of sodium chloride

freezing of the whole takes place at 22 C., this (common salt) in water,

solution being understood to be of the " eutectic
"

composition. Further additions of salt progressively increase the initial

freezing point, and now the most interesting feature must be recorded.

From all the varying solutions containing less than 23*5 per cent, of salt

crystals of ice begin to separate out when the primary freezing points,
indicated by the curve A-B, are reached, and ice continues progressively to

separate until the mother liquor is equal to the eutectic composition. That

point is invariably reached at - 22 C., when the residual mother liquor

simultaneously solidifies. If the solutions which contain more than 23 '5

1
Physical Magazine, 1875-8.

2 Harbord's Metallurgy of Steel
;

Goerens' Introduction to Metallography ;
Desch's

Metallography.

7

-20

-30
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per cent, are next considered, it will be found that along the primary freezing
line B-C pure salt is found to be deposited, and this precipitation also progres-

sively increases with the decrease in temperature, until at -22 C. only the

mother liquor of 23'5 per cent, of salt content is left, and we again have the

freezing of the eutectic. This particular composition, known as the eutectic,

upon solidification loses its homogeneity, and is found under the microscope
to consist of "innumerable plates of ice and salt in mechanical juxtaposition."

Given the "common salt in water" diagram, it is not necessary here to

present the innumerable diagrams which have now been worked out, and have

gradually and completely, through a long series of aqueous solutions, fusion

mixtures, and alloys, confirmed the accuracy and utility of the principles
revealed as the result of Guthrie's researches, and the subsequent application
of Gibb's Phase Rule.

Pig iron must be considered as a frozen solution of carbon and iron, and it

will be seen in the following pages how much simplified the subject becomes
if considered from this standpoint.

The iron ore is reduced to iron in the upper regions of the blast furnace,
and as the spongy mass of metal descends, carbon is absorbed from the coke.

The conditions are such that the molten material invariably becomes a

saturated solution of carbon in iron. In the absence of other elements, such

iron will contain in solution, at the temperature of freezing, 4'3 per cent, of

carbon, and this is therefore the explanation of the normal percentage of

carbon found in pig irons. The presence of varying percentages of other

elements materially influences this solubility, but for the present it is advis-

able that we should consider the purely iron-carbon alloys.

The Iron-Carbon Diagram. We are indebted for the present iron-

carbon diagram to the combined efforts of many distinguished metallurgists

working independently, and including Roberts-Austen, Osmond, Chatelier,

Stead, Arnold, Roozeboom, Heyn, Benedicks, Charpy, Carpenter, Goerens,
and Wiist. In fact it is doubtful whether there is any thinking metallurgist
whose soul has not been vexed at one time or another in endeavouring to

confirm or to confute the various lines suggested at different periods as being
of necessity an integral part of this diagram. An admirable treatise/ from
the Continental point of view, has recently been written upon the development
of the diagram ;

and although it may not even yet be considered quite com-

plete, there is now, at any rate, substantial agreement upon the main issues.

It is interesting, in the light of our present views, to find that Sir W.
Roberts-Austen, in his Fifth Report to the Alloys Research Committee,

2
says :

"If carburised iron is a solution capable of being either liquid or 'frozen,'
it might be anticipated that the constituents of the solid solutions would be

recognisable by the microscope, just as individual crystallised salts grouped
together can be distinguished by suitable magnification. Patient research

conducted with the aid of the microscope, beginning with the work of Sorby
in 1864, has during the last thirty-five years proved that this is the case."

To Roberts-Austen, and also to Osmond and to H. Le Chatelier, we are

indebted for the first conception of the iron-carbon equilibrium diagram.
Working on the hypothesis contained in the above abstract, Roberts-Austen

investigated the thermal behaviour of a series of varying carbon-iron alloys,
and by collating data already extant he produced the diagram found in fig. 7.

The materials which he used varied somewhat : for the higher percentages he
1

Wiist, Metallurgie, 1909, p. 512. 2 Institution of Mechanical Engineers.
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prepared alloys in the electrical furnace, but for those containing under 2'0

per cent, of carbon he used cemented steel and open hearth samples taken at

varying periods from the bath. His standard pure iron was prepared by the

electrolytic method.
IOUU
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If reference be made to figs. 6 and 7 it will be seen that, in an analogous
manner to the phenomena of salt solutions, the addition of carbon gradually
lowers the initial freezing temperature of the iron along the line AB until

the point B, which indicates the eutectic composition, is reached, and that

further additions again raise the line as indicated from B to D. The line a-C
indicates the freezing of the " mother liquor," or eutectic, which has a constant

freezing temperature of 1135 C., thus bearing out the analogy of the salt

solutions.

One important difference, however, must be here pointed out, and that is

that, whereas the solid ice does not retain any of the salt in solid solution, the

frozen iron retains much carbon. This fact is responsible for the further

phenomena observed as indicated by the lines found between 900 to 600 C.

in alloys (steels) of low carbon content (fig. 7).

It will be well to here describe this latter phenomena before considering
the higher reaches of the diagram.

Alloys of Iron and Carbon of low Carbon Content. In 1868
Gore observed that on cooling iron wire there was, whilst still at a red

heat, "a sudden dilation which was not present in other metals experi-
mented upon," and he later demonstrated that at this temperature the

iron became, on cooling, strongly magnetic. Barrett, continuing Gore's work,
showed that in heating also, the reverse phenomenon occurred, and he further

showed that hard steel wire actually glowed when, in cooling down, it had
reached a certain temperature still in the region of "red heat." Osmond,

working with the newly devised Le Chatelier pyrometer, elaborated and
extended these observations, and to him we are indebted for the establishment

of the well-known critical points occurring in steel. Tschernoff having dis-

covered that there was a critical temperature associated with the hardening
of steel, which he designated by the sign "A," Osmond named his points
obtained during cooling as'ylr 1, Ar 2, and AT 3. To distinguish the absorp-
tions of heat taking place during heating from the evolutions taking place

during cooling, he named the former Ac 1, Ac 2, and Ac 3. 1 The explanation
of these phenomena is still a subject of discussion; indeed the actual facts

concerning them are even as yet not quite agreed upon. For instance, whilst

in a low carbon steel some investigators would claim the Ar 2 to be one

single evolution of heat, Arnold and M'William claim, and apparently with

good reason, that it consists of two distinct evolutions. Taking the data

generally, however, it would seem to be that there is a fair agreement, and
it may be well here to record the explanation.

The author would refer to an admirable paper recently published by
W. C, A. Edwards.2 That worker has made a most successful attempt to

reconcile the varying theories evolved from time to time to solve the problem
of hardening and the various changes taking place at these critical points.
It would be well here to explain that many metallurgists were of opinion that

the iron existed, in the different critical ranges, in varying allotropic modifica-

tions, and that it was to the properties of one of them retained by quenching
that the hardening was due

; Arnold, however, put forward the hypothesis
that it was due to the formation of a subcarbide Fe

24C, produced by the

chemical combination of the carbide and ferrite of the pearlite, preserved by
1 In these symbols A is the initial letter of the French word arrestation or arrest, while

r stands for refroidissement (cooling) and c for chauffaye (heating).
2 Jour. Iron and Steel Inst., vol. ii., 1910.
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quenching. It would seem, in the light of recent discussion, that the correct

explanation will be found in a compromise between these two theories. In the
first place, iron without carbon will not produce the tool steel hardness so well

known in Sheffield and elsewhere. In the second place, the properties of iron do

vary sufficiently in the critical ranges to entitle them, by somewhat stretching
the original meaning of the word, to the description of allotropic modification.
To quote Edwards, pure iron "cooling from the melting point to the ordinary
temperature passes through three distinct ranges of temperature, viz. from
1505 C. to 900 C., 900 C. to 760 C., and 760 C. to C. The signifi-
cance of these ranges will be evident if the incontestable difference in the

properties of the metal when at temperatures within the above-mentioned
limits are considered. For example, iron between 1505 C. and 900 C. is

non-magnetic, and will readily dissolve carbon or carbide of iron
;
from

900 C. to 760 C. it is still non-magnetic, but it is almost without action

upon carbon
; and below 760 C. it is magnetic, and incapable of dissolving

carbon. Now, the thermal change at 900 C. can be explained only by con-

sidering that at that temperature there is a rearrangement of the molecules
within the mass, which may or may not be accompanied by an external

change of crystalline form. The marked difference in physical properties

strongly supports this view. In addition to this evidence, Rosenhain
and Humphrey have shown that iron at temperatures between 760 C.
and 900 C. is harder when at temperatures either just above 900 C.

or just below 760 C." This hardness is in no way comparable with the

quenched steel hardness, but at the same time the work of Rosenhain and

Humphrey certainly provides additional evidence of the variation of the pro-

perties of the iron in the critical ranges. It will now be well to refer to the

diagram in fig. 7 during this subsequent argument. The addition of carbon

gradually lowers the Ar 3 point until at '45 per cent. (0 in the diagram)
it synchronises with Ar 2. If we, however, examine a steel containing
'25 per cent, of carbon it will be found that it consists of a homogeneous
solid solution down to Ar 3 (along the line G-0)j which in this case occurs
at 840 C. Evidence would then point to iron containing less, if any,
carbon commencing to fall out of solution, hence the evolution of heat

;
the

remaining solid solution therefore continues gradually to become richer in

carbon (like salt solutions) by a gradual precipitation of iron at gradually

lowering temperatures. Hence the continual evolution of heat which Arnold
has designated the "fourth recalescence." When 760 C. is reached the
Ar 2 change takes place, and the precipitated iron becomes magnetic and

absolutely incapable of holding carbon in solution. Micrographically the

iron, after passing 760 C., consists of ferrite crystals, amongst which are to

be seen the areas of solid solution or " hardenite." On further cooling to

about 700 C. (indicated by the line PP') a further evolution of heat takes

place owing to the iron completely throwing out of solution the remaining
carbide, with the production of pearlite.

With gradual increase in carbon content it is found that the Ar 2.3 point
is gradually depressed until at the point S only one critical point is to be
observed. This eutectic point for the solid solution, it will be seen, occurs at

0'89 per cent, of carbon, i.e. the percentage fixed by Arnold in his
" Carbon and

Iron
"
research as being the composition at which the whole of the section

consists of pearlite. If, therefore, we cool from 900 C. iron containing -89

per cent, of carbon, the homogeneous solid solution persists dcavn to the point
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A 1.2.3 (S in the diagram), at which temperature the pearlite is produced by
resolution of the solid solution.

It will be well here to consider the theory of hardening : whether the

carbide is in chemical union or merely in solution above this AT 1.2.3 is

immaterial
;
the essential fact is that if the iron is quenched above this critical

point the iron is trapped in its pre-pearlite condition, and then we obtain from
this 0'89 per cent, carbon steel the maximum hardness. It is somewhat tempting
here to discuss at length the theoretical considerations underlying the

phenomena of hardening, but it is considered outside the scope of the work.

Any student interested in the subject is referred to the paper by Edwards,
and the subsequent discussion.

Alloys of Iron and Carbon of high Carbon Content. If now
we take an iron containing, say, 1'40 per cent, of carbon and allow it to cool

from 900 C., it will be found that the homogeneous solid solution persists

1,600
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400
20 2-5 30

FIG. 8.

down to the temperature marked by the line SE; we shall then have the

separation of free carbide gradually taking place (compare again the salt

solutions) until the eutectic composition of *89 per cent. C. is reached, and

then, on further cooling, the resolution of the pearlite takes place when the

Ar 1.2.3 point is reached at 700 C. (line PP', fig. 7).

Further additions of carbon gradually raise the temperature at which the

homogeneous solid solution can exist without the precipitation of free carbide

until we arrive with over 2'0 per cent, of carbon at the primary iron-carbon

eutectic line E-C, see fig. 10, at which the 4 '3 per cent, eutectic solidifies.

Before, however, discussing the matter further, we must consider the work of

other investigators in building up the higher region of the diagram.
An interesting paper by Stansfield helped further to evolve the Roberts-

Austen diagram, although some of his hypotheses have not survived the results

of recent work. In 1900 Roozeboorn gave his much-discussed paper before

the Iron and Steel Institute, entitled " Iron and Steel from the Standpoint of

the Phase Rule." It was a highly theoretical work, based upon the researches

of Roberts-Austen and Osmond. His classical diagram is given in fig. 8. It
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will be seen that whereas Roberts- Austen fixed the line marking the com-
mencement of freezing, Roozeboom also added the line AE', indicating the end
of the freezing range, by connecting up the eutectic freezing line with the

point A. As shown by Wiist and others, his other suggestion was not

so fortunate ;
he suggested that the line a-C represented the formation of a

solid solution graphite eutedic mixture, followed at a lower temperature by a

line at which the reaction between this solid solution and the graphite took place,
which resulted in the formation of the carbide. Objections were raised in many
quarters to this hypothesis, since varying metallurgical practice was not in

accord with it. Le Chatelier instanced the malleableising processes as an

example. However, the very considerable discussion which the paper provoked
did much to advance the subject; and in 1904 Carpenter and Keeling, at the

National Physical Laboratory, worked out the thermal phenomena of a very

complete series of iron-carbon alloys. The table on p. 14 will be found to

give the results of their observations.

As a result of this research, Roozeboom abandoned his theory as to the

formation of graphite, and became convinced that graphite, and not carbide,
was the stable phase. He, however, held to Stansfield's suggestion as to the

existence of the two systems iron-graphite and iron-iron-carbide.

Roozeboom's conception of the freezing process is well expressed by Wiist

in the following words :

A. The Stable System. Mixed crystals separate from the fluid melt at

temperatures AB, see fig. 8, the composition of which is represented by Aa.
The limit to which carbon can be held in solution by iron in this range is

2 per cent. From those melts containing between 2 and 4*3 per cent, of

carbon mixed crystals separate, until at 1130 C. the eutectic, consisting of

saturated mixed crystals and graphite, solidifies. From melts containing
more than 4 '3 per cent, carbon primary graphite separates out along BD,
until finally the graphite mixed crystals eutectic is reached.

B. Freezing of the Iron-Iron- Carbide System. Mixed crystals separate
from this fluid mass along AB, whose composition is represented by AE'. The

solubility of the carbide in this range being greater than that of graphite, the

point E representing the saturated mixed crystal corresponds to a higher
concentration than the former point

"
a," and the eutectic freezing point must

also occur at a lower temperature. Without any special reason, Roozeboom
tried the eutectic horizontal line EB' at 1100 C. Hypereutectic alloys

deposit primary iron-carbide along the line B'C, and finally the mixed crystal
iron-carbide eutectic at 1100 C.

The line EH was intended to represent the limit of the range in which the

solubility of the graphite in the solid solution was constant, and Roozeboom
considered that, commencing along this line, a further separation of graphite
took place.

It will be seen that the question to be settled was, How and when is the

graphite formed ? Roozeboom's work was of interest, but by no means brought
us to the final solution of this problem. The theory advanced at this stage
was that the carbon was in solution in the iron in the elementary form, and
that graphite was formed by deposition direct from the solution. The subject
was much discussed by Continental metallurgists, and several able papers and
modified diagrams were produced, the chief amongst which was that of

Benedicks, given in fig. 9.

That worker, as a result of a careful study of the results to hand, designed
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his diagram still upon the hypothesis that both a stable and meta-stable

system existed
;
and it will be seen that the eutectic freezing lines of the two

systems are still held to be distinct, the solubility of graphite in this range
being considered less than that of the carbide.

C. B. Upton
l has also evolved another diagram, but his modifications are

based upon theoretical considerations of small practical significance.
To Goerens we are indebted for a very distinct advance in the development

of the diagram. From his experiments, that worker came to the following
conclusions :

(1) The carbon in molten iron' is in solution as carbide.
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FIG. 9.

(2) The system must be considered strictly to be one of iron-iron-carbide,

as the iron-iron-graphite lines do not hold after due appreciation of his

observations.

He considers that the line B-D (fig. 10, equilibrium diagram, based upon
Carpenter and Keeling's observations) represents the temperatures at which

the carbide and molten metal are in equilibrium. A further cooling results

in the precipitation of free carbide, which under such conditions is decom-

posed, with the resulting formation of
" kish." Following alqng these lines,

he proves, in the writer's opinion, that it is only after the resolution of the

eutectic at about 1130 C. into free carbide and "austenite" that the free

carbon found in pig irons is formed. It will further be understood that the

degree of rapidity with which the cooling of the iron both before and after

freezing takes place is the factor which mainly determines the ratio of free

to combined carbon in the finished product.
The author has proved to his own satisfaction that this view is correct,

and that it is indeed absolutely necessary in iron-carbon alloys to have had

present free carbide before free carbon can be obtained.

H. M. Howe 2 discusses the evidence for and against the stability of the

1 Jour. Phys. Chem., May 1909.
2 American Institution of Mining Engineers, July 1908.
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carbon in the free state as against stability in the combined state. This work
is voluminous and merits a careful perusal, although the writer unfortunately
opens with further modifications of the nomenclature of the subject, which is

to be deplored. It is pointed out that as the dissociation of the carbide is

accompanied by an evolution of heat, i.e. is exothermic, it would appear that

the latter phase is the stable one.

In the treatise by Wiist, to which reference has already been made, will be
found an admirable account of his conception of the phenomena of solidification

and cooling of pig iron, based upon both his own work and that of his pupils,
and it is of sufficient importance to be presented somewhat fully.

One of the most important features of the diagram is the position of the

eutectic point and its temperature of solidification. This, Wiist considers,

/,600

10 15 35 40 45 5-02-0 25 30

Accepted lines
Carbon /

.. Lines suggested by thermal data

obtained by Carpenter & Keeling.

FIG. 10.

may safely be taken as occurring at about 1130 C., with allowance for ex-

perimental error. He gives two micrographs illustrating the structure of

this eutectic alloy.

Fig. 1 1 is a micrograph of x 5 magnification of a sample of eutectic com-

position quenched in water, whilst fig. 12 is of the same section magnified
100 times. This well-known structure, presented by the solidified eutectic,

Wiist proposes to christen "Ledeburite," after his distinguished compatriot;
and since it has not yet been given a distinctive name, it would be courteous

to accept the suggestion. He describes a most interesting set of experiments
made to determine the manner in which the separation of graphite takes

place.
The micrographs in figs. 13 and 14 represent the structure of a 200 grm.

specimen of eutectic pig iron (the complete analysis is not given) which, after

occupying a period of 350 seconds during freezing, was immediately quenched.

They will be seen to indicate the presence of graphite in austenite, accompanied

by traces of the still remaining patches of "Ledeburite."
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FIG. 11. Etched. Magnified 5 diameters.

FIG. 12. Etched. Magnified 100 diameters.
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*l

FIG. 13. Etched. Magnified 50 diameters.

FIG. 14. Etched. Magnified 200 diameters.
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A similar mass of the same material was then quenched after remaining
200 seconds at the same temperature, and the striking result was obtained

indicated in figs. 15 and 16. It will be seen that whilst much graphite is

seen to be surrounded as before by the constituent austenite, much larger
areas of the "Ledeburite" have persisted. These experiments undoubtedly

prove that the production of the graphite takes place progressively during the

recalescence observed at about 1130 C. Experiments also published
1

by
Heyn and Bauer point to the truth of this data.

A series of pyrometric observations made by Wiist's pupil, Spieker, are

then described, with a view to deciding as to the accuracy of the lines which

are suggested by the phenomena observed by Carpenter and Keeling at the

temperature of 1050, 800, and 600 C. (lines H-I, 0-N, and Y-Z respectively,

FIG. 15. Unetched. Magnified 5 diameters.

fig. 10). The readings were carefully taken of the cooling curves presented

by a range of alloys containing '10 to 4'30 per cent, of carbon cooled in vacuo,
and the results may be given as follows :

The eutectic change at 1135 C. is noted in all the alloys of and above

2 '45 per cent. C. No evidence was obtained of any evolution of heat at

either 1050, 800, or 600 C., and he therefore considers that Carpenter and

Keeling's observations are not substantiated, and that these lines in the

diagram may be eliminated.

The pearlite change was observed at 700 C. in the whole range of the

alloys from '4 to 4
P

3 per cent, carbon.

Having already stated that the thermal methods do not sharply define

the exact point at which the eutectic ceases to occur, Wiist proceeds to

describe a most interesting set of experiments performed by Gutowsky. This

1 Sf.ahl und Eiscn, xxvii. pp. 1565-1571.
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worker's method consisted of heating the various specimens slowly to the

required temperature and then quenching.
" In this way it is possible to

observe the change from the homogeneous mixed crystals to that of the partly
melted alloy, i.e. the temperature at which the solidus line is overstepped."
It is claimed by Gutowsky that it is invariably found in such experiments
"that the fluid portion contains more carbon than the solid portion with

which it is in equilibrium." This method is of interest, and it is stated that

if the solidus curve A-E, fig. 10, is overstepped, small rounded nodules or drops
of supposed Ledeburite are to be observed through the section, whereas if the

line has not been reached, the normal structure for the particular temperature
at which the bars have been quenched will be observed. Hence it is claimed

that the exact position of the solidus line can be determined by careful

FIG. 16. Etched. Magnified 100 diameters.

experiment. The experiments will now be described, but the author considers

that further support should he obtained before the results are accepted.

Gutowsky's experiments were performed on alloys containing from '50 to

1*74 per cent, of carbon. Quenchings below the line A-E are reported to

have produced microsections containing no evidence of fusion, whilst it is

claimed that after the line is overstepped microscopic evidence is obtained of

local fusion.

Fig. 17 illustrates the structure of the 1*76 per cent, carbon alloy quenched
at 1130

C

,
i.e. just below the eutectic change point. It will be seen to present

the austenitic structure usual after such quenchings. Fig. 18 illustrates the

development in the structure upon quenching at 1167 C. Evidence would

appear to.be presented of the solidus line having been overstepped. The
author would like here to call attention to the excellence of these micrographs,
for which he is indebted to Dr Wiist. Fig. 19 illustrates the appearance
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FIG. 17. Etched. Magnified 200 diameters.

FIG. 18. Etched. Magnified 200 diameters.
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under a magnification of 1200 diameters of the local fusion zones occurring in

the same section quenched at 1154 C. They are claimed to compare with

the well-known eutectic structure.

Wiist considers that the alloys are in the molten state above ABD
(fig. 10), and further that, whether in the molten or solid iron, the carbon

exists in the combined state (at any rate, previously to dissociation after

separation). On cooling, the carbide freezes out along BD, and it is by the

dissociation of this carbide that, as suggested by Goerens, kish is produced.
Aachen first discovered that grey and white irons of similar composition

freeze at the same temperature, and this fact, followed up and confirmed by
Wiist, Heyn, and Goerens, has finally resulted in the now accepted theory
that in either case it is primarily the cementite-austenite eutectic that is formed.

FIG. 19. Etched. Magnified 1200 diameters.

It depends, therefore, upon the composition and conditions of cooling as to

whether the carbide persists or not, and whether white or grey iron is produced.
Wiist has shown that even in a purely iron-carbon alloy, allowed to cool very

slowly, the whole of the carbon will be found in the free state.

Conclusions. As a result, therefore, of a due appreciation of existing data,

it is clear that the material collecting in the bath at the bottom of the blast

furnace consists of a saturated solution of carbon in iron. As this cools

down to the freezing range, carbide is thrown out of solution which simul-

taneously dissociates into iron and carbon, with the production of kish. The
iron then freezes, the eutectic splitting up into austenite (solid solution)
and carbide, which latter constituent, controlled by the prevailing conditions

of rate of cooling and composition, either persists or dissociates. Further

cooling causes the gradual precipitation of further free carbide, which behaves

in a similar manner to the carbide separated at the eutectic change point.
When we arrive at the temperature of the pearlite change point we still have
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the solid solution corresponding in composition to hardenite, which now
resolves itself into carbide and free iron. The carbide will, again, either

dissociate, with the production of perfectly soft pig iron, free from combined

carbon, or will persist, and be recognised as the pearlite in the final iron.

FIG. 20.- Fracture of white Swedish iron.

The black patches represent spherical graphitic formation shown in transverse section.

Consideration of Mottled Pig-iron Fractures. In fig. 20 is

shown a type of fracture which has from time to time been the subject of

much discussion. This particular illustration is from a contribution by
Sir R. Hadfield to a discussion upon Mr Saniter's paper upon Carbon and
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Iron, read before the Iron and Steel Institute in 1897. It will be seen that it

affords an instance of the fracture presenting the features both of white and

grey iron. The question which then naturally arose was whether the white

iron or the grey iron is the earlier formation.

H. M. Howe discusses this question in a recent paper upon the

iron-carbon diagram, and gives a resume of the arguments put forward in

explanation of such fractures. His explanation will probably be found to be

correct, and is as follows :

"
It is a well-established rule that pressure in arid by itself favours the

formation of the less bulky of the two phases. Now, the change from the

state of cementite into that of bulky graphite implies much expansion, but

this expansion must necessarily set up stress within the solid metal, and thus

be resisted by the pressure which it itself sets up. Thus the very fact that

this change from cementite to graphite does take place in spite of its being

opposed by the pressure which it creates, argues that there is a force at work
to overcome this opposition, and that force is a manifestation or symptom of

the greater stability of the graphitic than the cementite state."

Such fractures are only found in irons containing a certain balance of the

constituents ; and, as Howe says, dissociation of the carbide on the outer edge
takes place previous to the pressure being set up, both by the contraction of

the cooling iron and also by the commencement of the dissociation at various

centres. The pressure due to these causes is evidently sufficient to retain

the carbon in combination in the white areas of the fracture seen in the

photograph.
Does Graphite change to Cementite ? Under certain circumstances

this action takes place, and always according to the following rule. Pure cast

iron, perfectly cooled over a sufficiently long period, will be found to consist of

the two phases, iron (ferrite) and graphite. If, however, the iron be cooled

quickly from any temperature between 1135 C. and 700 it will be found to

contain some of the carbon in the combined state and in varying degree. The

diagram in fig. 10 will give an idea of the amount of carbon as carbide retained

in solution in the iron by absolute quenching from various temperatures, and
it will be seen to vary from over 2'0 per cent, down to '89 per cent. If we,

therefore, take the graphitic iron under discussion and maintain it at high

temperatures, the carbon recombines with the iron and diffuses through the

mass, and this action continues until equilibrium for the particular temperature
is reached. Should the temperature be one of, say, 1050 C., it will be seen

that more carbon is in solution than is necessary to form pearlite ;
and hence, if

the iron is cooled fairly quickly, the carbon of supersaturation will separate as

cementite. Thus is graphite converted into cementite
;
but it must be

remembered that cementite is the meta-stable phase, which, given the necessary
slow cooling, will again revert to the stable phases, iron and free carbon.

The influence of the various other elements present in the iron will be

found treated under separate subsequent chapter headings.



CHAPTER II.

INFLUENCE OF SILICON.

AFTER carbon, silicon is undoubtedly the most important constituent of cast

iron. Although Gautier and C. Wood had previously indicated its influence,

T. Turner's researches, published in 1885-6,
1 were apparently the first

systematic investigations in this field.

The grey foundry irons of commerce, whether annealed or not (figs. 21 and

22), generally consist microscopically of a ferritic matrix, in which is observed

free carbon along with varying amounts of pearlite. It is therefore essential

that the influence of silicon on iron in the absence of carbon should be

appreciated before passing to a consideration of the somewhat more complex

subject in hand.

The Iron-Silicon Alloys. Guertler and Tammann 2 describe the

systematic investigation of an iron-silicon series of alloys. They also give an

interesting epitome of the previous work done by other workers. The authors

prepared a set of alloys varying from 5'0 to 88'0 per cent, of silicon, and

carefully determined the freezing and other thermal data upon which the

equilibrium diagram of the series is built (see fig. 23).

If reference be made to the diagram (fig. 23), it will be seen that up to

30 atoms per cent. (18 per cent, by weight) the silicon would seem to be

present as Fe
2
Si in solid solution (mixed crystals). The reason for this

conclusion is that all the mixed crystals lying in this area of the diagram,
on being treated with acids, give a residue corresponding to the formula

Fe9Si. The authors contend that had the silicon been present in simple

solution, a residue much richer in silicon would, under these conditions, result.

Further, they point out that the microstructures presented within this range,
after etching with hydrochloric acid, are found to consist of a single constituent.

Figs. 24 and 25 typify the structures obtained with 31*2 and 42*4 per cent,

(atoms) of silicon; and if studied in conjunction with the diagram, fig. 23,

will be found of considerable interest.

It will be seen by the diagram that up to 31'0 per cent, (atoms) of

silicon, which alloy constitutes the compound Fe
2Si, there is a progressively

rapid lowering of the primary freezing points of the alloys, and then an equally

rapid rise until the composition of 50 atoms per cent, (equal to the compound
FeSi) is reached. Guertler and Tammann deduced from this that the

compound FeSi is of a fixed chemical nature, and assert that such an alloy

(50*2 atoms per cent., or 33'7 per cent, by weight) presents no break in its

cooling curve in the eutectic ranges. If either more iron or silicon be added,

1 Jour. Glum. Soc.
,
vols. xlvii. and xlix.

2
Zeitschriftfur anorg. Chemie, vol. xlvii. p. 163.

25
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FIG. 21. Grey cast iron. Etched HNO^. Magnified 52, diameters.

FIG. 22. Annealed white cast iron. Etched HNOa . Magnified 52 diameters.
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the eutectic break in the curve becomes apparent. It is also stated that

whilst it might have been expected that alloys between 33*0 and 50 atoms

per cent, would consist of the FeSi crystals in a matrix of Fe
2Si,

this was not

so, the matrix in this range proving to be an eutectic containing 34'7 per
cent, of Si.

Discussing the physical properties of these alloys, they found that the

latent heat of fusion decreases greatly from silicon on the one hand to iron on

1500
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\
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FIG. 23. Atom-percentages of silicon.

the other. It was found that all the alloys containing up to 47 '5 atoms per
cent. Si exercised a strong influence upon a magnetic needle, but that the

influence gradually decreased with further increase in silicon, until, with

50 atoms per cent., no attraction was noticed. Jouve found that the

magnetic permeability became less with the increase in silicon, but not in a

continuous manner, breaks being observed at 33 '3 and 50 atoms per cent. Si.

Curiously, the authors state that the presence of silicon does not materially
influence the Ar'l point,

1 and give the following figures in support :

Atoms

per cent. Si.
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FIG. 24. Ferro-silicon. 31 '2 atom per cent, silicon =. Fe2Si.

FIG. 25. Ferro-silicon. 42 '4 atom per cent, silicon showing
Fe2Si in eutectic matrix.
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Baker gives the results of a most careful research, and the results of his

analytical and accompanying mechanical tests are given in following tables.

Ingot No. .
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The Influence of Silicon upon the Solubility of Carbon in Iron.

Silicon, when added to iron in the presence of carbon, materially affects it

by reducing the solubility of carbon, and this phase has been very carefully

investigated by Wiist and Petersen. 1 Their results are tabulated below, and
it will be seen that the eutectic alloy containing 4*3 per cent, of carbon is

considerably modified, and that at what is a frequent commercial percentage
of silicon, viz. 3*0 per cent., the carbon percentage of the eutectic is reduced

to 3*4 from 4'3 per cent.

No. of

Test.
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in diameter, with a parallel of 16 inches. After exhaustive analyses, the bars

were broken on the Mason College testing machine by Professor Kennedy.
The results, both of the analytical and mechanical tests, will be found in the

following table :

EFFECT OF SILICON ON THE PROPERTIES OF CAST IRON.

l
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of silicon and 0'56 per cent, combined carbon
;
the best crushing strengths

were obtained when the silicon did not exceed I'OO per cent., and the com-
bined carbon approximated to 2*0 per cent. The importance of these results

FIG. 26. Influence of silicon on cast iron.

lay chiefly in the fact that they systematically demonstrated that it was by
controlling the condition of the carbon that the mechanical properties of

the alloys were influenced by the silicon content.

It will be seen thatlas the silicon is increased, the carbon changes from
the combined to the graphitic state.

3
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Conditions which modify the Influence of Silicon. The influence

of silicon is greatly modified by varying conditions, the chief of which are

(1) The size of the casting.

(2) The rate of cooling.

(3) The casting temperature.
The size of the casting is the paramount consideration, and naturally, other

conditions being equal, determines the rate of cooling, Take, for instance,

a test bar 1 in. square of a silicon content of say '80 per cent.
;
most likely

it would contain considerably over TO per cent, of combined carbon. If a

solid lump, say, of 2 tons were cast from the same ladle and allowed to cool

very slowly, the combined carbon would be practically nil. Whereas the micro-

structure of the test bar would contain much cementite and pearlite, the large
mass would be found in microstructure to consist largely of graphite embedded
in ferrite. Obviously, then, for a given effect, the silicon must vary propor-

tionately with the mass, and it is for each founder to determine for himself the

particular conditions under which a certain silicon will produce a given result.

Two series of bars prepared by the author, and given by him in a Carnegie
Research Memoir,

1 are useful in considering this question.
The first set were cast at just normal temperatures, and care was taken

to have the analyses strictly comparable. The bars measured 1 in. by f in.

in section. The analyses, together with the tensile tests and a description
of the fractures, will be found in the following table :

SERIES A (ALL CAST AT NORMAL HEAT).
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slightly under '20 per cent. ;
the sulphur and phosphorus are constant

with '05 per cent.

The remarkable feature is the very rapid change of the carbon from the

combined to the free state (see diagram, fig. 27).

05

COMBINED. C.

GRAPHITE
SILICON
TENSILE

FIG. 27. (Test Nos., series "A.") Curve II.

It was to be expected that the gradually increasing silicon would

gradually precipitate the free carbon, as for instance in the case recorded

by Longmuir :
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indicate that low silicon and high combined carbon give the best results when
the bars are tested in tension.

The noticeable irregularities in the mechanical results were carefully
investigated, and generally the microstructure accounted in part for the
variations. For instance, Nos. 8 and 9 varied by S'3 tons. Judging by the

fracture, both would be considered good samples of white iron, No. 9, however,
having a somewhat coarser crystallisation than No. 8. The microscope
revealed the normal cementite-pearlite structure of white iron in each case,
but there was a distinctly different arrangement of the micro-constituents.

Photomicrographs, figs. 29 and 30, respectively illustrate this. No. 8 has
a well-mixed structure showing no particular arrangement, the whole mass

being well knit together ;
in the case of No. 9, however, there is a definite

orientation of the cementite membranes, which run in distinct lines, and no

2-5

20

15

CO

10

FlG " 28.-(Test Nos. ,
series A.")-Curve III.

SILICONS

doubt cause planes of weakness. This variation is most likely due to some
elusive condition prevailing during the casting operations.

To take a case of variation in the grey iron bars, it will be seen that whilst
No. 19 possesses a tensile strength of 8'5 tons per sq. in., No. 20 gave 15 '6

tons. Here it is carious to relate that the only distinction was in the fact

that, after etching, the sections were seen macroscopically to be split up by
thin membranes of a non-etching constituent, afterwards proved to be cementite.
It was noticed that the 15*6 ton bar had a larger and more distinct crystallisa-
tion than the bar giving the lower test. This phenomenon has since been
confirmed by Messrs Cook and Hailstone, although the author considers those
workers are mistaken when they attribute the appearance to the phosphide
eutectic. They give two bars, one with a tensile strength of 9'1 tons per sq.

in., and the other with a tensile of 18*3 tons, with a constant silicon of 1*32

per cent., with combined carbon recorded as 0'85 and 0'90 per cent, respec-

tively. These figures are interesting as an instance in which other influences

were of greater importance than the silicon content.

It was stated earlier that the casting temperature considerably modified the
influence of silicon. The second series published by the author in the paper
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already referred to illustrate this phase. This second series were made compar-

FIG. 29. FIG. 30.

White Cast Irons, similar in composition. Fig. 29 gave 22 '8 tons per square inch. Fig. 30

gave 14 '5 tons. Magnification, 45 diameters. Both etched with nitric acid. It will

be seen that both these sections consist of cementite filled in with granular pearlite.

able with the former, and the only variable influence, to the author's knowledge,
was the temperature at which the bars were cast. The casting temperature

00

cc%- \'/c

INSILE
FIG. 31. (Test Nos., series

"
B.")

is uniformly higher in the later than in the earlier set. The analyses and

mechanical results are set forth in the curve, fig. 31, and following table.
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SEMES B (OAST HOTTER THAN SERIES A).
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made further observations 1
upon this feature, and one experiment in particular

is worthy of being described.

Two bars, 2 in. by 1 in. by 12 in., from the same ladle of iron, were cast of

the following composition :

Carbon ..... 3*20 per cent.

Silicon . . -. . .1-10
Sulphur . . .; . . 0-02

Phosphorus . . 0'20

Manganese . . . . 8'41

The first was cast at 180C. higher temperature than the other. Upon
breaking the bars, the higher temperature one was found to be mottled white,
whilst the low temperature one was found to be grey. The microstructure

in the white areas of the first corresponded with the normal white iron

cementite-pearlite structure (see fig. 34), whilst that cast at the lower tempera-
ture, upon examination, proved to have the microstructure as illustrated in

figs. 32 and 33. The author considers sufficient evidence has now been given
as to the influence of casting temperature upon the effect of a given silicon.

The general Influence of Silicon further discussed. It will be of

interest to here include some of the results of a recent research published by
Haigh and Turner. A series of iron-carbon-silicon alloys were prepared by
these workers, and the analytical and thermal data are now presented (page 41).

It will be observed that in each alloy of this series three temperature
arrests are noticed. The first, varying from 1195 C. to 1247 C., is obviously
due to the separation of the primary austenite, the irons, as will be seen from

the table, containing considerably less carbon than is necessary to produce the

eutectic composition. The second arrest, which is very distinct, is due to the

freezing of the iron-carbide eutectic : it is of interest to note that the tempera-
ture of this arrest increases with the addition of silicon. The third arrest, also

very distinct through the whole of the series, is due to the resolution of the

solid solution into pearlite. The position of this point is profoundly affected

by the increase of the silicon content, the temperature of the change being

progressively increased until with 4*83 per cent. Si it has risen from 700 C.

to 795 C. This series of iron contained no manganese, and it is interesting to

record that in a comparable alloy to which 0*50 per cent, manganese had been

introduced the freezing point of the iron-iron-carbide eutectic was lowered

15C., whilst that of the pearlite change dropped 87 C. This action of

manganese is, however, discussed under another heading (see p. 80).

The results obtained with Turner's extensometer(p. 1 16)are typifiedin fig. 35.

Whilst with the pure washed iron a practically uniform contraction takes

place, it was found that with the addition of silicon, without any change in the

condition of the carbon, a very different cooling curve was obtained. Whereas
in the washed iron only slight expansions were noticed whilst passing the

eutectic freezing and pearlite change point, in the silicon white iron a consider-

able expansion took place immediately upon solidification, and also upon passing
the pearlite change.

With the alloy containing 1-19 per cent, of silicon there is the first con-

siderable appearance of graphite, and consequently a marked increase in the

expansion both in period and magnitude.
Haigh and Turner, in discussing the combined carbon retained in the

1

Royal Society (Proceedings of), A, vol. Ixxxv., 1911.
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samples, confirm that with the increase in silicon the carbon required to form

FIG. 33. Unetclied. Magnified 52 diameters.

FIG. 34. Etched HN03 . Magnified 52 diameters.

a saturated solid solution is less. They further state that whereas with pure
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iron saturation is reached at 0*90 per cent, carbon, with 4*8 per cent, silicon

it is reached at 0'64 per cent.

The hardness tests were performed upon this series with the scleroscope,
and the results are indicated in fig. 36. It would appear that when free carbon

does not result, the addition of silicon hardens the iron.

SILICON AND CARBON CONTENTS AND TEMPERATURE ARRESTS.

No.
of

bar.
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The above figures are only tentative, and are much influenced by the

FIG. 35.

conditions before described. Still, if the iron in a foundry is running hard or

soft, or is showing too much shrinkage, it will be found that an investigation
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of the silicon content, other conditions being equal, will satisfactorily provide
a solution of the trouble.

It may not here be out of place to discuss the influence of remelting.
From the interesting early experiments of Fairburn down to the latest

published data, the modification of the properties of cast iron by remelting is

emphasised in importance. The one essential fact is that with each remelt

the silicon is reduced, and thus the iron is rendered harder. This tendency

O 6
SILICON

FIG. 36.

is also usually accentuated by small increments of sulphur derived from
the fuel, which incidentally assists in producing similar results.

The influence of varying percentages of silicon in modifying the properties
of cast irons under heat treatment will be found separately treated under
another heading in Chapter XII. p. 154.

How does the Silicon cause the Precipitation of Free Carbon ?

Before this question can be discussed, it is necessary first to determine in

which of the constituents the silicon exists, not only in the final product, but
also during the whole of the period following upon solidification.

It was shown in the previous chapter that all pig irons immediately after

solidification carry their carbon primarily as carbide, which either persists or

dissociates into iron and carbon, with the production of graphite. To take, then,
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an iron of eutectic composition. Previous to solidification, the silicon, whatever
elements it may be combined with, is in solution. Upon solidification, the eutectic

breaks up into the cementite carbide and austenite (solid solution), and the

question naturally suggests itself, Where, then, is the silicon in the carbide or

in the austenite? It is to be deduced that it must be in solid solution as

silicide in either or both the carbide and austenite. There is, of course, always
the possibility that it may. under some conditions, form other compounds.

Several investigations have of late been conducted with a view to throwing
light upon this subject. Gontermann, in his work upon the iron-carbon-

silicon system, to which reference is made elsewhere, considers that it is to be

found in both the carbide and austenite, and this would seem to be proved by
recently published work.

Stead, in his address to the British Association, 1910, describes some of his

work upon this subject, and arrives at the following conclusions, i.e. that in

low silicon irons the austenite retains the silicon in solution as silicide
; he,

however, considers that as the silicon content is increased, some must crystallise
with the carbide as carbo-silicide of iron

;
and he finds that in the high silicon

alloys there are actually two different cementites which crystallise out from
the alloy, one comparatively free from silicon, the other containing much
of the element, presumably in solid solution as silicide. He claims that he

was able to microscopically distinguish these two carbides by the varying

degree to which they oxidised during heat tinting, the former becoming red,

whilst the silico-carbide remained white. To the presence of this unstable

silico-carbide he attributes the graphitic condition usually associated with

high silicon irons. Stead's work upon this subject constitutes a consider-

able advance
; but, as he says, much further research is necessary before a

complete elucidation of this complex question is reached. In this conjunction
one of his experiments is particularly interesting.

It being already proved that silicide of iron will diffuse, he determined to

endeavour to precipitate free carbon in white iron by availing himself of this

principle. He mixed a sample of crushed white iron free from impurities,
with 10 per cent, by weight of powdered 20 per cent, ferro-silicon. The

mixture, after compression in a short iron tube, was heated for two hours at

1000 C. in an atmosphere of hydrogen gas. It was then removed and allowed

to cool in air. Another sample of the crushed white iron was also put through
the same heat treatment, but without the admixture of ferro-silicon. The
combined carbon before and after the heat treatments are given below :
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ratio with the increase in silicon in the alloy. He, however, finds that when
the iron-iron-carbide eutectic containing this element solidifies, the greater

portion is retained in solid solution in the austenite.

Heat treatment experiments, described elsewhere (page 169), taken into

consideration with chemical investigations, in the author's mind certainly

point to the silicon content of the carbide being responsible for the varying
degree of stability of that constituent.

Further, to discuss the precipitation of the free carbon. In high silicon

irons, during the further cooling down of the solid solution (austenite)

remaining after the separation of the primary

graphite, more cementite carbide is liberated.

This carbide will, it is to be presumed, have

more or less silicide associated with it, and will

also be less likely to persist the higher the silicon

content of the iron. As we reach the tempera-
ture of the pearlite change we have still remaining
the solid solution of carbide of iron, which also

contains much silicide
; during the resolution of

this solid solution into pearlite, if the silicon is

high, the whole of the pearlite carbide thus pro-
duced dissociates, and we then find that the ferritic

matrix thus produced contains the whole of the

silicon, presumably in solid solution as silicide.

Fig. 37 is a cooling curve of a grey siliceous

iron given by Stead; 1 The composition is as

follows :

Combined carbon

Graphite .

Manganese
Silicon

Sulphur .

Phosphorus

trace

3-30 percent.
0-676

4-321

0-025

1-660

1/08'

933"

690"

, -, i i oo n i j.i FIG. 37. Cooling curve of grey
The arrest at 1118 C. marks the primary siliceous iron.

freezing point; but whilst it is mainly due to

the freezing of the iron-carbide eutectic (containing the bulk of the silicon),

the period is increased by the dissociation of the carbide liberated during the

freezing of the eutectic. The second arrest at 945 is due to the freezing

of the iron-phosphorus-carbon eutectic. The arrest at 850 is due to the

formation of pearlite, and corresponds closely with the arrest in a similar

alloy examined by Gontermann. " The arrest at 690 is probably due to the

formation of pearlite in the eutectic of iron and phosphorus, and is of great

interest, for it points to the conclusion that silicon is not a constituent of the

austenite of the ternary eutectic." This example of the thermal phenomena
to be observed during the cooling down of such an iron is typical in degree
of ordinary foundry irons.

1 Brit. Assoc., Sheffield, 1910.



CHAPTER III.

THE INFLUENCE OF PHOSPHORUS.

THE object of this chapter is to determine, if possible, the influence of varying

percentages of phosphorus upon the constitution and properties of those iron-

carbon alloys which come within the category of the cast irons.

Iron-Phosphorus Alloys. To enable one properly to understand the

influence of phosphorus upon iron in the presence of large quantities of

carbon, it will be better first to study the phenomena presented by the iron-

phosphorus system.
With regard to the actual combinations which take place between iron

and phosphorus, Percy recorded l at least seven definite chemical compounds,
and these are given in the following table :
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The addition of 10'2 per cent, of phosphorus was found to result in the

production of a definite eutectic of iron and phosphide (Fe3P), with a melting

point of 980 C. This eutectic was shown to consist of 61 per cent, of Fe
3
P

and 39 per cent, of the saturated solution of Fe
3
P in iron.

When the percentage is still further increased, crystals of pure Fe
3
P

appear in the eutectic, until at 15 '58 per cent. Stead was able to demonstrate

that the whole mass consisted of the phosphide Fe
3
P. With a further excess

it was found that Fe
2
P appeared, until at a percentage of 21-68 it constituted

the whole mass.

In 1908 Saklatwalla published
1 a research which, while confirming

Stead's observations of the chemical constitution of the iron-phosphorus

system, supplemented his thermal data. Saklatwalla carefully prepared a

fairly complete set of pure alloys, and recorded his readings of the thermal

phenomena observed during the complete range of freezing of the whole of

the series. His results are shown in the following table, and are graphically
indicated in the subsequent freezing diagram, fig. 38.

No. melt.



48 CAST IRON IN THE LIGHT OF RECENT RESEARCH.

Fig. 41 is of the 10*2 per cent, of the series, and shows the microstructure

of the solidified Fe
3
P solid solution eutectic.

'"1

The structure illustrated in fig. 42 typifies those obtained when, with the

still higher percentage, the phosphide is seen structurally free in a eutectic

matrix.
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fe J?

FIG. 39. Type of all the metals in Class I. Polygonal crystalline grains. Solid solutions
of Fe3P in iron. The grains, under like conditions of heating and cooling, increase in

size with the increase of phosphorus. Magnified 50 diameters.

FIG. 40. Metal ingot with 1'8 per cent, phosphorus, showing portions of three contiguous
grains surrounded by a cellular envelope of Fe3P with a little of the eutectic at the

part where the three grains meet. Magnified 350 diameters.
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FIG. 41. Ingot containing 10 '2 percent, phosphorus and 89'8 percent, iron. It is the

eutectic of phosphorus and iron. It has only one critical point at about 980 C.

Etched with nitric acid. Magnified 350 diameters.

FIG. 42. Ingot containing 11 '07 per cent, phosphorus and 88 '9 per cent, iron, showing
sections of rhombic or oblique idiomorphic crystals of Fe3P embedded in a ground mass
of the eutectic. Magnified 60 diameters,
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Unfortunately we have little data as to the mechanical properties of these

alloys. Arnold, in his paper
1

upon the "Influence of Elements on Iron,"

gives the results obtained from an alloy containing 1*36 per cent, of the element,
otherwise it contained only comparative traces of other impurities. This bar

is interesting as containing about the percentage of phosphorus contained in

irons produced from foundries working on the well-known Lincolnshire and

Derbyshire irons. It gave upon the testing machine a maximum stress of

28'98 tons per sq. in., but presented no indication whatever of ductility, its

elongation and reduction of area being recorded as nil. The microstructure

was presumably similar to that shown in fig. 39, with the crystals very well

developed, there being no evidence of free phosphide.
Influence of Phosphorus in Presence of Carbon. Having now

presented the iron-phosphorus system, the influence of phosphorus upon the

iron-carbon system will now be considered. It has been shown that above,

say, 1'70 per cent, of phosphorus in a Fe-P alloy, the free phosphide makes
its appearance, and (in Chapter I.) that above 0'89 per cent, of carbon in an
Fe-C alloy free carbide makes itself evident in the microstructure. If we
now turn to the "

ternary
"

alloy, if it may so be called, of iron, carbon, and

phosphorus, we shall find that an increase in either carbon or phosphorus
results in the throwing out of more phosphide or carbide, as the case may be.

The addition of carbon to the saturated solid solution of phosphorus throws

out of solution some of the phosphide ;
the addition of phosphorus to the

0*89 per cent, of carbon steel (saturated solid solution) results in the throwing
out of solution of some of the carbide. This is explained by the appropriation,

by the added element, of some of the iron belonging to the original alloy,

thus rendering the original alloy supersaturated with the premier element.

Dr Stead's work is again the authority for the foregoing observations.

To a saturated solution of phosphorus he added progressively increasing

quantities of carbon, and the experiments indicated in a beautiful manner the

influence of this element in throwing the phosphide out of solution. The
results are given in the following table :



52 CAST IRON IN THE LIGHT OF RECENT RESEARCH.

this, and the fact that the phosphide is seen to be surrounded by the pearlite
at this early stage gives some indication of chemical physics governing the

precipitation.
When the carbon "is increased to 1*4 per cent., the eutectic phosphide

becomes surrounded by a solid layer of cementite or carbide of iron, which
increases in thickness as the carbon is increased. The envelopes of carbide

are solid and do not consist of two constituents, whereas the enclosed matter
has the usual broken-up duplex character of a solidified eutectic. The white

carbide and phosphide appear to run into one another." " On reheating the

sample to 900 C. and allowing it to cool moderately rapidly, the greater

FIG. 43. Ingot containing 1*74 per cent, phosphorus and 0'18 per cent, carbon. The
mottled portions surrounded by dark borders are the eutectic of phosphide of iron.

The borders are pearlite. The white ground mass is the solid solution of phosphide of

iron in iron. Magnified 60 diameters.

mass of cementite was no longer found as an envelope to the phosphide
eutectic areas, but now existed as independent cells, cutting up the original

large grains of pearlite into a number of smaller grains. The phosphide
eutectic retained its original position." This was a neat little experiment, and
threw much light on the temperatures at which phosphide and carbide diffuse

in iron. Obviously, whilst the carbon as carbide diffused at 900 C., the

phosphorus did not. This question of the diffusion of the phosphorus is,

however, somewhat obscured by the presence of the carbon, which would resist

any attempt of the phosphide to re-enter into solution ;
it therefore does not

necessarily follow that, in the absence of carbon, the phosphide would not have

commenced to diffuse.

When the carbon had passed the 2'0 per cent, limit, Dr Stead found

very definite evidence of a carbide-phosphide eutectic, which contained, as
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subsequently confirmed by Wiist, about 6*7 per cent, of phosphorus and
2*0 per cent, of carbon.

Stead first isolated this particular eutectic in 1875 by squeezing a

sample of Cleveland pig iron during freezing. The .eutectic in this first

instance was found to contain O79 per cent, of silicon, but this fact will be

again referred to.

Influence of Phosphorus on the total Carbon Content It will

be inferred that since both the phosphorus and carbon required their quota of

iron, the presence of either will decrease the amount of the other, which can

simultaneously be present in the pig iron. This is a question of importance,
when we consider the very considerable quantities of phosphorus found in our

foundry pig irons. Stead, in the paper at present under consideration,

gave interesting complete analyses of a hematite and phosphoric pig

respectively :
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silicon generally, upon analysis, show very little indication of combined

carbon, although their fracture is generally lighter in appearance. The differ-

ence in fracture is attributable, no doubt, to the presence of the free phosphide.
Dr Stead came to the conclusion, after careful investigation, that phosphorus
was without influence upon the actual condition of the carbon in the pig iron,

and supports his view with the results of the following experiment.
A series of melts were made, in charcoal-lined crucibles, with varying

proportions of silico-phosphide and iron. It is recorded that the temperature
was very intense, "certainly higher than that of the blast furnace." The

results, which are of considerable interest, are here appended:
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^Jts accounted for by the structurally free phosphide invariably present in such

material, and it will readily be appreciated that this is due in great measure
to the variation in the coefficient of contraction, which thus sets up planes
of weakness wherever the constituent occurs. The already weakened condition

of foundry irons, owing to the weakening effect of the numerous graphitic

plates, somewhat obscures this action; and indeed it is a fact that very
fair results (for cast irons) are obtained when such material, properly made,
is put into the testing machine.

With regard to foundry irons, it must be pointed out that even with under
O'lO per cent, of phosphorus the phosphide is seen under the microscope

FIG. 44. East Coast hematite, showing small phosphide area in centre, the section of

the graphite plates surrounding it. Magnified 250 diameters.

structurally free, and this is due to the fact that the percentage of carbon is

sufficient to throw it out of solution.

Fig. 44 is a micrograph which gives a fair idea of the microstructure of

such iron.

It may be of advantage if we now consider generally the structure of

phosphoric irons. The irons which have to be considered cover the whole

range from white to grey, and the condition and environment of the phosphide
is very different in the normal grey irons to that occurring in the white

varieties.

In all pig irons the phosphide eutectic invariably solidifies at about

950 C., and at the higher temperatures is practically the same
;
the important

factor, however, to consider is the presence of silicon, which has a considerable

influence upon this eutectic during the subsequent cooling down. The result

is that whilst the silicon causes the breakdown of the carbide, it is incidentally
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the means of destroying the carbide content of the eutectic. Hence, whilst

in white irons we find the carbide and phosphide which form the eutectic

lying micrographically in juxtapositition, we find the phosphide of the

eutectic occurring in grey irons by itself. Judging from the data available,

one would consider that the higher the silicon content of the iron the more

rapid would be this reaction, as the silicon would seem to be actually present
in the eutectic in percentages much less than that of the whole iron, still

increasing with its silicon content.

Fig. 45 gives an excellent idea of the general microstructure of grey

FIG. 45. No. 3 Cargo Fleet Cleveland pig iron, showing dark sections of the graphite
plates, the broken-up structure of the phosphide eutectic, and the ground mass of iron

with silicon and manganese. Magnified 250 diameters.

phosphoric irons, and incidentally enables one to comprehend the influence of

the phosphorus upon the mechanical properties of the material.

With regard to shrinkage, Keep made a number of practical experi-

ments, with the result that he concluded that, if anything, phosphorus had
a tendency to decrease shrinkage. The condition of the carbon, however, is

such an overwhelmingly important factor in determining shrinkage that it

would be unwise to generalise upon the experiments performed by Keep and
others. It would seem that only so far as phosphorus influences the condition

of the carbon could it have any effect, and this phase of its influence has

already been discussed. Most likely the expansion noticed by Turner and

Keep at about 950 C. was really due to the dissociation of that portion of

the carbide which down to that temperature had formed an integral part of

the eutectic (and also probably partially to the actual splitting up of the

carbide phosphide eutectic).
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There is at present no real evidence that this element materially influences

either the degree of hardness or the depth of chill obtainable from the iron.

Heat-tinting Method of detecting Free Phosphide micro-

graphically. In concluding this chapter, it may be of service to describe

the method used to prepare microsections in a suitable manner for the

detection of the presence of phosphide, and this cannot be done better than by
giving Stead's own description.

In his paper upon "Iron Phosphorus" he states: "In studying the com-

pounds containing both separated massive carbide and phosphide of iron existing,
as they often do, side by side, it has been found that the etching methods will

not develop indications sufficient to enable the microscopist to tell one from
the other. Mr Osmond and I have independently discovered that the very
beautiful method employed first by Professors Behrens and Martens, which
consists of simply heating the polished metals till they are more or less

coloured by oxidation, enabled them to do so. Carbide of iron, on heating,
takes the oxidation tints of straw-yellow, yellow, brown, red, purple, blue, and

silver-grey, in sequential order. Phosphide of iron passes through the several

ranges of colour, but not so rapidly as the carbide.
" When a piece of metal which contains carbide and phosphide of iron is

heated (by placing it on an iron plate which is heated) until the section

assumes an orange colour to the naked eye, and is then rapidly cooled by
placing it on a bath of mercury to check further oxidation, on examination

under the microscope the carbide will be seen to be red and the phosphide a

pale yellow colour
;
or if heated till the carbide is blue, the phosphide will be

brown or red-salmon in colour."

The above method, after a little practice, will be found to be a very simple
and effective manner of detecting the presence of even very small percentages
of free phosphide.



CHAPTER IV.

INFLUENCE OF SULPHUR.

THE actual influence of varying proportions of sulphur upon the physical

properties of the final iron casting is still a much debated question ;
it

depends so much upon the balance of the other constituents that no really
definite statement is advisable. In the absence of manganese, it certainly
assists in retaining the carbon as carbide, thus producing hard iron, whilst if

the iron be very high in manganese, MnS will be formed and the hardening
action be neutralised.

Caron 1 discovered that when manganese was added to sulphurous cast

iron some of the sulphur was eliminated, and upon this chemical action

Massenez 2 worked out his desulphurisation process. The sulphide of iron

is attacked by the manganese, with the formation of MnS, most of which
rises through the metal and joins the slag. The sulphide of manganese
remaining in the metal is easily identified microscopically by its colour : as

stated by J. 0. Arnold, it usually exists as dove-coloured globules, easily
detected in the unetched microsection. Saniter's 3 method of eliminating
the sulphur consists of adding calcium chloride or fluor spar, and is most

effective, removing the sulphur as CaS. Stead 4 has also demonstrated
that sulphur is removed during the puddling process by the highly basic

iron slag. According to the latter authority, when much sulphur is intro-

duced into molten cast iron, the sulphur combines with its quota of iron and
floats to the top as sulphide ;

it is claimed that in this way white iron may be

rendered grey, since the remainder of the melt is richer in carbon, and the pre-

cipitation of that element is made much less difficult. The question, however,
is whether the percentage of sulphur remaining in solution is not sufficient

to prevent the precipitation even in rich carbon alloys, particularly if silicon,

which considerably modifies such action, is not present in any quantity.

Generally speaking, in ordinary foundry practice it will be found that

the sulphur is present in such small quantities and under such conditions

that it is without marked influence upon the iron.

Keep considers that such a percentage as '05 per cent, found in

foundry iron will have no deleterious influence, any such influence being
simultaneously corrected by the silicon present.

In illumination of this point, Wiist has recorded that in irons containing
3'15 per cent, of carbon and about 1 per cent, of silicon, on an average '01 per

1
Oomptes Rendus, Ivi. p. 828, April 1863. 2 Jour. Iron and Steel List., 1891, i. p. 11.

Ibid., 1892, ii. p. 216. 4
Ibid., 1893, i. p. 48.

58
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cent, of sulphur prevents the separation of 0'02 per cent, of graphite, but
that with 2 per cent, of silicon its effect is less. It will therefore be seen

that the action of sulphur is largely dependent upon the other constituents,
and silicon in particular, present in the iron.

The reason for the small percentage of sulphur in foundry iron, rarely
over 0*08 per cent., is found in the conditions governing the blast furnace

during the production of such material. The temperatures, the composition
of the burden, and the resulting slags, in the foundry iron blast furnace

practice, are conducive to the reduction of silicon, but not conducive to the

absorption of sulphur. The actual presence of such silicon percentage in the

molten iron would appear to be, from data published, a partial explanation
of the comparative absence of sulphur; and it is a matter of considerable

interest that only a very small proportion of the sulphur in the charge is

actually found in the molten product.
Turner 1 has demonstrated this point. His experiments are of con-

siderable interest. He melted an alloy containing 10*34 per cent, silicon

and lO'lo per cent, sulphur (he does not, however, state the percentage of

carbon present), and found that the solidified melt consisted of two layers of

the following composition :
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This, whilst confirming Turner's observations, also proves that sulphur and
carbon cannot be present in a composition equal to Fe

2
Si.

These experiments are considered to illustrate the reason why high silicon

irons are found comparatively free from sulphur.
It will be remembered, bearing upon this matter, that the sulphurous

irons used in the malleable casting industry contain comparatively little

silicon, and the author considers it useful here to include the series of analyses
of the range of irons produced from blast furnaces working upon hematite
and ironstone respectively. It will be seen that as the silicon content in-

creases the sulphur content decreases, and vice versa.

HEMATITE.
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of iron to be 1527 C. and that of FeS to be 1171 C., and determines the

eutectic as a concentration of 85 per cent. FeS, with a melting point of

983 C. He finds the arrest points of pure iron, whilst being lowered by
the addition of FeS, at no time coincide.
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Stead, in a most interesting lecture,
1 has described the structure

obtained from iron-sulphur melts of varying percentages. The four photo-

micrographs, figs. 47, 48, 49, and 50, indicate the ultimate position of the

constituents iron and iron-sulphide.

Fig. 49 is of an alloy containing 76'9 per cent, iron and 23'1 per cent, of

sulphide. The iron of supersaturation gradually falls out of solution after

Jour. Staff. Iron and Steel Inst.
t
March 1908.
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FIG. 47.

Iron crystallites
Iron sulphide .

Fig. 47.

. lO'O per cent.

. 90'0

Magnified 50 diameters.

FIG. 48.

Fig. 48.

527 percent.
47-3

FIG. 49.

Iron crystallites
Iron sulphide .

Fig. 49.

. 76 '9 per cent.

. 23-1

Magnified 50 diameters.

FIG. 50.

Fig. 50.

88'45 percent.
11-55
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solidification, until at about 960 C. the eutectic, consisting of 85 per cent.

FeS and 15 per cent. Fe, separates into FeS and iron containing 3 per cent,

of FeS. The solid solution, consisting of iron and 3 per cent, of FeS, deposits
the remaining FeS on passing through the change point at 130 C.

The other micrographs, figs. 47, 48, and 50, indicate the ultimate structure

of alloys containing the sulphide in decreasing amount, the sample micrograph
shown in fig. 50 only containing 11*55 per cent.

It must here be recorded that Zeigler has shown the existence of an
eutectic of the second order, constituted of FeS and Fe, and FeO and Fe, and
to this he attributes the redshortness of steels. This phase, however, is

somewhat outside the scope of this work.

Experiments to decide upon the Action of Sulphur in the
Presence Of Carbon. Donald M. Levy has published a most interesting

research, which, whilst in the author's opinion it does not satisfactorily clear

up the question as to what is the action of sulphur in cast iron, still contains

much experimental data which will do much finally to provide an explanation.

Levy melted white iron with varying proportions of sulphide in carbon

crucibles under good conditions, and obtained the series of alloys the analyses
of which are given in the following table :

COMPOSITION OF MELTS OF WASHED IRON AND IRON SULPHIDE.

Mark.
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noted that, practically up to 1/0 per cent, of sulphur (see fig. 51), the surface

of each presented a bright even appearance, only
" marked all over by the

delicate dendritic pattern of the pearlite." When over I'O per cent, of sulphur
was present the sections were pitted all over according to the amount of excess

sulphide present in the alloy.

Levy deduces from his own observations, here recorded, that the

saturation point for sulphur in iron-carbon alloys containing 2'73 per cent,

carbon is slightly less than 0'9 per cent., and this deduction is apparently well

founded. With sulphur not exceeding 0'9 per cent., the sulphide was found

a. b.

FIG. 51. Showing appearance of polished sections, (a) Ingot K (unsaturated with

sulphur, 0*65 per cent.). (6) Ingot Q (sulphur, 1*26 per cent.) ;
in charge, 5 per

cent, sulphur. Magnified 6 diameters.

by analysis to be uniformly distributed through the mass, but when higher

percentages were present more sulphide was found in the upper than the lower

part of the melt. This feature became accentuated as the percentage increased.

Experiments made to determine the influence of the varying quantities of

sulphur upon the hardness and brittleness of the alloys were not attended with

really conclusive results.

Cooling curves of each of the alloys were carefully taken, and the various

arrests observed are recorded in the following table :

Melt.



INFLUENCE OF SULPHUR. 65

It is interesting here to record that T. Liesching,
1
during his researches

upon the influence of sulphur upon the iron-carbon system, found that the

addition of the element lowers the freezing temperature of the eutectic, without,

however, affecting the pearlite change.
To return to Levy's research, the sample R is the sulphide used in the

experiments.
The rnelt AB resulted in an iron containing 1*71 per cent, graphite. The

first arrest at 1279 C. is described as the "solidification of the iron hold-

ing carbon to the extent of T5 per cent.," i.e. austenite. Levy here states

that " with fall of temperature, and probably below 1000 C.," the carbide falls

out of solid solution. The author considers this somewhat incorrect since,

immediately after passing the eutectic change point, the carbide is progressively
thrown out. The second arrest at 1138C. indicates the splitting up of the

eutectic (4*3 per cent, carbon) into cementite (Fe3C) and austenite. The
third arrest, indicated at 887 C., is attributed to the separation of cementite

from the austenite., but this the author does not consider a satisfactory

explanation, since the cementite, as previously mentioned, progressively

separates from higher down to lower temperatures than that in question. A
satisfactory explanation of this phenomena, which is also recorded by Carpenter
and Keeling, does not at present seem forthcoming.

The precipitation of the free carbon finally found in the resulting alloy

probably took place immediately upon the separation of the free carbide at

the second arrest (1 130).
The curve R of the sulphide used in the experiments showed two arrests,

the first indicating the solidification of the FeS, the second indicating the

splitting up of the eutectic of iron and iron sulphide.
The general features of the curves are given as follows :

(a) A considerable lowering of the upper solidifying points, i.e. the primary
austenite separation.

The author would suggest that this is due to the sulphur taking its quota
of iron from the melt, and thus raising the carbon content of the iron, which

naturally results in a lower primary freezing point.

(b) A lowering of the 4 '3 per cent, eutectic point.
This is not considered to be sufficiently conclusive, since whilst in the 0*86

per cent. S alloy it is given 1121 C., in the 0'65 per cent, it is 1118 C.

(c) The continuity of the eutectic freezing point and also of the Ar 1.2.3,

and the absence of an arrest in the neighbourhood of 970 C. on the curves of

the melts within the saturation limits of about 0'8 per cent, sulphur.

Levy considers that the depression of the eutectic (iron-carbide) freezing

point must be considered as having some bearing upon the influence of sulphur
in retaining the carbon in the combined state

; taking this along with the fact

that he found no further arrest which he could attribute to the presence of

sulphur, he considers that it solidified as a component of the 4'3 per cent,

carbon eutectic at 1120 to 1130 C.

It will be noted that in the samples in which free sulphide was observed

in the polished section the arrest at 950 to 970 was observed.

If we now pass to the microstructure of these alloys we find most

valuable records. The structure, form, and the position of the sulphide
is found entirely to depend upon the proportion of sulphur present in

the iron.

1
Metallurgy, vii. pp. 565-571, Sept. 22, 1902.

5
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In alloys containing less than 0'8 per cent. S no sulphide is found in

the pearlitic areas which represent the primary austenite
;

it is all found in,

and as a distinct component of, the eutectic separating at 1120 to 1130 C.

Stead also noticed this Fe3C + Fe - FeS + Fe eutectic. Figs. 52 and 53

typify such structures at low and high magnification (M, '86 per cent. S).

Mr Levy suggests that the rectilinear structure observed owes its per-

sistency to the presence of the sulphide, and claims that this appearance
is evidence which tends to illustrate the action of sulphur in preserving the

combined form of the carbon. This theory will be discussed later. No doubt

the sulphide films tend to influence the structure of the solidified eutectic, but

it is distinctly another question as to whether the particular structure has any

FIG. 52. Showing marked rectilineal-

character of the eutectic in white
iron containing and preserved by
sulphur (sample M, 0'86 per cent,

sulphur). Magnified 120 diameters.

FIG. 53. Area of Cementite-pearlite-sul-

phide eutectic of fig. 1, highly mag-
nified. Sulphide, half-tone, joining

up pearlite (mottled). Cementitc
white. Magnified 600 diameters.

decided influence upon the stability of the carbide. It is stated by Levy that
" as the percentage of sulphur decreases, the amount of rectilinear eutectic

diminishes
; and, in an increasing proportion of the matrix, the components

commence to assume a more or less balled-up character," which is shown in

figs. 54 and 55 (F, -23 per cent. S) at low and high magnification.

Although the author cannot quite agree with Levy that it is actually

necessary for the carbide to ball up before dissociation, it is only just to quote
his observation to the effect

" that the lower the sulphur contents the more
is the running up of the eutectic constituents noticeable, until eventually,
with very low sulphur in the alloy, the components ball up so quickly that

there is sufficient time for the decomposition to set in, in the aggregated
cementite areas, with the formation of grey on mottled iron." Figs. 56
and 57 are given to illustrate the manner in which the action is brought
about. They are microstructures of melt E (a mottled iron). The sulphide
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FIG. 54. Showing process of balling-up
of constituents of eutectic (sample
F, 0'23 per cent, sulphur). Magni-
fied 120 diameters.

FIG. 56. Showing white area of a mottled
iron through preservation of cement-
ite eutectic, containing andjby means
of sulphur. Areas of line graphite in

surrounding grey portion also shown.
Melt E (sulphur O'OSl per cent.).

Magnified 120 diameters.

FIG. 55. Showing eutectic area of
fig. 54,

highly magnified. Magnified 600
diameters.

?
FIG. 57.}. 57. Showing eutectic areas of fig. 56,

highly magnified. Sulphide links

joining up pearlite, marked. Magni-
dianutied 600 diameters.
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is considered to be associated with the cementite, and it is stated that the

graphite grows in size in proportion to its distance from the sulphide.
In fig. 51 will be seen the photomicrographs of the ingot containing

0'65 per cent, sulphur and of the one containing 1-25 per cent, sulphur. The

magnification is only 6 diameters, and they illustrate very well indeed, as

before pointed out, the sulphide of supersaturation.

Fig. 58, a photomicrograph of 200 diameters magnification, illustrates

in a beautiful manner the structural position of this excess sulphide.

Levy made careful experiments with a view to ascertain whether there was

any chemical evidence as to in what form sulphur was present in these alloys.

His results seem to indicate that the whole of the sulphur came off as H
2S.

When the samples were dissolved in HC1, no evidence was obtained in support
of the theory that the sulphur was in chemical union with the carbon and iron.

The deduction which was drawn from the experiments here mentioned was

that there is
" no evidence to support the

view that sulphur exerts its influence by
a chemical union with the carbon : and
the research indicates, in Levy's opinion,
that the purely physical, or rather me-

chanical, effects of the sulphide, and its

resultant films, offer a satisfactory ex-

planation of the action exercised even by
very small proportions."

The author's own experiments would
make him believe that even in the pre-
sence of fair quantities of sulphur the free

carbide can with ease be broken down by
heat treatment. He has, however, found

that the pearlite rnatrix is generally re-

tained. In some manner the sulphide
would seem to retard the separation and

dissociation of the carbide of saturation at the AT 1 critical point. This

phase of the action would point to a chemical or physico-chemical influence

being brought to bear. The author has indeed obtained, by electrolysis, a

fair amount of carbide from a white iron containing 0'45 per cent, of sulphur,
and failed to find any of the element present in it

;
but since the HC1 used

for the separation of the carbide is so active with sulphur compounds, this

fact does not actually preclude the possibility of its having been there. It

is of interest to note that silicon was not present in such carbide to the

same extent as in a similar iron with the sulphur absent.

Stead has recently given
l the results of some of his recent work under-

taken to determine the manner in which sulphur actually assists the carbon

in persisting in the combined state.

The iron selected for experiment was of the following composition :

CO 2-98

Gn nil

Mil -29

Silicon 1-89

Sulphur -27

Phosphorus . . . .1*62
1 British Association for Advance of Science, 1910.

FIG. 58. Excess sulphide surrounded

by pearlite fringe (figs. Ib and 2).

Magnified 200 diameters.
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1074

Obviously the iron was white owing to its sulphur content. It is stated

that the microstructure was of interest, there being very little of the

iron-iron-carbide eutectic
;

this was accounted for by the action of the

phosphorus content in substituting the ternary eutectic of iron-phosphorus
and carbon, found by Wiist to contain Fe 91 per cent., P 7 per cent., C 2

per cent.

In fig. 59 will be found the cooling curve of this iron, taken at Dr Stead's

request by Carpenter and Edwards.
The first arrest, at 1149C., indicates the

primary freezing point, the austenite here be-

ginning to separate.
The second arrest, at 1074, is due to the

solidification and breaking up of the iron-iron-

carbon eutectic into cementite and austenite.

The third arrest, at 945, is the freezing

point of the ternary eutectic (Fe, P and C).
The fourth arrest indicates the resolution

of the solid solution into pearlite (Fe3CFe).
It is stated that both manganese sulphide

and iron sulphide were to be observed in the

section, but Stead states that he found in

this instance no indication of striations of sul-

phide in the carbide plates, such as Levy had
noticed.

Stead's first experiment was to melt the iron

with sufficient manganese to give 1
-

per cent,

in the finished iron, and the resulting fracture

was perfectly grey, the 3'0 per cent, of combined
carbon being reduced to "6 per cent. Obviously,

then, the carbon is retained in the combined
state by that portion of the sulphur not associ-

ated with the manganese. FIG . 59. Cooling curve of white

It is next recorded how the carbides were cast iron,

very carefully separated from the original hard

white iron, with a view to determining whether sulphur crystallised with

the carbides. After careful analysis the following results were obtained :

930

758"

Iron

Carbon .

Silicon .

Sulphur .

Phosphorus
Water, etc.

92-43 per cent.

6-06

0-12

0-12

0-97

0-30

100-00

After further attempting to purify this carbide, it was still found to

contain as much as O'lO per cent, of sulphur.
Stead's next experiment was to determine whether the sulphur would

crystallise with the carbide if more than sufficient manganese was present to

form MnS.
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In the following experiment the chilled portion of a crushing roll was

experimented upon :

Combined Carbon . . . 3*75 per cent.

Graphitic Carbon . . . trace

Manganese . . . . 0'65 per cent.

Silicon 0'70

Sulphur O'lO
,,

Phosphorus .... 0"23

The residual carbides in this instance were found to contain

Silicon

Sulphur

. 0-028 per cent.

. 0-016

FIG. 60. Iron-carbon-sulphur alloy (1*37 per cent, carbon).

White thick bands = massive carbide of iron.

Complex structure = iron-iron-carbide-sulphide-pearlite eutectic.

(By permission of the British Association.)

Stead now considered that he had established the fact that, in the absence
of manganese, some of the sulphur did crystallise with the carbide, and his

next experiments were consequently made to determine the maximum sulphur
which would behave thus under the most favourable conditions. A pure
white iron, containing only traces of silicon, sulphur, and phosphorus, and 3'5

per oenb. of carbon, was melted in a plumbago crucible. To the molten metal

sulphur was added in the form of sticks. The resulting alloy presented a

white fracture with large cleavage faces, and under the microscope revealed a
structure as shown in fig. 60.

It will be seen that carbide-sulphide eutectic is cut up by large plates of

carbide. These plates of carbide are stated to contain inclusions of sulphide
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of iron, and Mr Stead gives a very interesting micrograph, fig. 61, illustrating
this point ;

the section has been heat-tinted, and the sulphide is seen as the

white specks.
A portion of this sulphurous material was again melted and treated with

a second quantity of sulphur, with a view to confirming the saturation of

the alloy,
The analyses, after both the first and second meltings, were found to be

as follows :

1st Melt. 2nd Melt.

Carbon . . . 4'37 4'39

Sulphur . . .1-00 I'OO

Silicon 0-03 0'05

FIG. 61. Same as fig. 60, heat-tinted and more highly magnified.

Broad bands = massive carbide of iron with inclusion of sulphide of iron.

Complex structure = jointed eutectlc of Fe Fe3C FeS. The white specks are all FeS.

(By permission of the British Association.)

Dr Stead separated the carbides in each melt, and found the sulphur
content to be '08 and '09 respectively; and he therefore states, "from this it

would appear that carbides will not carry in solid solution more than about

O'l per cent, of sulphur."
Since it was found that even drastic annealing would not precipitate free

carbon in these alloys, it was concluded that, whatever other influence the

sulphur may have, it is that portion which crystallises with the carbide which

is mainly responsible in preventing the separation of graphite by making the

carbide stable.

Auto-Slllphur Printing. Sulphur is one of the elements found in

cast irons and steels which have a great tendency both to liquate and

segregate. An ingenious method of determining the manner of distribution



CAST IRON IN THE LIGHT OF RECENT RESEARCH.

of the sulphurous constituents has been devised by R. Baumann, 1 and has
been used with great success by Stead and others.

o

s

Stead takes a smooth surface bromide paper, soaks it in 3 per cent, solution

of strong sulphuric acid, and then squeezes the dripping paper upon the

1

Metallurgie, 1906, p. 416.
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well-polished surface of the metal which is to be examined. The print is then

carefully removed, washed with water to remove the acid, and is then

=3

_

immersed in sodium hyposulphite to remove the excess silver salt. After

further washing and drying it is ready for mounting.
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In a paper to which reference has already been made,
1 Stead publishes

some very interesting autoprints of pig-iron sections which are here reproduced.
When the sulphur is very low it would appear to be evenly distributed, but
on reaching '05 per cent., brown stains are obtained corresponding to MnS.
The structural position of this constituent would suggest that it crystallised
in advance of the Fe, Fe

3C eutectic.

A, B, and C, fig. 62, are of the following analyses respectively :



CHAPTER V.

INFLUENCE OF MANGANESE IN CAST IRON.

MANGANESE is one of the important elements usually present in cast iron.

Its actual influence is as yet, however, not quite understood. One result of

its action is certainly determined, and that is, that if manganese and sulphur
are both present, they unite to form the chemical compound MnS. This action

of the element is, as before explained, used for the elimination of sulphur in the

huge mixers now in operation in many steel works. The manganese sulphide
rises to the surface, and some of the sulphur is eliminated from the iron j

that portion of the sulphide remaining in the material upon solidification can
be discerned under the microscope as a separate constituent. By this action

the well-known influence of sulphur in assisting in the retention of the com-
bined carbon is neutralised. H. Souther 1 records the fact that by raising the

manganese from 0'16 to 0*50 per cent, the trouble he had been having from
local hardness disappeared. Probably this influence was due to the manganese
neutralising a somewhat high sulphur percentage.

The Influence of Manganese in neutralising the Action of

Sulphur. An interesting memoir upon the influence of manganese in this

direction was recently published by D. Levy.
2 Under another heading the

influence of sulphur has been discussed
;
and although it may be suggested

that this subject also comes under the heading of the influence of sulphur, it

is decided to treat with it here, since the action of manganese in neutralising
the influence of sulphur is one of the most important features connected with

its presence in iron or steel.

As previously shown, sulphur, in some manner as yet imperfectly under-

stood, prevents the dissociation of the carbide in iron containing comparatively
little silicon. Not only is this noticeable in the iron as cast, but also in the

heat-treated condition
;

the presence of the sulphur preventing the last

portions of the carbon present in the combined state from being precipitated
as free carbon, even after the most drastic annealing. Manganese, when

present, combines with the sulphur as before stated, and produces manganese
sulphide, which is entirely without influence upon the reactions concerned in

the separation of this free carbon. The result is that the microstructure

reveals under such condition numerous globules of this constituent, and it

may be worth while carefully to study its properties.

Brinell, and also Arnold and Waterhouse, have shown that a steel may
contain considerable sulphur (over 0'50 per cent.), and yet, if a suitable

manganese addition be made, work well and produce excellent results on

1 Iron Age, vol. xxvi. p. 283. 2 Jour. Staff. Iron and Steel List., 1909-10.

75
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the testing machine, the manganese sulphide present appearing to behave in

a distinctly neutral way, after the manner of the slag in wrought iron. It

must not, of course, be taken for granted that it is entirely without action.

The globules during the working down are drawn into threads
;
and whereas

in a longitudinal direction they are of little moment, if a test bar be taken

transversely the influence of the presence of such foreign matter becomes

apparent in the decreasing ductility. This aspect may be considered to be

somewhat irrelevant, but is worth considering in the production of malleable

cast iron, such material having points of similarity with the steel under

discussion. Without, however, pursuing the matter further, the author would
recommend the student to give careful attention to the research conducted by
Arnold and Waterhouse. Levy, in the paper before referred to, discusses the

reaction by which manganese sulphide is formed, and indicates that to ensure

the complete conversion of sulphide of iron into sulphide of manganese an
excess over the actual amount of manganese indicated by the equation is

necessary. In molten steel the action may be regarded as follows :

Levy points out that Schutz found that when manganese and iron sulphide
were heated together in proportions represented by the above equation at a

temperature of 1500 C., instead of the products being wholly iron and

manganese sulphide, two distinct products resulted, i.e. (1) a button of

metallic iron containing manganese ; (2) a layer of manganese sulphide con-

taining 1 1 '5 per cent, of iron.

Even when manganese sulphide and iron were heated together they did

not remain distinct, the iron taking up 10 per cent, of manganese and the

manganese sulphide 4 per cent, of iron. This naturally could only have

resulted from the following equation :

It will be seen that a most interesting problem is here presented, which no doubt

requires, as Levy suggests, further investigation. It is, however, obvious that

an excess of manganese is necessary completely to transform the sulphide of

iron into sulphide of manganese. Levy points out that the lower the carbon

the more free iron will be present in the alloy, and consequently it may be in-

ferred that greater excess of manganese is necessary to complete the reactions in

steels than in the higher carbon alloys falling under the category of cast irons.

It may be assumed that, in the presence of a fair percentage of manganese,

sulphide of manganese is formed, and tends to rise towards the surface of the

molten metal. This sulphide has a melting point of about 1400 C. (Levy), and its

comparative infusibility and insolubility, combined with its low specific gravity
and its active assimilation by silicates, assist in its separation from the molten iron.

If, however, the iron be rapidly cooled it will be entrapped, and will be observed,
as before described, as the dove-coloured globules (Arnold) to be viewed through
the microscope. Levy found that owing to its early freezing this constituent

exists primarily between the austenite crystals, and is therefore joined in super-
saturated alloys by the cementite thrown out during the cooling of the solid

solution, and consequently is mainly found in juxtaposition with the cementite.

Evidence in favour of the insolubility of manganese sulphide in the solid

solution will be found in the behaviour of cast iron of comparatively low

silicon content, i.e. if no manganese is present the sulphur is in some manner
able to cause the pearlite carbide to persist even under drastic heat treatment

;
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hence iron sulphide would appear, in some degree, to be in combination or

solution. If, however, the manganese is present in the correct proportions,
this action is neutralised, and the dissociation of the pearlite carbide is

allowed to take place in the same manner as in the absence of sulphur ;
hence

the author's opinion that the manganese sulphide is not in combination or in

solution in the solid solution down to the pearlite change.
If the manganese is not present in the alloys in sufficient excess, manganese

sulphide and iron sulphide are found in juxtaposition, and are easily dis-

tinguishable from each other by their distinctive colours.

It must be remembered that in the foundry irons containing 2 to 3 per
cent, silicon the sulphur usually present has little action, and it will be seen
that the influence of manganese upon cast iron must also be studied from
other standpoints. What, for instance, is the influence directly attributable

to the manganese upon the mechanical properties of the resulting castings'?
What influence has it upon the condition of the carbon 1 Until recently the

accepted idea was that the element "
toughened

"
the iron, and incidentally

had a tendency to cause the carbon to remain in the combined state.

Influence of Manganese upon the Iron-Carbon System. F. Wiist l

describes a most interesting research conducted to determine the effect of

manganese upon the iron-carbon system. The alloys of the series studied varied

in carbon from 4'0 to 6'9 per cent., and in manganese from to 80 per cent.

His main deductions are as follows :

(1) The presence of manganese raises the degree of solubility of carbon in iron.

(2) The addition of the element lowers the pearlite change point, so much
so that with 5 per cent. Mn in high carbon alloys it is completely absent.

The condition of the pearlite is considerably modified with the increasing

percentages, becoming more emulsified, until with the highest percentages
of manganese the resolution of the solid solution into carbide and iron of

which the pearlite consists possibly does not take place.

(3) The primary freezing point is slightly depressed by the addition of

manganese up to 13 per cent., after which it is again gradually raised until

with content of 80 per cent, it has reached 1250 C.

H. Liitke,
2 as a result of his researches into the influence of Mn upon the iron-

(tarbon system, arrived, curiously, at the conclusion that the carbon percentage
in the solid solution is not appreciably affected until' the Mn content exceeds

49 per cent.

Relation of Mn to the Iron Carbide. In the absence of sulphur, or

when the manganese is present in sufficiently large excess, it is fouud in the

supersaturated alloys to crystallise largely with the carbide of iron, and most

probably exists as double carbide. This has been demonstrated by the author,
who abstracted the carbide from a highly manganiferous white iron. The

analysis of the iron and carbide respectively is shown in the following table :

Iron. Carbides.

Carbon 3'40 7'20

Silicon 0-85 0'15

Manganese 2'66 3'74

Sulphur 0-012

Phosphorus . . . . 0'041

Arnold and Read have shown that even in steels not exceeding the saturation

1

Metallurgie, vi. pp. 3-14, Jan. 8, 1909. -
Ibid., vi. pp. 268-273, May 8, 1910.
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limit the manganese is in combination with the carbide of iron, and separates
out along with the pearlite carbide as double carbide of iron and manganese.

H. I. Coe presented a paper
1 in September 1910 before the Iron and

Steel Institute which deserves careful consideration, since it throws quite a

new light upon the question.
Two series of alloys were prepared. The first consisted of white irons

containing varying percentages of the element. In each series the whole of

the thermal phenomena was carefully studied, and from the data thus derived

much is to be learnt.

Influence of Manganese upon White Cast Iron. He prepared his

white iron series by melting American washed iron with varying weights of

high-grade ferro-manganese. Test bars were cast, and the thermal data

recorded by means of a thermo-couple pyrometer ;
and by means of Turner's

extensometer, described elsewhere (p. 116), the expansion phenomena was sim-

ultaneously carefully recorded. The composition of the resulting series of

alloys is given in the following table :

No. of

Bar.
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The sulphur and phosphorus were exceeding low, and the silicon, it will be

seen, never exceeded O17 per cent. The total carbon content was well

maintained above 3*0 per cent., whilst the manganese was gradually raised

from -03 to 38'55 per cent.

It is rather unfortunate that no mechanical tests were performed upon
the bars. It is stated, however, that all the bars were brittle and intensely

hard, the carbon all being present in the combined state. "The addition of

the first 5 per cent, of manganese to the white iron produced no appreciable
difference in brittleness, but further increase up to 13 per cent, seemed to

give a more brittle bar. Above this amount the bar appeared again stronger,

FIG. 64. Bar 1. Magnified 1000 dia-

meters. 0'03 per cent. Mn, 3'15

per cent. 0. Pearlite + eutectic.

FIG. 65. Bar 10. Magnified 1000 dia-

meters. ^6 '30 per cent. Mn, 3 '43

per cent. C. Rectilinear cementite

needles, through solid solution.

Sorbitic fringe.

until with 19 per cent, of manganese there was quite a considerable increase
in the toughness of the specimen. With 30 per cent, and above, the metal

partook of the nature of a spiegel, and became very weak and brittle."

Microstructures presented by the White Iron Series. The
structures presented by sections of these materials consisted of cementite

(carbide), and pearlite, and the influence of the manganese, according to Coe,
materially influenced the structure of the latter constituent. He found that
the addition of manganese modified the appearance of this product, usually
known as pearlite, which results from the resolution of the "hardenite "

solid

solution. The lamellar form found in the earlier members of the series had
become, on passing 3-0 per cent, manganese, a distinctly sorbitic or granular
pearlite, and with the increase of the element was seen, at high power, to be
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veined with cementite, whilst with still increasing manganese the solid

solution practically persisted as such. It is also recorded that instead of the
carbide separating from the austenite during cooling, and joining the primary
cementite bands, it was found scattered through the areas originally composed
of the solid solution. The main influence of the manganese is therefore seen
to be the modification of the resulting solid solution, and this change is well

illustrated by the micrographs in figs. 64, 65, culled from Mr Coe's selection.

Pyrometric Results. Besides the original determination of the
thermal data, small quantities of each of the alloys were remelted and the
determinations remade. The results obtained are given in the following
table and diagram, fig. 66.

No. of

Bar.
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would have begun to freeze in a pure iron-carbon series. It will be seen that

the manganese assists the carbon in lowering this primary freezing point to

such an extent that, with 13 per cent, of manganese, freezing actually occurs

40 lower than in the corresponding pure iron-carbon alloy.
As pointed out by Wiist, the pearlite change point is very materially

affected
;
and here we have the explanation of the changes in the structure of

that constituent when observed under the microscope. It will be seen that

the change point is materially depressed, and the author records that the

intensity also diminished at the same time, with the result that 8'0 per
cent, of manganese it was hardly to be detected.

Hardness and Changes in Volume. It is of considerable interest

to note that specimens when tested with the scleroscope revealed varying

degrees of hardness, and also distinctly varying amounts of ultimate expansion,
and the figures obtained from these two sets of observations are diagrammati-

cally illustrated, in conjunction with the fall in the pearlite change point, in

the following diagram, fig. 67.
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previously recorded modification of the pearlite, but the subsequent variations

are not so readily accounted for.

The Effect of the Addition of Manganese to Grey Irons.
This is the most important point to be considered, as siliccn is invariably

present in foundry iron in fair quantity.
Coe prepared a very good series of test bars containing percentages of

manganese varying from 0'55 per cent, to 30*30 per cent., with a silicon

content approximating to 2*5 per cent. His analyses of this series are

recorded in the following table :

Bar.
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has found to be of great importance, it having the effect of assisting the

production of the phenomena of super-cooling, and no doubt the somewhat
high result in bar G may be attributed to this cause.

The Thermal Phenomena of the Series. The freezing point is

not materially affected by the percentages of manganese found in cast iron,
but with high percentages the general tendency is to lower it. It will,

however, be seen on reference to fig. 68 that the influence is irregular, but we
shall require further data before this variation can be thoroughly explained.

The pearlite change point in the neighbourhood of 700 C. is very
materially influenced, and in a similar manner to that observed in the series

o-o" Q 2 V 68 tO

PER CENT MANGANESE

FIG. 68.

free from silicon, but with greater effect. Whereas in the non-silicon iron with
4'45 per cent, of Mn the change point is distinctly recorded between 620 and
587 C., in the silicon series with 4'19 per cent, of Mn the phenomena was not
observed down to so low a temperature as 350 C. The author has found
that whereas in the non-silicon series the point gradually disappears, in the
silicon series it disappears "abruptly with less than 4*0 per cent, of

manganese." It might be deduced from these facts that manganese in large
percentages, even in the presence of silicon, assists the combined carbon in the
solid solution in persisting in that state, and hence one possible explanation
of the influence of large percentage of manganese in producing the hard white
iron of the higher members of the series. The microstructures entirely con-
firmed the thermal data.

Shrinkage and Hardness. The shrinkage of these grey irons

gradually increased with the addition of manganese, as did also the hardness
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as determined by the scleroscope, and the data from these two sets of

observations will be found in the following diagram, fig. 69, and tables.
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figures he gives with regard to composition are not the direct result of

analysis, but rather of calculation
;
hence comparison is hardly possible with

other work on the subject. The experiments, however, are of great practical
value and his observations sound.

With regard to the influence of manganese upon the condition of the

carbon, he gives instances in which grey fractures have been obtained with

high percentages of the element, and comes to the conclusion that in ordinary

foundry irons the percentages present have little influence. He also considers

that the strength and chill are little affected. It is interesting to note that,

according to him, both the shrinkage and hardness of cast iron are influenced

by the addition of normal quantities.
T. D. West gives the result of a research conducted under works condi-

tions, with a view to determining the influence of manganese. The results

are given in table.
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of four tests, two being I^-io. round bars cast on end, and the other

two being the 1-iii. sq. bars cast flat, and used for obtaining the contraction

and chill.

The hardness number is a relative one obtained by West with the drill

press. The figures in the table are of considerable interest, and it is to be

regretted that, as the temperature at which such test bars are poured greatly
affects the proportion of combined carbon, the temperatures were not re-

corded. The results, however, give an excellent idea of the effects likely to

be obtained in the foundry by the addition of manganese.



CHAPTER VI.

THE INFLUENCE OF OTHER ELEMENTS UPON THE
PHYSICAL PROPERTIES OF CAST IRON.

Vanadium. Of late years the metallurgy of cast iron has received con-

siderably more attention than previously, and much research has been
directed towards making cast iron more consistent in its behaviour under

physical tests, both in the cast and annealed condition. One feature of this

development is the introduction of some of the elements such as have, with

advantage, been employed in steelmaking. Vanadium is now suggested as

a valuable addition in increasing the strength of cast iron
;
and as there is

at present considerable disagreement as to exactly what the influence of

this element is, the results of the following experiments conducted in the

works laboratories under the author's supervision might be of interest, and

they were therefore presented to the Iron and Steel Institute in the form
of a paper.

1 The results of several sets of experiments published of late

by various workers are more or less conclusive in showing the advantage of

the addition of the element in small quantities.
G. L. Norris 2

gives an instance where vanadium increased the life of

locomotive cylinders. Cylinders made of cast iron not treated with vanadium
showed a wear of ^ in. per 100,000 miles, whereas vanadium cast-iron

cylinders showed only microscopical wear after running 200,000 miles.

Average tests upon such irons gave the following results :
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(b) It "somewhat strengthens the iron by its solid solution in the

carbonless constituent of that iron, rendering the molecules of

its constituents more coherent than ever, and their crystals
more resistant to abrasive wear and less susceptible to breakage
on disintegration along the cleavage lines."

(c) It acts upon the carbides.

The author does not agree with Kent Smith as to the first claim made

above, since he does not consider that oxygen is present in properly melted

iron of high silicon and manganese content. The second and third claims

deserve consideration, however. Kent Smith proceeds to substantiate his

observations with experimental results, and shows that he has increased the

tensile strength of cylinder and other cast irons 50 per cent, by the addition

of 0-2 to 0*25 per cent, of vanadium. He also gives instances of similarly
increased figures under the transverse tests, and further demonstrates that

these results are not at the expense of deflection by recording figures obtained

from the standard American bars as high as '145. He also records improve-
ment under the compression and hardness tests.

It is also claimed that parts subject to much wear are improved by the

addition of small quantities of the element, and in this matter support is

obtained from theoretical considerations.

Dr R. Moldenke l describes some interesting experiments made to determine

the influence of this element upon the properties of cast iron.

The iron was melted in the cupola, and the additions of manganese and
vanadium were made to the metal when in the ladle. The test bars were

cast to the standard size of the American Society for Testing Materials, i.e.

1J in. in diameter, cast on end, in dried moulds. The testing was done

upon a 5000 Ib. Riehle testing machine, and some of the results are given
in the following table :

Iron melted.
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overlooked when deductions are being drawn from the foregoing experiments.
Better results were undoubtedly obtained with vanadium present than without

it : it is, however, difficult to obtain any distinct rule, since the influence of

0-22 per cent, of the element would seem to be as great as that of 0'45 per
cent. In the case of burnt metal, either white or grey, a distinct advantage
would appear to be obtained by the addition of so low a percentage as O05.
It is, however, important that we should take into consideration the somewhat
variable analyses, and it is to be regretted that the condition of the carbon
is not recorded.

It will be seen from the foregoing data that vanadium strengthens cast

iron, and the author has himself, under certain conditions, found such to be

the case. The observations he has made, however, point to the view that

this action was merely due to the influence of that element upon the condition

of the carbon, i.e. it assisted the carbon to persist in the combined state. By
scientific working, as is appreciated, the condition of the carbon can be com-

pletely controlled without reference to any special elements, and it was therefore

decided to determine whether any additional advantage over the ordinary pro-
cedure was to be gained by the addition of the expensive metal vanadium.
To sum up, the question to be decided was whether or not the carbides in

the treated iron were in any way different to those in the untreated iron.

Author's Experiments. The iron used for these experiments was one in

which normally the whole of the carbon was in the combined state. To the

molten metal varying quantities of 45 per cent, ferro-vanadium were added,
and the analyses of the resulting materials are given in the following table :

No.
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It will be seen that there is here no evidence in favour of a'ny effect pecu-
liar to the vanadium, and it was therefore considered that any influence which
the element possibly had was simply indirect.

Conclusively to prove the manner in which the influence of the element
was exerted, it was considered necessary to find out how it existed in

the alloy.
If vanadium be added to pure iron it alloys in all proportions, and an

interesting research l has resulted in the production of an equilibrium

diagram. R. Vogel and G. Tammann made a series of alloys of iron and

vanadium, and discuss the equilibrium of the system produced. The
mechanical and physical properties, however, are not given.

If added to a steel of carbon content under saturation, it will be found
that the vanadium, above the pearlite change point, exists in solid solution.

After the resolution of the hardenite into pearlite, although it is not as

yet proved that the vanadium exists as a constituent of the pearlite carbide

as distinct from the pearlite ferrite, it is believed to do so.

The alloys which we have under consideration belong to the supersaturated

range, and it was therefore decided to determine what proportion of vanadium

crystallised with the massive cementite, as distinct from the solid solution.

In order that the massive cementite should alone be separated, the samples
were quenched just above the recalescence, previous to the electrolytic

separation. In this manner the solid solution was dissolved in dilute hydro-
chloric acid (SG 1'02), whilst the cementite carbide remained behind. The
author appreciated the possibility of the vanadium compounds in the solid

solution remaining undissolved; but experience showed that they did not

apparently do so, as some vanadium was found in the HC1 solutions.

The samples were treated for 48 hours in each case, and the following
table gives the analyses of the cementite carbides thus produced :

Bar.
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alloy is really carbide. In connection with this fact, the following table is of

interest as showing the yield of carbide obtained :

No.
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broken down, with the appearance of considerable quantities of annealing
carbon, whilst the'matrix presents the typical martensitic structure character-
istic of the solid solution when quenched under these conditions. The sample

FIG. 70. As cast. FIG. 71. Quenched 860 C.

V. White Cast Iron (no vanadium). Magnified 52 diameters and reduced. Etched HNO.,,

T***

FIG. 72. Quenched 960 C. FIG. 73. Quenched 1040 C.

V. White Cast Iron (no vanadium). Magnified 52 diameters and reduced. Etched HN03 .

VI, containing only 0'13 per cent, of vanadium, still contains some free
cementite carbide, along with a considerable proportion of free carbon. The
sample V2 presents a similar structure, with still more free cementite carbide
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in evidence. The microstructure of V3
(fig. 85) is interesting : it will be

remembered that this bar contains 0-45 per cent, of vanadium, and this no
doubt explains the persistence of the bulk of cementite carbide, which is the

most noticeable feature of the micrograph. There has, however, been a

noticeable dissociation of the carbide, with the production of some annealing
carbon. The most interesting micrograph is that obtained from the sample
V4 (fig. 89). It will be seen that all the cementite carbide not redissolved

of the solid solution has persisted intact, even after exposure to a temperature
of 1040 C. for 1 hour.

Conclusions. The deductions to be made from the results of the foregoing

experiments are as follows :

(1) Additions of vanadium have a definite influence upon the physical

properties of cast iron.

(2) This influence is mainly that of assisting the carbon to persist in the

combined state.

(3) The persisting carbides physically do not differ from the normal
carbide found in the cast iron.

(4) Owing to the actual presence of much of the vanadium in the carbide,
that carbide is rendered more stable.

Chromium in Cast Iron. P. Goerens and A. Stadeler describe experi-
ments made to determine the influence of chromium upon the solubility of

carbon in iron. Their results are given in the following table :

No.



96 CAST IRON IN THE LIGHT OF RECENT RESEARCH.

much chromium. It should also be stated that the ultimate ferrite in alloys

containing much of the element is also found to retain a considerable

proportion in, presumably, solid solution. The action of the chromium is

probably twofold :

(1) By crystallising with the carbide it renders the combined carbon more

stable, acting in this manner similarly to vanadium (see plates). The addition

of chromium therefore tends to harden cast iron, and will be found to

increase the chill. Graphite separates with increasing difficulty as the

percentage of the element under discussion increases.

(2) It is most probable that the chromium remaining in the ferrite

definitely modifies the characteristics of that constituent ;
and since, after

all, ferrite frequently constitutes the matrix of cast irons, this phase is worth

considering.
The author proposes in this connection to present some results obtained

by Arnold and Read,
1 and to allow the reader to form his own inferences.

Alloys of the following composition were prepared :

No. of
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It will be seen that, with regard to the double carbides obtained, the

presence of carbides of chromium discovered by Moissan would appear to be

confirmed, and it will further be seen that much chromium remains in the

ferrite. The authors state that in the highest percentage alloys the matrix

consists of allotriomorphic crystals of chromiferous ferrite. The mechanical

properties of these alloys suggest profound alteration in the mechanical

properties of this matrix.

In conclusion, the author regrets that he is unable to present a set of cast

irons showing the actual influence of chromium, but no doubt the before-

described experiments indicate the action with sufficient clearness.

Aluminium. Although interesting data had previously been published

by Keep, Borsig, and Hogg, we are indebted to Melland and Waldron l for

the systematic examination into the influence of aluminium upon cast iron.

Working with a white pig as the basis, they prepared alloys of varying
aluminium content, and studied the variations in the constitution thus produced.
From each melt two bars were cast, one in an open east-iron chill mould, and
the other in a compressed sand mould, previously heated. The latter sample
was in each instance allowed to cool down slowly in sand under a layer of

charcoal. The analysis of the original pig and the results obtained by simple

melting and subjection to these conditions are given in the following table :
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No.
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was noticeable. With, however, 0*50 per cent., it will be seen that the bulk of

the carbon was obtained in the graphite state. It is then most curious to

observe that the larger additions of aluminium seem to be responsible for a

reversion to the combined state. The investigations of the authors failed to

produce any satisfactory explanation of this effect, but they suggest the possi-

bility of the formation of a double carbide of low carbon content. Further

investigation will possibly be found necessary before the correct solution of

this reappearance of the combined carbon is obtained.

In the slowly cooled samples the effect of the aluminium is more pro-

nounced, and, incidentally, is very variable. The influence of the element

would seem to be as susceptible to varying conditions (such as casting tempera-

ture, etc.) as the influence of silicon, and appears to be of a similar nature.

It will, however, be noticed that in the slowly cooled bars the combined

carbon reappears with the larger additions.

It is to be observed that in the alloys containing from 0'527 to 4-24 the

rate of cooling has very little effect upon the percentage of graphite to be

found in the iron. Another point deserving attention is the retention in the

combined state of about 0*90 per cent, of carbon, whether slowly or rapidly

cooled, through the whole of the series.

It will be thus seen that the action of aluminium is twofold

(1) It decreases the solubility of carbon in iron.

(2) Like silicon, it has a softening effect (within the limits shown).
Added to cast irons in reasonable quantities, it therefore, whilst no doubt

weakening them, renders them softer for the purposes of the machine shop.
The following tests carried out upon samples (the particulars of which are

given in Table, pp. 98 and 99), will give some idea of the mechanical properties
of the cast irons which have been under discussion.

No.
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The energetic action of assisting the carbide to dissociate in iron-carbon

alloys was particularly emphasised by McWilliam and Barnes 1 in a recent

paper upon nickel steels. They found that even in steels under saturation

(carbon), free carbon was precipitated by drastic annealing. Now, as shown

by the author,
2 the precipitation could not in such instances have taken place

previous to the resolution of the solid solution at the pearlite change, and it

is therefore demonstrated that 3*0 per cent, of nickel renders even the pearlite
carbide unstable at comparatively low temperatures. The results are here

given :

Nickel
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If we examine these results, we shall find that a distinct advantage was
obtained by adding a small percentage to the grey iron, but that further

larger additions produced no further advantage. In the case of the white

irons, a slight advantage would appear to have been obtained. Moldenke
attributes the action to deoxidation, and considered that there is no advantage
to be gained by more Ti than is necessary for this purpose.

He further proceeds to discuss the effect upon the chilling action, and
records experiments made at the Keystone Car Wheel Works, Homestead,
Pa. Iron which gave 1| in. depth of chill untreated, upon being treated with

titanium in the ladle gave only 1 in. of chill. Cubes cut from the respective
chilled portions were tested for compression and hardness with the following
results :

Iron.
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No. 5. Only small percentages are required. Here we come to a discussion

as to the manner in which any influence is likely to be exerted. It must not

be overlooked that the element rapidly enters the slag, and that only traces

are left in the metal, so that if it is of value it must be considered as a
"
scavenger." Le Chatelier is recorded as having not only admitted the

value, but also to have given the reason for the action of this element,
i.e. its combination with the nitrogen. It is by no means certain as to how
much nitrogen is actually present in cast irons (see below) ;

but if it had
been determined, it is still a very open question as to whether the presence
of nitrogen is beneficial or otherwise. With due deference, then, to the

recorded opinion of the distinguished French savant, we must insist upon
other solutions of this supposed beneficial influence of Ti.

Influence of Copper upon Cast Iron. W. Lupin, after reviewing
1

other work, proceeds to describe experiments performed to determine the

influence of this element upon cast iron. He concludes that whilst the addi-

tion of the element is not beneficial, its presence in pig iron has no detrimental

effect upon the finished castings. It would appear to have practically no effect

upon the condition of the carbon. An addition of 4*9 per cent, of the element

left the iron quite grey, although it is recorded that the gradual addition had
a tendency to increase the tensile strength. It is, however, claimed that the

iron is rendered more fluid.

These observations have the support of other workers, and it would thus

seem that copper is not likely to play an important part in the metallurgy
of cast iron.

Antimony and Tin in Cast Iron. P. Goerens and K. Elligen
2 in their

experiments made bars containing varying percentages of both tin and anti-

mony by adding the metal to molten Swedish pig iron. It was found in the

case of antimony that the temperature of the primary separation of the

austenite and also the solidification of the eutectic were lowered
;
the tempera-

ture of the pearlite change is unaffected, but the magnitude of the recalescence

decreases with the increase of the antimony content. Tin was found to have
a very similar influence. The effect of these elements upon the mechanical

properties was not discussed.

Nitrogen. A. Grabe 3 states as a result of very careful research, that

12 Swedish wrought irons give a percentage of N varying from '002 to '0045

per cent., 38 various steels '0025 per cent, to '0125 per cent., and 20 cast

irons '001 to '0065 per cent. These determinations were made after the

worker had critically examined the methods employed by other investigators,
and would seem to be reliable. N. Tschischewski 4

gives the amount of N
found in samples of iron and steel. In cast irons he found that the percentage

ranged from '0011 to '0053, in open hearth steel from -003 to '0053, in

Tropenas steel from -0068 to '0075, and in Bessemer steel from '012 to '015.

It will thus be seen that the nitrogen content of cast iron varies from '001 to

0065, and it will really be necessary for the deleterious or beneficial influence

of such percentages to be determined before nitrogen as a constituent of cast

iron can be considered seriously.
There is, however, still much work to be done upon the influence of gases

known to exist in the iron-carbon alloys.

1 Stahl und Eisen, vol. xx. pp. 536-541, 583 and 590.
2 Revue de Metallurgie, 5. 3

Metallurgie, vii. pp. 72-79, Feb. 8, 1910.
4 Stahl und Eisen, March 18, 1908.



CHAPTER VII.

INFLUENCE OF CASTING TEMPERATURE.

WHAT is the actual influence of varying casting temperature upon the

properties of the castings produced ? This is a very important question when
one considers the actual works practice in many of our large foundries.

Frequently the molten cast iron issues from the furnace or cupola
"
steaming

hot," to use a colloquial phrase ; yet by the time the last casting is made the

metal may be hardly hot enough successfully to teem. The question naturally
subdivides itself, since, in making a casting, we must consider not only the

physical properties of the metal in the finished state, but also the degree of

perfection with which the duplicates of the pattern are reproduced.
Influence of Casting Temperature from the Practical Stand-

point. Looking from the moulder's standpoint, it is obvious that unless the

temperature is correct his work will not be good. If the iron has not sufficient

superheat, his mould will be misrun, a correct impression of the mould being

impossible, owing to the sluggishness of the iron. This sluggishness will also

prevent the feeders from accurately performing their work, since the gates
would be solid before the feeding could be accomplished, incidentally, one

would possibly discover draws, due to this absence of proper feeding ;
and such

metal, owing to increased viscosity, is frequently found to entrap the gases of

the mould, thus causing blowholes. If the metal be too hot when the casting
is poured, a superabundance of "fash "

results, owing to the penetration of the

joints of the mould, and sometimes this trouble may even result in the metal

forcing its way out. The chief trouble, however, resulting from teeming too

hot is that of "
scabbing

"
; i.e. pieces of the mould's face are washed off.

This causes not only the direct defect of the local scab, but the sand thus

released most likely occasions a further defect in some other portion of the

casting. Large cores in particular are liable to scab from this cause. It will

be obvious that the correct temperature for one size of casting will not be

suitable for a larger or smaller one, and hence great discretion must be used

by the practical man. MeWilliam has stated 1 that in his opinion the correct

casting temperature is that which will allow the last drop of metal just to

leave the ladle, and this is a good guide in practice.
The moulder should cast his light and intricate work as early as possible,

whilst his heavy lumps he should leave till the last. It is no uncommon sight
in a foundry to see a moulder putting cold scrap into his iron if he thinks it

too hot for his mould, but his ingenuity is, as yet, hardly equal to finding a

similarly simple remedy if the metal be too cold.

1 Jour. Iron and Steel Inst., 1904.

104
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So much, then, for the practical foundrymen's aspect of the question.

Influence of Casting Temperature upon the Physical Pro-

perties. It is a much debated point as to how and whether the casting

temperature materially influences the physical properties of the casting.

Here, again, the question is subdivided : for instance, the author considers that

if the condition of the carbon or its carbide be modified by the casting

temperature, as he has shown may occur under certain conditions,
1
naturally

the properties are much modified
;
but if the microstructure does not indicate

any apparent modification, he is not inclined to accept the influence as being
in such cases of importance. As Professor Turner has so truly stated,

" cast

iron is not so sensitive to the effect of variations due to pouring temperatures
as some other metals, and herein lies one of its great advantages, in that

castings are not so readily spoiled by a little want of care and attention."

This question has been made the subject of several researches of late years,
and the author proposes now to discuss the data thus produced.

Sir Robert Hadfield, F.R.S., in discussing the influence of casting

temperature on steel, recorded the deteriorating influence of either abnormally
low or high temperatures, the latter giving rise to the " scalded condition of

steel well known to metallurgists
"

;
and he further indicated that this primary

influence was not altogether removed even with a subsequent judicious heat

treatment.

Dr Arnold, in his paper on Steel Castings, gave the mechanical properties
of two exceptionally low carbon castings made from wrought iron. One of

these gave phenomenal tensile results, at any rate for the time at which the

paper was published, whilst the other was very inferior in its performance

upon the testing machine. Arnold, at the time, stated that the analyses
and conditions under which the castings were produced were identical, with

the one exception, that he had no control of the casting temperature ;
and

here, he thought, was the only explanation of the diverse tests obtained.

Howe, Sauveur, Heyn, Turner, and Stead have all expressed their opinions

upon this interesting subject, but it was left for the author's friend, Percy

Longrnuir, whose most interesting results are given in his Carnegie Research

Memoirs of 1903 and 1904,
2 to take up the systematic investigation of the

subject.
One of Longmuir's early observations was of the transverse results

obtained from a series of standard bars cast progressively during the teeming
of a 5-ton ladle of cast iron. The period between the first and last bar was

15 minutes, and he records that he actually obtained a range of tests varying
from 22 to 35 cwt.

In the same paper he records an instance of a special alloy from which he

cast over 30 test bars under conditions which were identical, with the

exception of a variable casting temperature. He obtained results varying
from 12 '5 tons MS accompanied with 5 per cent, elongation in 6 in. to

26*2 tons MIS accompanied by 51 '6 per cent, elongation. Now, to the

author's mind, such susceptibility to the influence of casting temperature
much reduces the commercial utility of an alloy. Longmuir does not state

the range of casting temperatures in this particular instance, but it is easily

conceivable that some low melting point alloys may be cast at several times

the temperature of their melting point, whereas, in the case of the cast

iron, which is the subject of our immediate study, with a melting point of

1 Jour. Iron and Steel List., 1906. 2 Jour. Iron and Steel Inst., vol. i., 1903, vol. i., 1904.
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1100 to 1200 C., practical limitations almost prevent the casting tem-

perature exceeding by half the melting temperature. In the iron-carbon

alloys which we have to consider, the influence, to be of importance, must be
felt from the variation of, say, 100 or so either way. The results from

Longmuir's earlier research are given in the following Tables.

Alloy
on

metal.



INFLUENCE OF CASTING TEMPERATURE. 107

If, however, we consult the actual casting temperatures we shall be astonished

at the narrow range in some of the alloys. Consider the remarkable Red
brass results; here we have a drop of 15 C., producing a variation of 7 tons

in the maximum stress and 15 per cent, variation in the elongation. Again,
if we refer to the malleable cast-iron results, we shall observe that the

indications are that the initial variation has persisted after drastic heat

treatment and rearrangement of structure. Longmuir, in an interesting

chapter, endeavours to explain, by the microstructure, these important

inequalities in the properties of the material. He reminds us that Guillemin

has stated that it is possible thus to determine whether a bronze has

been cast "hot" or "cold." Charpy states that "the size of the crystals
varies with the speed of solidification, and the slower the solidification the

more the crystals are developed, etc." Longmuir in discussing his own
results states that his microscopical examinations convince him that low

temperatures favour a sharper crystallisation than higher temperatures and

that, "apart from a distinct crystallisation, the crystal junctions are very
sharply defined, and apparently form routes along which fracture readily
travels. With fair temperatures the crystalline junctions are not at all

distinct when compared with others of the series, whilst the high temperatures
are considered to produce "loose" structures.

Arnold made some interesting observations upon this question, which

Longmuir thoughtfully includes in his review of the matter. He suggests
that the mechanical properties of a pure metal are chiefly determined by the

cohesive force acting between the crystals ;
and he is also of the opinion,

based upon his own experiments, that the actual crystals, in an alloy con-

taining impurities, may be ductile, whilst in mass the alloy is brittle. This

theory of intercrystalline cohesion would, in the author's opinion, seem to

be introduced owing to the failure of the microscope to give any definite

and conclusive" evidence in explanation of the variations observed.

TABLE SHOWING THE INFLUENCE OF VARYING CASTING TEMPERATURE
ON THE PROPERTIES OF CAST IRON.
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INFLUENCE OF VARYING CASTING TEMPERATURE contd.

No.
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to weigh the influence of casting temperature in that connection. The

following Table contains the results first obtained, and it will be seen that

the results hardly confirm the figures obtained by Longmuir.
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cast iron is likely to be variable. These tests were performed by the author
with considerable care, and the mechanical tests made upon the Sheffield Uni-

versity testing machine by Professor McWilliam and the author may be taken
as correct. The curious fact is the uniformity of the results obtained after

heat treatment. It will be seen that B2 and C3, with maximum stress per

sq. in. of 7 '95 tons and 17*20 tons respectively as cast, give, after identical

heat treatment, 34'4 and 34 '70 tons per sq. in. In the grey bars, a variation

in the "as cast" bars of 4 tons in the maximum stress per sq. in. was reduced

to a variation of only lvL7 tons.



CHAPTER VIII.

SHRINKAGE AND CONTRACTION IN CAST IRON.

IT is found in works practice that if a certain sized casting is required, a

pattern must be prepared slightly larger than the required dimensions of the

finished casting. This is well known to be "allowance made for contraction,"
or " allowance for the final difference in size between the casting and pattern."

Irons of varying compositions behave very differently ; and, in the light of

recent researches by Keep, Turner, and others, we have now a very fair

knowledge of what actually takes place during the solidification and sub-

sequent cooling down of the iron, although it can be truthfully asserted that

as yet we have not obtained a complete explanation of the cause of all the

phenomena observed.

During the cooling down of cast irons, both contraction and expansion
take place between varying temperatures according to the composition, and
hence the "allowance for contraction" really refers in practice to the "net"
result.

The influences governing the contraction are

(1) The change in volume due to the change from the liquid to the solid

state.

(2) The natural contraction of a hot metal during cooling.

(3) The changes in volume due to the chemical and physical changes
actually taking place in the iron between the moment of solidifica-

tion and the reaching of normal temperatures.

The molten metal is poured into the mould and solidifies. Metal, such
as type metal, which expands slightly at this point, is an exception, and cast

irons simply follow the general rule and occupy less space during than before

solidification. The first to set is the metal in contact with the mould, and
this outer surface takes to itself both the shape and to a great extent the

size of the mould. The casting then freezes from the outside gradually to

the inside, the metal nearest the centre of the thickest portion being the

last to set, and over this portion, naturally, if no means of "feeding" the

casting is used, more or less of a cavity or "sponginess" is found. This is

due to shrinkage.
Influence of Casting Temperature upon Shrinkage. Shrinkage

varies with the composition and heat of the metal
;
the hotter the casting

temperature of the metal, the greater the shrinkage. The casting of steel

111
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ingots is the most simple instance in which this shrinkage is observed
;
and

to anyone familiar with the casting of steel, it is well known how much the

shrinkage is accentuated by raising the initial casting temperature of the

metal.

Influence of Composition upon Shrinkage. With regard to com-

position, in cast iron the shrinkage is always higher with an increase in

combined carbon, and may therefore be influenced by any element or

circumstance which increases the percentage of this state of the carbon.

The art of eliminating the defect due to shrinkage in castings belongs
to the moulders' craft ;

and since it is fully treated by other writers,
1

it is considered unnecessary here to deal with it. Once the metal has

begun to set, and during the subsequent cooling, various changes in volume
take place.

As pointed out earlier in this work, immediately upon solidification, the

iron carbon eutectic splits up into carbide and austenite, which action in

itself most likely causes an expansion. In irons high in silicon, however,
this carbide immediately dissociates, with the production of graphite, and
hence a marked expansion takes place, presumably in proportion to the

percentage of free carbon liberated. This is within 30 to 40 C. of the

point of solidification. Further precipitation of carbon depends upon the

size and composition of the mass, and there is really nothing further to note

in the phenomena of expansion in an iron-carbon-silicon alloy except a

gradual contraction until the recalescence point in the neighbourhood of

700 C. is reached. At this point the solid solution resolves into pearlite and
the expansion due to this physical change is also under certain conditions

increased by the dissociation of the pearlite carbide thus produced.
Mallet, Roberts-Austen and Wrightson, Keep, West, and Turner, are

the workers to whom we are most indebted for our knowledge of this

subject.
Mallet 2 conducted a series of interesting experiments to determine the

accuracy of earlier workers. He became convinced that cast iron did not

expand during solidification. His work was performed in a most careful

manner, and was discussed by Turner 3 in an excellent paper given before

the Iron and Steel Institute in 1906.

A hollow cast-iron shell
" was filled with fluid cast iron of projectile

quality, and the volume was measured by means of finely graduated steel-beam

calipers/' The results of this experiment are found in the following curve

(fig. 90).

Perhaps one of the most noticeable features is the point A in the curve

which Mallet endeavours in his paper to explain away as an experimental
error. This point is interesting, as it has been shown by Turner to be a

truthful rendering of the change in volume that takes place owing to the

presence of a fair percentage of phosphorus in the iron.

Roberts-Austen and Wrightson,
4
using Wrightson's

"
tektometer," endeav-

oured to determine the densities of the various metals at the moment of

solidification ;
but although their research points to an increase in density of

cast iron, their work cannot be considered quite conclusive.

1 MeWilliam and Longmuir, Foundry Practice, second edition, 1912.
2
Royal Society, vol. xxiii. p. 222, 1874.

3 Jour. Iron and Steel Inst., vol. i. p. 48, 1906.
4 Phil. Mag., vol. xi., 1881, and vol. xiii., 1882.
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West has done much work of value upon this question, but for the next

great advance we are indebted to Keep.

FIG. 90.

Keep's Experiments. In the illustration (fig. 91) is to be seen Keep's

apparatus for determining the changes in volume taking place during the

cooling of cast iron. This illustration is taken from his book, and it will be

seen to be an ingenious method of taking an autographic record of the

contractions and expansions after the casting of the test bar inside the

moulding box shown. A description is best in Keep's own words: "A mold

FIG. 91.

was made of a test bar 1 in. sq. by 26 in. long. In the front of the flask,

near the ends of this mold, recesses were cut to allow the ends of the mold to

be reached. The top of each end of the mold was covered with a piece of tin,

having a ^-in. round hole through it, the two holes being 24J in. apart. The

autographic machine was attached to the mold in each recess by a J-in.

round pin, which projected upwards to form a bearing for the arms which
8
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were to transmit the motion of the test bar. The inner end of each arm was
2 in. long and the outer end was 20 in. long. Through the inner end of

the arm was a J-in. hole, corresponding with the hole in the tin cover of the

mold. Through each of these was passed a J-in. steel pin. The inner end of
'

the pin projected downwards through the mold. This pin was located at the

front edge of the mold, so that the first skin formed embraced it. The outer

ends of the arms multiplied any motion of the ends of the test bar ten times.

The right-hand arm moved the slide which carried a recording pencil, and the

left-hand arm moved a slide upon which was located a cylinder which con-

tained the ruled record paper, and also carried a clock which allowed the

cylinder to turn once each hour. The paper was ruled in 1-in. squares, each

square being divided into twentieths. The cylinder had a circumference of 12

in., which made each inch measured circumferentially on the drum equal to five

minutes of time. As one arm moved the pencil, and the other moved the

slide which carried the cylinder and clock in an opposite direction, the record

was the sum of the motion of the two ends of the test bar
;
and as this was

2 ft. long, to find the motion of the test bar per foot of length the record must
be divided by 20. If the record shows a motion of the pencil to be half an

inch, or ten of the small divisions, the motion of each end of the bar would be

J of one division, or Tf|^- in." The apparatus with the test bar was entirely

self-contained, and to prevent expansion the frame of the machine was made
of wood. The considerable advance in our knowledge of this subject to

which the use of this apparatus led is the author's apology for reproducing

Keep's description at such length.
There is one important disadvantage to be found with the method under

which these experiments were conducted, and that is that, in the absence of

pyrometric readings, the changes in volume could not be correlated with

the temperatures at which they took place. Valuable facts were, however,

ascertained, and may be epitomised as follows :

Readings were taken of the behaviour of different well-known metals after

casting and during cooling down. It was found that, melted by themselves,

copper, tin, antimony, lead, and bar iron gave a curve showing a fairly normal

contraction unaccompanied by any expansions.
On the introduction, however, of sufficient carbon to produce a tool steel,

when the material had reached a "red heat" a considerable arrest in the

contraction took place, followed by a distinct expansion before the normal rate

of contraction was resumed. On testing a cast iron low in silicon, a slight

expansion took place immediately after solidification, succeeded by a normal
rate of contraction, until at what might roughly be called a red heat a further

expansion was observed, after which the normal rate of contraction followed

until ordinary temperatures were reached.

In one important experiment, observations were made upon a cast iron of

the following composition :

Carbon . . . . .3*10 per cent.

Silicon 3-85

Manganese .... 0*50 .,

Sulphur 0-10

Phosphorus .... I'OO

Apart from the rather high percentage of silicon, this may be considered

an average foundry iron.
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Eighteen test bars 1 in. sq. by 1 ft. long were cast, together with one bar
24 in. long. On the latter bar the changes in volume during cooling were
taken by means of the autographic method recently described. This is one
of Keep's most interesting experiments, since to obtain information as to the

changes taking place in the iron he quenched one of the 18 1-ft. bars
at each stage of the cooling down, thus hoping roughly to obtain by this

method some idea of the condition of the iron at the temperature from which
the bar was quenched. The cooling diagram of the 24-in. bar is given in

fig. 92.

This curve is of considerable interest, and clearly shows that during the

cooling down of this test bar there were three actual expansions, followed in

each case by a resumption of the normal rate of contraction. The expansion
began 1J minutes after the test bar was cast,

" increased until 3J minutes,
then decreased until 7 minutes." This was the first expansion. The
expansion "then increased until 8 minutes, and decreased again until 10

FIG. 92.

minutes." This is the second expansion. "A very great expansion then
takes place, reaching its maximum between 12J and 14 minutes, and

decreasing until 16 minutes." This is the third expansion. After the
third expansion, contraction proceeds at a normal rate. The examination of

the l-ft. bars did not lead to any solution of the first and second expansions,
but the interesting fact was disclosed that the combined carbon decreased

during the third expansion from 0'40 per cent, to 0'06 per cent., according to
the analysis given ;

and further, that whilst the bars quenched above the third

expansion were hard, those quenched below were soft. Since the combined
carbon at this point was reduced to 0'06 per cent., it is apparent that at
this temperature the dissociation of the carbide of the pearlite had taken

place.
After trials with irons of varying composition,, it was found that the first

expansion was mainly dependent upon the percentage of silicon present : the

higher this percentage, the higher the expansion. Further investigation
showed, however, that if through other influences the action of the silicon

upon the carbon was neutralised, then in such cases the effect of the silicon
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upon the shrinkage was modified. Thus Keep deduces from his experiments

A-r-9

FIG. 93. Plan of lower half of mould.

A. Fixed vertical pin. B. Movable horizontal pin.
C. Thermo-couple. D, Position of gate.

that the first expansion is also due to a change in the condition of the carbon.

In discussing the paper given

by Keep before the Iron and Steel

Institute, Osmond suggested that

the first expansion might be at about

1100C., where, in his opinion, the

bulk of the graphite separated ; the

second point would most likely occur

at about 900 C., and only then in

phosphoric iron
; whilst the third

expansion, he considered, would
most likely coincide with Barrett's

recalescence point at about 700 C.

Professor Turner's Experi-
ments. In 1906 Professor T.

Turner gave a most interesting

paper on this question. He had

endeavoured, by careful experiment,

actually to correlate the tempera-
tures with the expansions, and un-

doubtedly met with considerable

success.

His apparatus is shown in figs.

93 and 94, and will be seen to be

quite simple : the test bar is in the

form of a T, and being secured at

A, the whole of the expansion is

transmitted through the thin rod

FIG. 94. Extensiometer. to the pointer at B. In this way
the pointer indicates, with fair pre-

cision, the changes in volume which take place in the test bar. A naked

pyrometer couple was used for determining the temperatures in the position
indicated in fig. 93.
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The curves given in fig. 95 summarise Turner's results with regard to

expansion, and it will be seen that they completely confirm the facts as given
by Keep.

10

12

ID

lAMf

Time : each division equals five seconds.

FIG. 95.

Turner found

(1) That pure electrolytic copper, aluminium, antimony, lead, tin, and
zinc yield a uniform curve, as typified by copper, without any arrest in the
decrease in volume.

(2) The curves produced by white irons and carbon steels, present
one marked change taking place at comparatively low temperatures.
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(Turner also records the fact that he has discovered that some of the zinc-

copper alloys expand similarly.)

(3) In grey non-phosphoric irons, as typified by the grey hematite, he

obtained two notable expansions, one immediately following solidification, and
the other at a lower temperature, corresponding to the one occurring in white

irons.

(4) As a type of what is obtained from phosphoric foundry irons, the

curve of Northamptonshire iron is given. Here a third expansion is evident,

occurring intermediately between the two noticed in non-phosphoric irons.

All the expansions were found to be much greater in such materials.

The analysis of the materials producing these typical curves were :
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Now that the phenomena have been fully described, a discussion of the
cause will be of interest.

It is evident that the precipitation of free carbon is the cause of two of the

expansions, whilst the intermediate expansion noticed in the presence of phos-
phorus is undoubtedly attributable in some manner to that element.

tan

Time : each division equals five seconds.

FIG. 96. Grey Northampton Iron.

With regard to the first expansion, it will be noticed that unless free

carbon is present in the final casting, the expansion is of little importance,
and in such instances may be explained by the production of the eutectic

mixture. The splitting up of the eutectic into cementite and austenite

might reasonably be expected to cause some expansion. When, however,



I2O CAST IRON IN THE LIGHT OF RECENT RESEARCH.

graphite is present, the bulk of it has been shown (by Heyn and Bauer, and
also by the author) to be due to the dissociation of the cementite immediately
after separation, and hence the greatly increased expansion noticed in such irons.

20
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120

/40
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Time : each division equals five seconds.

FIG. 97. Foundry casting.

The second expansion seems undoubtedly to be due to phosphorus; and if

reference is made to the chapter dealing with the influence of phosphorus
it will be found that the solidification and breaking down of the ternary
eutectic of iron, phosphorus and carbon takes place at this temperature.
Here, then, is the explanation.
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The third expansion takes place at the change point of hardenite into

pearlite ;
and since it is strongly marked in the absence of free carbon, it

would be reasonable to charge it to this hardenite to pearlite reaction.

The breaking up of the hardenite or "pearlite" eutectic into the ferrite

and the pearlite cementite might reasonably be expected to be accompanied
by a change in volume. It may not be irrelevant here to refer to the in-

teresting experiments described in Rosenhain and Humphrey's paper before

the Royal Society. As a result of a micrographic examination of almost

carbonless iron which had been heated in vacuum, they come to the conclusion

that the change from "Alpha" to "Beta" iron, which is the allotropists'

description of the change taking place near this temperature, is accompanied

by a change in volume.

It was found by Keep that a precipitation of free carbon took place whilst

passing through this zone, and this, of course, would accentuate the expansion.
The author has conclusively proved elsewhere that carbon must be precipi-
tated to the extent of the percentage required to produce

" hardenite
"
during

or immediately after this recalescence
;

and in cast iron containing no

combined carbon such precipitation must logically have taken place at or

about this temperature. Such are the explanations of these changes in

volume, in the light of recent research.

The change of volume produced upon reheating cast iron recorded by
Percy, Outerbridge, and Carpenter and Rugan is quite another question, and
is therefore treated separately in the next chapter.

With regard to the " net contractions
"

of cast irons of varying silicon

content, Keep's table is most useful, and is here presented.

Kind of Iron.
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It will be seen that for the same silicon the heavier bars give less contrac-

tion, and this is probably to some extent explained by the precipitation of free

carbon being more complete in such bars. This is not a sufficient explanation
of this variation, as any one, such as the author, who is actively engaged in

manufacture, well knows
;
but it may be understood by a complete consideration

of the whole question of solidification and cooling of the material. Owing to

the outside setting first, as previously explained, the bar to some extent takes

the size of the mould, and the subsequent shrinkage, as distinct from contrac-

tion, is therefore internal. The usual works allowance for contraction in grey
cast iron is J of an inch to the foot, whilst in white iron the allowance is made
from T

3
g-
to \ in. If white iron is to be annealed, some of this contraction is

lost, and the finished casting, owing to the precipitation of free carbon, will

approximate in contraction to the Jth of an inch to the foot allowed for grey
cast iron.



CHAPTER IX.

THE GROWTH OF CAST IRONS AFTER REPEATED
HEATINGS.

THIS peculiar property of cast iron has been known for many years, but it is

only very recently that the explanation has been forthcoming.
T. Beddoes, in a paper communicated to the Royal Society in 1791, stated

that " in annealing crude iron with or without charcoal it is known to increase in

all its dimensions. I have seen bars originally straight bent like an S when long
exposed to heat in circumstances where they could not extend themselves."

Percy, in his classical book upon the metallurgy of iron and steel,

recapitulates the occurrences of this kind with which he had come in contact,
and ends his article upon the subject as follows :

"
Advantage has been taken of this permanent increase in volume which

cast iron acquires by long exposure to a high temperature, in rendering
cannon-shot serviceable which had been cast too small. The shot was heated
in a charcoal fire, well imbedded in the charcoal, and allowed to cool under
charcoal dust. Their surface was bluish-grey, and did not require any
cleaning to fit the shot for use

;
whereas in previously attempting to employ

a hot-blast oven for the same purposes, the surface became coated with firmly
adherent red oxide, so difficult to detach that it was found preferable to

recast the shot than incur the labour and expense of cleaning them."
The author has himself come across many instances of this growth of cast

iron on exposure to high temperatures, in grate bars, oven plates, furnace

castings generally, and in chills used in the iron foundry.
It has been suggested that the discovery of this property of cast iron, which

has since been proved to be peculiar only to certain varieties of iron, would
be of considerable use in the industrial world, and that castings made too

small have been rendered the correct size by these means. Unfortunately it

is a fact that this very process of expansion ruins the material itself at the

same time, and it is one which the author does not, therefore, recommend. It

is, however, of great importance that we should understand the cause, so that

we may prevent the occurrence of this phenomenon, since in many instances

great trouble has already arisen and will continue to ensue from it.

During the Baltimore fire, structures which had been considered fireproof
were proved unsatisfactory owing to the damage done to the masonry by the
"
growth

"
of the cast-iron members of the ironwork construction. Floor levels

and walls were found to be unsuited for further use owing to this very cause.

A. E. Outerbridge
1

(Jr.), of Philadelphia, was the first to bring the

question seriously to the front in recent years, and we are indebted to him
for some very interesting experiments.

1 Franklin Institute, 7th January 1904.

123
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He intentionally reproduced this phenomenon in grey cast-iron test bars,

and was actually enabled by repeated heatings and coolings to make a bar

14-13/16 in. by 1 in. by 1 in. "grow" until it measured 16J in. by 1J in. by
1J in. To do this it was found necessary to heat the bar twenty-seven times

to about 800 C. Outerbridge, curiously enough, says that this increase of

40 per cent, in volume is unaccompanied by any change in weight, and hence

deduces the fact that the change is due to some intermolecular rearrangement.
This has since been proved a fallacy, as will be seen upon an examination of

the researches of Rugan and Carpenter. However, every honour is due to

Outerbridge for the systematic way in which he attacked this problem,
and for the valuable data he obtained. He found

1. That grey cast iron expands more rapidly than white cast iron.

2. That the deposition of free carbon by the dissociation of the carbide

did not account for the great change in volume.

3. That wrought iron and steel contracted slightly under the same
treatment.

Whilst the application of this phenomenon made by Outerbridge is very

interesting, the inevitable deterioration of the quality of the iron owing
to its treatment must prevent its use in practice.

We will now turn to the paper on this subject given by H. F. Rugan
and H. C. Carpenter before the Iron and Steel Institute in May 1909.

This research is particularly to be admired for its exhaustive examination of

the subject. The question is taken up practically where Outerbridge left it,

and, in the author's opinion, is worked to a satisfactory conclusion.

Rugan and Carpenter began their investigation by determining the tem-

perature at which the "growth" proceeded with the greatest rapidity, using
a grey cast iron for the purpose. Although in the case of iron valves

subjected to a superheated steam at 366 C. permanent increase in size was

considered to take place, they considered this to be a different phenomenon,
since at 600 C. they obtained no expansion. Growth was determined to

commence at about 650 C., but at 675 C. the expansion increased eightfold,
and the rate of growth at 730 C. was such that it almost appeared to have

reached its maximum, since at 900 C. the further increase was only just

perceptible. Possibly the most interesting feature was the fact disclosed that

the maximum result was obtained by three hours' heating at a given tempera-

ture, and that the increase in time to seventeen hours did not appear to make

any appreciable difference.

The results are given in the following table :



THE GROWTH OF CAST IRONS AFTER REPEATED HEATINGS. 125

They next subjected several commercial irons to the treatment likely to

produce this phenomenon. Amongst the bars was one cut from a new

annealing oven casting, the composition of which was

Carbon
Silicon

3-14 per cent.

96

The bars were heated ninety-nine times for four hours at temperatures

varying from 850 C. to 950 C., and the following table gives the data

obtained from the before-mentioned bar :

SAND CASTING.

Carbon
Silicon

per cent.

3-14

0-965

Length.
Inches.
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The above typifies the results obtained in this experiment, as all the bars

were comparatively alike in composition. It will be found on examining this

table that the bar has finally grown in length from 5 P9968 to 6'654 in., and
in diameter from '75 to -834 in. This is equal to an increase in volume of

36 '8 per cent, and thus confirms Outerbridge's experiments. One discrepancy
between the results, however, is observable, and that is, that whereas Outer-

bridge obtained no increase in weight along with the growth in volume,

Rugan and Carpenter, as will be seen, obtain a gradually increasing weight
with the increasing volume.

During this early work the authors became convinced that it would be

necessary, before they could arrive at the cause or causes of this phenomenon, to

correlate "
growth

" with the composition of the material. With this end
in view several series of test bars were prepared with a view to finding the in-

fluence which the various elements in different proportions had in the matter.

The first series prepared was to determine the influence of varying
percentages of carbon

;
and if the following table is examined, it will be seen

that the percentage of this element varied from 4 '03 to 0'15, that is, from a

normal 4'0 per cent, carbon pig iron to ingot iron.
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percentages of carbon upon the solvent power of iron for
" occluded

In the steel foundry it is generally accepted that the milder the material the

greater the care required to render it sound.

To return to the subject, it is stated that these bars were again heated be-

tween 860 and 960 for the considerable number of times specified in the paper.
The following table summarises the results :

Alloy.
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ALLOY A. contd.

Length.
Inches.
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It was considered that since the earlier members of this series would
contain the carbon in combination to some extent, and the latter members
would contain it as graphite, the influence of the temper carbon produced in

the former could be compared with the influence of the graphite in causing
the expansion.

Outerbridge has expressly stated, without giving definite reasons, that
he did not consider the deposition of free carbon accounted for the "

growth
"

of cast irons, and the following calculation taken from Kugan and Carpenter's

paper will illustrate the maximum influence possible from this factor. It

is assumed that for the purposes of this calculation the precipitated temper
carbon has a specific gravity of 1-45, i.e. the lowest figure obtained for wood
charcoal, and hence the maximum increase in volume is obtained.

Specific gravity of Fe
3
C at 16 C. . . . 7 '07"

Fe at 16 C. . . . 7'86

Fe3C. 3Fe. C.

Weight (grms.) 180 168 12

Volume (c.c.) 25'46 21-37 8'28

i.e. 25 -46 cubic centimetres become 29 '65.

Volume increase, 16 '46 per cent.

The above represents the dissociation of the iron carbide, of which, in a

white iron, there is present only from 45 per cent, to 60 per cent. ; hence 8

per cent, to 10 per cent, increase in volume would be all that was possible.
As a matter of fact, the author has determined the expansion caused by the

complete precipitation of the carbon in white irons, and finds that the

expansion is about 3'0 per cent. This would therefore make it appear that

the specific gravity of the annealing carbon is comparable with that of

graphite.
The bars in the last table were subjected to the usual heat treatment, and

were ultimately found to have expanded roughly in proportion to the silicon

present.
The following curve (fig 98) records the results obtained.

It will be seen that it may now be safely deduced that in some manner the

silicon is responsible for the expansion, and, furthermore, it will be noticed
that the expansion due to the precipitation of free carbon is rendered

insignificant.
A photograph, fig. 99, of the whole of the bars of this series after the last

heating is of interest
;
and as it illustrates, to some extent, the nature of the

change, it is here reproduced.
The double-letter row are a duplicate set of bars cast to determine whether

proximity to the runner had any influence upon the action. The second series

were taken as far from the runner as possible. These check experiments were
made as a result of earlier observations : the results, however, speak for

themselves.

As a result of their experiments, the authors draw the following
conclusions :

(1)
" In a series of cast irons of approximately constant carbon, the ultimate

growth after repeated heatings is, broadly speaking, proportional to the silicon

present. This relationship holds up to 6 per cent, of silicon."

9
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(2) "The growth is far in excess of that which can be caused by the

conversion of combined to free carbon, and is, in fact, much the largest in high
silicon alloys which contain no carbon combined with iron."

(3)
" The behaviour of the alloys on repeated heatings, and particularly

of Q, K, and S, points to the view that two agencies are at work in their

growth, viz.

(a) "The internal pressure of gas which they contain in their original
cast condition, and which is probably chiefly physical in its

character.

(b)
" The effect of external gas in contact with the alloys during their

heat treatment, which is probably partly physical and partly
chemical in its nature."

1
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FIG. 98. Alloys N to S. Curves illustrating the relation between

percentage growth and percentage silicon.

The increase of weight, as distinct from the increase in volume, is

next considered
;

and the authors demonstrate that the net increase in

weight is in the iron and silicon oxidised minus the loss of carbon by oxidation

to C0
2

.

With regard to the oxidation of the silicon, accepting Guillet's suggestion
that this element is present as FeSi, they show that by the oxidation of this

compound to FeO and Si0
2
the increase in weight is not accounted for, and

therefore they conclude that in the bars showing great expansion the free

iron itself must also have become oxidised.

By an interesting set of analyses given elsewhere, they show that the carbon

was oxidised to a greater extent in the irons containing least silicon, and
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further come to the conclusion that in the irons in which there is least

combined carbon the oxidation of this element is at a minimum. This fact

is interesting as supporting the author's views on this subject published
in 1909. 1

It is of interest to note the analytical method used to determine the actual

FIG. 99. Illustrating the appearance of the alloys of the N to S series after thev
have reached their ultimate growth.

oxidation of the silicon during this process of expansion. They "found, on

analysing one series of the six alloys, that a sample of the original casting
dissolved completely in hydrochloric acid, and that the final precipitate of

silica after ignition was quite white and flocculent. Proceeding through the

series, there came a point at which the hydrochloric acid failed to dissolve the

1 W. H. Hatfield, Jour. Iron and Steel Inst., 1909.
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entire sample, a micro-crystalline grey residue being left." They "interpret
these results to indicate that in the original sample the silicon was unoxidised,"
and vice versa.

With regard to the changes observed in the microstructure, alloy P fairly

represented the series, having about 3*0 per cent, of silicon present, and

showing an ultimate expansion of 34 per cent.

Fig. 100 shows the structure of the original casting. A typical structure

of a grey cast iron, with the graphite cutting up the matrix of ferrite (and

silico-ferrite).

Fig. 101 shows the structure "of a part of the interior to which the gas
has not yet penetrated after three heats. It is a most interesting photograph,
because it throws light on changes that take place in the interior of the alloy
before the gases penetrating from the outside have had time to make their

influence felt. The three large black areas are holes, and the lines distributed

FIG. 100. Structure of original casting.
Black lines represent graphite plates.

Magnified 150 diameters.

FJO. 101. Shows development of holes

in the interior to which gases have
not yet penetrated. Magnified 150
diameters.

through the white areas, although they doubtless correspond to original

positions of graphite, no longer represent as much of it. They are," say the

authors,
" for the most part slits from which the graphite plates have been

removed "
by the gas originally dissolved in the metal. The author cannot

quite accept this explanation, since the gases dissolved normally in cast iron

would not, in his opinion, have this effect, being, as they are, mostly of a reducing

nature, i.e. hydrogen, nitrogen, and carbon monoxide
;
at this stage, however,

he proposes merely to express the authors' views. They state, later, in their

work, and the author thinks with much greater truth, that the furnace gases

"penetrate to a certain depth during this period, possibly along slits existing
between the graphite plates and the solid solution of silicide of iron, and

through holes which exist here and there ; yet they are not actually absorbed

by the solid solution until the oven is cooling. During this absorption the

oxides of carbon oxidise the iron silicide," which action is, they say, accom-

panied by growth and incipient disintegration. They also consider that minute

explosions may take place between the dissolved hydrogen and these oxidising
influences which may assist in the expansion. Before considering this explana-
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tion, however, it must be first demonstrated that the gases are actually absorbed

when the metal cools down. There is no doubt that the crevices or planes of

weakness developed by the graphitic plates assist in conveying the oxidising
influences to the interior of the casting ; and, as Saniter expressed it in the

discussion,
"
every time it was annealed and expanded, whether by oxidation

of the silicon or only a slight oxidation of the iron, the presence of those bodies

again prevented it from contracting to its old size when it cooled, and that

process was repeated when it was again stretched by heating." As also pointed
out by Saniter, it was most interesting that a further heating and cooling
was necessary to continue the expansion. He asks, with much point,

" Why
is it necessary to cool before continuing the heating?"

Fig. 102 shows the structure of the finally expanded metal, and illustrates

how the plates of graphite have been replaced by the "blurred markings,"
which have, no doubt, been accounted for in the foregoing paragraph.

FIG. 102. Typical structure after maximum growth
has been reached. Magnified 150 diameters.

The authors next endeavoured to expand some iron silicon alloys not

containing more than 0'20 per cent, of carbon. They met with no success,

and found that it was absolutely necessary to have free carbon present before

the phenomenon could be obtained.

One of the most interesting experiments, epitomised in fig. 103, was that

of heating the bar S in a vacuum and also in the normal furnace atmosphere
of the experiments. It was found that in vacuum it shrank, if anything, in

size, whilst, as usual, it expanded in the furnace gases 67 per cent. Here is

proof positive as to the influence at work.

Subsequently the occluded gases were withdrawn from one of these S bars

before exposure to the normal heatings, but it still attained a permanent
expansion of 67 per cent., thus showing that in this instance the occluded

gases had little influence. In one bar of low silicon content (N 1*07 per cent,

silicon) it must be recorded that an expansion up to 11 per cent, took place
in vacuum, but this phase does not seem to have been thoroughly worked
out. Suffice it that the bar did actually grow 11*10 per cent, without any
recorded increase in its weight. Here would, at any rate, appear to be an
instance in which the occluded gases and the precipitation of*any combined
carbon present were responsible for the interesting phenomenon.
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Iron that will not gTOW. In a later treatise l
Carpenter, as a result

of his further investigations, put forward tentatively a composition which did

FIG. 103. Illustrating the difference between the growth of S. (a) In vacua

at 900 C. (6) In a muffle in contact with gases at 900 C.

not grow upon exposure to high temperature. The results were obtained

from alloys of the following composition :
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All three irons were white in fracture, and, according to Carpenter, were

extremely tough. Upon the testing machine they gave the following results :

No.

1

2

3

Ultimate stress.

Tons per sq. in.

. 19-92
. 20-20

22-00

It is claimed that the increase in the manganese content is responsible for

the slightly increased strength. Machined bars of each of the alloys were

submitted to the usual heat treatment, i.e. four-hour periods at temperatures

varying from 850 to 900 C. The results obtained are given in the following
tables :

No. 1.

Carbon
Silicon

Manganese

per cent.

2-40

0-485

0-51

Length.
Inches.
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Carbon
Silicon

Manganese

pei cent.

2-25

0-406
0-935

Length.
Inches.
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This plate, originally square, had become considerably distorted after

an exposure of 10,000 hours' heating at temperatures varying from about
800 C. at the one end and 600 C. at the other. By comparing the

structure and analyses of the non-expanded end with the metal which had
become expanded, together with the intermediate condition, the gradual

change in the condition of the material was observed. The plate, originally
17 cm. square, had expanded at the one end to 20 cm., and the specific

FIG. 104. Baffle plate (original).

gravity was found to vary from 7*09 at the non-expanded end to 6*14 at the

enlarged end.

He gave four photomicrographs, here reproduced, which illustrate the

changes in structure.

Fig. 104 is from the plate at the unchanged end
;
the black lines are the

sections of graphitic plates.

Fig. 105, taken from 6 cm. further into the plate, shows dark lines,

considered to be mixtures of graphite and oxide of iron.

Fig. 106, taken from 9 cm. further into the plate, still contains the dark

lines, but these are now considered to consist entirely of oxidised metal.

Fig. 107, "metal at the extreme hot end, where only a small portion of

the original metal remained sheathed in external scale. The bright irregular
islands represented the remaining unoxidised metal now existing to the

volume of about 30 per cent, of the original metal. The intermediate
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FIG. 105. Baffle plate, heated to 800 C.

FIG. 106. Baffle plate, heated to 850 C.
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substance consisted of oxides, and it was easy to identify globules of phosphate
of iron imbedded in the silicated oxide of iron."

FIG. 107. Baffle plate, heated to 900.

The chemical analyses of the metal on drillings from the expanded and

non-expanded ends are here given :

,
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It will be seen that the oxidised portion contains 12 per cent, of oxygen.
The most interesting feature revealed by this portion was that, according to

Stead, the silicon oxidised to silica and phosphorus largely to phosphoric
acid had escaped from the "

intergraphitic metallic masses of metal/"' "It
would be concluded from that, that both the silicon and phosphorus had
diffused towards the boundaries of those metallic portions, and become oxidised

to silica and phosphoric acid by the oxide of iron." It is stated, with regard
to the phosphide, that after the oxidation of the combined carbon, it had been
taken into solution, diffused to the boundaries, and oxidised.

Stead also describes the results obtained from his examination of a stove

pipe that had been heated for six years at a practically constant temperature
of about 700 C. It was found in this case that the semioxidised metal

remaining consisted of small masses of metallic iron in which globules of

cernentite were imbedded, but which were quite free from phosphide. It is

curious also to record that much of the graphite remained, and the fracture

presented by the iron was similar to the original material.

Fig. 108 represents the structure of the original material. Fig. 109

illustrates the structure of the pipe after service. The iron surrounding the

graphite was invariably oxidised, the graphitic plate appearing in a sheath

of oxide. The black areas "correspond with oxides, graphite, and porosities."
The analyses of the pipe were as follows :
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FIG. 108. Stove pipe (original).

FIG. 109. Stove pipe, heated for period at 700-750 C.
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With regard to this question, Stead considers that the extension of the

iron would develop cracks (induced by the graphitic cleavages), in which films

of oxide would form. "
It appeared to him, as suggested by Saniter, and

agreed to by the authors, that after incipient fracture on tension, when cast

iron was heated, the fractured surfaces did not come together again upon
cooling." The increase in growth attributable to silicon made it appear that

silico-ferrite was more readily oxidised than silicon free ferrite, but an experi-
ment of Stead's disproved that idea. He made two sheets of steel, one

without silicon and one with 4'0 per cent., and exposed them for ten minutes
side by side at 900 C. The result was that the non-silicon alloy oxidised at

50 times the rate of the silicon alloy. It was therefore considered evident

that the physical influence of silicon was more important than the chemical

influence, and it was suggested that the intergraphitic masses became, with

the increase in silicon, less plastic. If this is so, it would account for the

influence of silicon in causing growth, according to the theory suggested, as

the incipient cracks would progressively increase in size and number as the

silicon content was raised.

Such is, the author believes, an accurate presentation of some of the most

interesting research work he has had the pleasure of studying. Much, no

doubt, could still be done upon the subject with advantage, but at any rate

we have here a mass of work which really emphasises how futile, useless,

and dangerous it would be to utilise in our modern engineering practice,
where factors of safety tend to become, with our increasing knowledge, less

and less, this questionable method put forward by our cousins across the

water, of making castings
"
grow until they are the proper size."

It is of interest to note that Mr Outerbridge, in discussing Rugan and

Carpenter's paper, stated that,
" As an indication of the practical application

of the phenomena under discussion, he could instance a statement made
before the Philadelphia Foundrymen's Association respecting the saving
of several tons of condemned cast-iron pipe by reheating, and the similar

expansion of a worn piston reported at the same time."

The author considers it is now clear that the only thing to do, if a casting is

too small for the purpose intended, is to break it up and send it to be remelted.



CHAPTER X.

THE EFFECT OF SUPERHEATED STEAM ON
CAST-IRON FITTINGS, ETC.

THREE interesting papers were published
1 in 1909 upon this subject. On

the other side of the Atlantic the frequent failure of cast-iron fittings has

led to a distrust of such material for such purposes, and the subject has

therefore received considerable attention.

The effect of superheated steam at comparatively low temperatures is a

very different problem to that of failure at high temperatures so ably

investigated by Rugan and Carpenter, and presents several phases as yet
somewhat imperfectly understood. In the author's opinion, however, it is

not proved that cast iron will materially deteriorate unless exposed to higher

temperatures than a " black
"

heat, and it is therefore proposed to consider

the data at present available.

I. A. Hollis, in his paper, details the uncontrovertible facts derived from

his experience. They are stated as follows :

(a) Fittings have developed cracks and small changes of shape after a few
months of actual service.

(b) Fittings exposed separately to superheated steam at a temperature

exceeding 500 Fahr. have shown permanent increase in some dimensions.

(c) The tensile tests of pieces cut from fittings that have failed in service

indicate in some cases the possibility of permanent loss of strength.
The fact (a) is evidently based upon observation, and therefore deserves

serious consideration.

The fact (b) is somewhat indefinite, as " over 500 Fahr." is somewhat vague.

Carpenter and Rugan found permanent expansion over 650 C., but we have
no reason to believe in a similar action resulting from exposure to tempera-
tures, say, between 300 C. and 650 C.

The fact (c) is certainly not conclusive; for, to be really deserving of

serious consideration, the experiments should have more than proved the
"
possibility of permanent loss

" under such conditions.

The author whose work is being discussed proceeds to state, and it is be-

lieved with good reason, that the "remainder of the evidence in the case may
be classed as good guesswork, based upon some preconceived theory, as to the

behaviour of the constituent parts of cast iron in a rising temperature."

Bearing, however, upon this point, some data have of late been published.
H. Meyer describes interesting experiments performed upon cast-iron bars

1*18 in. dia. and 19*69 in. long. The tests were carried out upon a Krupp
1 Ira N. Hollis, A. S. Mann, E. F. Miller, American Society of Mech. Engineers ; see

American Foundry, Jan. 1910.

143
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bending machine, and bars were heated in baths of oil, lead, tin, and aluminium,
as necessitated by the particular temperatures. The following table gives a

fair idea of this worker's results :

Temperature.
C.
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strength in the same castings," but, as he goes on to state, "there is

nothing to prove that new cast-iron fittings have not a great lack of homo-

geneity." This would appear to substantiate the recent argument. Hollis

further proceeds to detail actual observations made on the large scale for the

Edison Illuminating Co., Boston, U.S.A. He describes features of the Edison
Station

;
how the new portion is arranged in a series of complete units, each

consisting of a vertical Curtis turbine and eight boilers, set in pairs. The

piping extends "along the rear ends of the boilers, just beneath the brick-

work, four vertical mains connecting each pair of boilers with the main line.

Three of the vertical mains discharge through gate valves into T's, and a

fourth at the end of a line, through a gate valve into a bend," obviously
an excellent set of conditions under which to make the determinations. " The
first turbine units were provided throughout with cast-iron fittings, which
were ultimately replaced with steel fittings. No expansion slip joints are

used. The main steam line (over 103 ft. long) is anchored at the turbine end,
and is allowed to expand freely in longitudinal or horizontal direction, carrying
the lower ends of the vertical mains with it. The steam pressure is 175 lb.,

and the superheating generally amounts to 150, although it is not constant.

The actual temperature of the steam varies from 500 to 580 F., so that the

main line is changing in length from time to time, thus moving the lower

ends of the vertical mains back and forward." As the worker explains,
variable stresses are naturally set up, which are felt most acutely at the T's,

and hence the interest of the experiments. It was not until the plant had
been at work for twelve months that defects began to show, the first instance

then being one of the 8 by 6 by 6 T's in proximity to the boiler, which

developed cracks "near the junction of the offset with the body of the T and
in the flanges." A further similar casting of like position next showed failure

two months later. Tensile tests given by these and other similar castings are

given in the following table :

'

Description.
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states that he has in his own experience observed many steel fittings to fail

with under a year's service under similar conditions, even when such castings
were "heavy, materially thicker than the commercially extra heavy cast-iron

product, and had passed a right inspection." This will demonstrate that it

is not cast iron alone that fails under such conditions. It would indeed

appear that failures are due in these materials either to faulty moulding or to

faulty configuration. It is well known that without care in design it is not

even necessary to subject castings to such strains as superheated steam may
produce to induce fractures. Anyone accustomed to practical foundry work
will appreciate the severe internal strains that are set up in castings of certain

configurations during cooling alone.

A. S. Mann, in the paper before referred to, states what is undoubtedly a

fact, namely, that on this side of the Atlantic such fittings of all sizes have
for many years been produced satisfactorily in cast iron. As he states,

manufacturers have of necessity had to study the problem carefully, and put
stock of the right composition "into castings of certain ranges of strength.
It is appreciated that some compositions are "fed sound "

with more difficulty
than others. When one walks through some of our modern ironworks and
observes the obvious scientific control which exists in both the metallurgical
and in engineering sides of the business, it will be seen that regular excellent

products are produced with comparative ease.

One instance given by Mann is typical of what can and is being done.

He describes an instance of an 8-in. valve which was perfectly tight after

four years' service. The outer surface was covered with 85 per cent, magnesia
insulation 4J in. thick. Upon examination some little time ago the casting

presented no internal cracks or defects under minute examination, and is still

doing service under a superheat of 300. The metal used is known in the

States as "gun" iron, and was of the following composition :

Silicon 1-72

Sulphur 0-085

Phosphorus .... 0'89

Manganese .... 0'48

Total Carbon . . . .2-45
Combined Carbon . . . 0'17

It will be seen that this is of such composition that it may be produced
with little difficulty. The carbon in total is certainly low, but that is not, in

the author's opinion, the essential feature. The silicon is fairly low, and this

alone will do much to produce an iron which may be fed sound, and also

give a final casting of considerable strength. It will also be noticed that the

phosphorus is fairly low for foundry iron, whilst the sulphur content is balanced

with a reasonable percentage of manganese.
The author would therefore conclude these remarks by expressing the

opinion that properly designed fittings may be cast in cast iron provided the

casting operations are well directed and the iron is of suitable composition, and
that such castings may reasonably be expected under conditions of super-
heated steam to give satisfactory results. One point must, however, be

insisted upon, and that is, that fittings of varying thickness must have the

composition of the iron varied accordingly : this will be obvious from a study
of the influence of varying sections upon the properties of the resulting cast

iron, which subject will be found fully dealt with under another heading.



CHAPTER XL

MALLEABLE CAST IRON.

As the result of the tremendous progress in mechanical contrivances, and the

substitution of mechanical methods for human labour in almost every walk
of life, there is an enormous growing demand for the small casting. It is an
absolute necessity in the economical production of the machinery which dis-

places the drudgery of the agricultural labourer, the many fittings of our

tramways and railways, in productive general machinery in shipbuilding
industries, and, in fact, in almost-every sphere of modern life.

If a small casting be made of cast iron it is brittle and will not resist

shock. Steel castings cannot at the present time be produced cheaply below
a certain size of casting, owing to the comparative (difficulty of attaining a

sufficiently high temperature to cast small castings satisfactorily. Cast iron,

owing to its low melting point, can, however, be melted with ease, and cast into

the smallest and most intricate shapes ;
hence it was not to be wondered at,

when it was found that some kinds of cast iron when annealed became almost
as ductile and tough as wrought iron, that such a discovery became of great
industrial value.

The cast-iron castings rendered ductile in this manner are the " malleable

iron castings
"
of commerce, and their utility has been found so great that in

the United States of America alone the output of this kind of casting

approaches a million tons per year.
To the French savant, Keaumur, we owe the first treatise on this subject

of "
softening

"
cast iron. In L'Art d'Adoucir le Fer Fondu, in 1722, he states

that "heating cast-iron castings imbedded in red oxide of iron softens the

metal perfectly, and much more rapidly than all the other matters " which he

had tried
;
and it is interesting to note that the bulk of malleable castings

produced in Great Britain and Europe are made on much the same lines as

those indicated by this Frenchman so long ago.
In 1804 Samuel Lucas, an Englishman, was able, curiously enough, to

obtain a patent for this process, and from that time the method of producing
malleable castings by heating with iron ore has developed. The oxygen of

the ore decarburises the iron castings during the exposure to the temperatures
of the annealing furnace, and this action is found to soften them. Malleable

cast iron produced in this way has a fracture very similar to steel, and by
fracture alone it is indeed most difficult in some instances to distinguish it

from that material. The irons generally used are the white and mottled pig
irons of Cumberland, which contain between 3 and 4 per cent, of carbon, 0'4

to TO per cent, of silicon, and anything between (HO to 0*40 per cent, of

147
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sulphur, the manganese and phosphorus in such irons rarely exceeding 0'05

per cent. The pig iron is melted usually in a crucible or cupola and cast,
due care being taken that the casting is

" fed
"

so that it shall be sound.

After casting, the iron will be found to be intensely hard, brittle, and white
in fracture, giving a tensile strength of anything from 10 to 20 tons to the

square inch. The carbon is totally in combination
;
and if a section be

examined under the microscope, it will be seen to have a structure as shown
in fig. 110.

If the casting be now packed with hematite iron ore and raised to a good
yellow-red heat, the reactions which result in the final ductility take place.

FIG. 110. White Cast Iron. Etched.

Magnified 45 diameters.

It is usual in this process to maintain the annealing oven at high tempera-
tures for a considerable time, after which it should slowly cool down. The

castings are then "fettled "and "barrelled" to make them presentable for

the market. The whole of this process, and the chemical physics involved,
will be found fully discussed in the chapter on the Decarburisation of Cast
Iron (see p. 180).

It may here be said that if this process be carefully carried out, the

castings will be very tough, and give, in addition to a tensile strength of 20
to 25 tons, a very good bending angle. A section of this material examined
under the microscope will present a structure most likely as shown in fig. 111.

A large portion of the carbon has been eliminated, and, apart from a small

percentage of 0*50 to 070 per cent., which is seen diffused through the matrix
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as laminated pearlite, the remainder is now present as small nodules of

annealing carbon. The other elements would seem to be little affected

by the oxidising influences, the silicon, manganese, and phosphorus being
found in much the same percentage as before : the sulphur, however, in

T. Turner's opinion, is slightly oxidised. Stead has published experiments
which would appear to prove that some of the silicon near the surface is

oxidised to Si0
2 ,

but this should not happen if the process is carefully
conducted.

In 1769 we find that Joseph Ashton of Birmingham obtained a patent for

softening cast iron in a slow fire, and subsequently that in 1783 George
Matthews also obtained a patent for softening large castings such'as guns, etc.,

FIG. 111.

by this method. The latter found that the castings, after this treatment,
became as tough as wrought iron. This was the germ of another process of

producing malleable cast iron which ultimately developed, across the water,
into the tremendous American malleable trade. Instead of depending upon
the elimination of the carbon for the softening and toughening effect, this

process depends on the changing of the form of the carbon from the combined
to the free state. This process is sometimes described as the "Blackheart"

method, and takes its name from the fact that the inner portion of the

fracture is black, this black "kernel" being surrounded by a steely skin.

In this process the material is melted in either the cupola, reverberatory,
or open-hearth furnace, and cast as usual. The reason for using the open-
hearth furnaces is a desire to keep the percentage of sulphur at a minimum.,
as this element tends to keep the carbon in the combined state. As cast,

the properties of the material exactly resemble that of the Reaumur process
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at the same stage. It is as brittle and hard, and has all its carbon in the

combined state. In composition it varies only in the percentage of sulphur
and manganese, the sulphur usually not exceeding O'lO per cent, and the

manganese not exceeding 0'50 per cent. The annealing process is very
similar to that of the Reaumur process, with the exception that lower

temperatures are used
;
but this question of the precipitation of carbon is

fully dealt with elsewhere. The product of this system of softening, if

properly made, is found to be very soft and ductile, and gives a most
excellent bend, usually giving about 18 tons tensile and 5 per cent, elonga-
tion in 3 in. The author has, however, in working a similar process, pro

:

duced, in conjunction with Mr J. F. Crowley, bars which have given 18

per cent, and 19 per cent, elongation in 3 in., with a maximum stress of

FIG. 112. Longitudinal section of Swedish

Wrought Iron as seen under the micro-

scope. Magnified 90 diameters.

FIG. 113. Cross section of Swedish

Wrought Iron as seen under the

microscope. Magnified 90 diameters.

23 tons per sq. in. It will thus be seen that this material can actually be

made to approximate to the tensile tests given for wrought iron, and hence

its value is at once apparent.
In figs. 112, 113, and 114 will be seen micrographs illustrating the

structure of such a malleable casting, and that of wrought iron when seen

through the microscope.
The carbon being practically all in the free state, the section only displays

annealing carbon scattered through the ferrite
;
and if the structure of the

wrought iron be compared with it, it will be seen that the only difference is

that the latter has slag globules dotted about instead of the annealing carbon

nodules. The author must not, however, forget to mention that the malleable

casting is a casting, and not a forging ; so, of course, from this point alone, the

casting must always take second place. When, however, the cheapness of

producing repetition castings as compared with the cost of making small
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forgings is considered, the approximation of the characteristics of well-prepared
malleable cast iron of this type is certainly
a matter of gratification to the founder.

In fig. 115 is seen a photograph of the

fractures of typical samples of the two types
of this product, taken from a paper

1
given

by the author to the Engineers and Ship-
builders in Scotland. Fig. 116, taken from
the same paper, will possibly be interesting,
as showing the metallurgical position of the

malleable cast irons.

All metallurgical processes must be judged

by the quality of the material they produce
for a given price ;

and it is regrettable that,

owing to the carelessness and lack of know-

ledge of some of the earliest manufacturers

of malleable cast iron, its headway was not,
in this country at any rate, as rapid as it

might have been, or as its properties deserve.

It is nothing more than cast iron subjected
to subsequent heat treatment; and obviously
it depends entirely upon the skill with which

it is manufactured as to whether it is equal
to cast or wrought iron. In the old days
when one man, melting his own iron, and
with a few boys working for him, constituted

a " malleable foundry," not much could be

expected, as obviously the quality of the product was at the mercy of

FIG. 114. Microstructure of special
Malleable Cast Iron (known in

America as Blackheart). Mag-
nified 90 diameters.

FIG. 115. A, Reaumur. B, known in America as Blackheart.

circumstances
;
he could not control his supply of raw materials, and, what

1 Jour, of the Inst, of Engineers and Shipbuilders of Scotland, March 17, 1908,
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is more, he had to "judge his temperatures" by the eye. At the present
time the manufacture is being systematised, and production is being made

upon a large scale in modern works supplied with all the equipment which
the sciences of metallurgy and engineering can provide : the result is a

regular product, which is gradually making great headway.
Apart altogether from the diminished costs of production, the quality is

much improved ;
and for this we are no doubt indebted to a large extent to

the insistence of the overseers and inspectors of the Admiralty, of various

Government Institutions, and of public bodies who are now very considerable

users.

The author feels that he cannot close this chapter without another reference
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I I
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IRON STEEL
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FIG. 116.

to the United States of America. Several years ago he had the pleasure of

making a tour through some of the American foundries engaged in the pro-
duction of this material. Many foundries, specially equipped only for this

branch of business, were found to be equal in size to some British steelworks,
with outputs in proportion ;

and it did really seem that we in this country were

considerably behind our cousins in adopting this material. The author was
much interested in reading, several years ago, an article in the Foundry
Magazine upon the growth of this industry in America, and it was almost

pathetic to read of " the little tumble-down factory
"

in a back street of

Newark, New Jersey, where Seth Boyden, the American pioneer, made his first

experiments in producing this material. It is by no means claimed that he

invented the process, since it is shown that he was in possession of data from
the old country ; still, every credit is due to him for the way in which he worked
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out and adapted the process to its new environment. In this first factory,
manufacture was confined to small castings, and buckles and harness fittings,

for which Boyden acquired a reputation. Starting to melt iron in his forging

fire, as trade increased, crucibles were no longer satisfactory, and he built a

"large" air furnace that could melt "a thousand pounds
"

at once. He had

no such thing as a pyrometer, but the accuracy of his early work is shown by
his recording the temperature of his annealing as the melting point of

silver.

Such, then, was the beginning of one of America's triumphs in the

industrial world.



CHAPTER XII.

THE HEAT TREATMENT OF CAST IRON.

The Heat Treatment of Grey Cast Iron. The main objects in view in

the annealing of grey cast-iron castings, are

(a) To relieve all internal strains set up by the primary crystallisation

produced during the freezing of the iron.

(b) To soften the casting, i.e. to eliminate the surplus combined carbon,
which militates against normal working in the machine shop.

The annealing of grey iron inevitably leads to a weakening of such

material. Grey cast iron consists of a matrix or mass of ferrite or silico-

ferrite, more or less strengthened by pearlite, which is cut up and weakened

by the numerous graphitic plates, not to mention the phosphide constituent

usually present. If the silicon be low, or if other conducive conditions

exist, cementite membranes will also be found which, in the author's

opinion, strengthen the material, particularly when under compression. A
comparatively short exposure between 750 and 800 C. is quite enough in

foundry mixtures to precipitate any of this combined carbon, and the result

then is that we merely have a silico-ferrite matrix, which is considerably
weaker than the matrix existing as cast.

Longmuir has published
l a set of results obtained from grey iron test

bars as cast and annealed, which are here reproduced.

SHOWING THE INFLUENCE OF HEAT TREATMENT ON THE PROPERTIES OF
GREY CAST IRON.
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The figures relating to the maximum stress per sq. in. are interesting and
of considerable importance ;

it will be seen that by heating up to 940 C.

and cooling in air the tensile strength of all three were considerably lowered.
On annealing, however, the reduction in the strength of the bars is ominous.

The author l
published a series of grey cast irons as cast and heat-treated

which he considers of sufficient interest to record. The figures will be found
in the following table :

Test
No.
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Heat Treatment of White Irons. One of the first important re-

searches published upon the annealing of white cast iron is that by Charles

James. In the opening of his paper he states that the data given are based
not upon laboratory experiment, but upon the results of works practice,
continued over a considerable period. The information to be derived, there-

fore, from the paper is of considerable importance, since it is from the ultimate

works standpoint that all advances in our metallurgical knowledge must be

judged. James was engaged in the production of malleable cast iron, and his

castings, produced from iron melted in an air furnace, had an average

composition of

Combined Carbon

Graphite .

Silicon

Manganese
Sulphur
Phosphorus

3-02 per cent.

0-47

0-78

0-12

0-05

0-04

The annealing was conducted in furnaces of a capacity of 2 to 3 tons,

and the castings were either placed in the open furnace, exposed to the flame

and products of combustion, or were packed in cast- or wrought-iron boxes.

This latter variation in method was not found to influence the result, providing
that allowance was made in the heat treatment for the altered conditions.

The temperature to which the castings were heated was about 1000 C., i.e.

between the melting points of silver and copper, and it required a period of

3J to 10 hours' exposure at this temperature to accomplish the carbon change
which he describes. In order that the nature of the change taking place

during this annealing may be better understood, the following analyses are

given of a casting before and after annealing :
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experiment is given. Three samples, identical, apart from the silicon content,
were given the same heat treatment, and the final analyses were as follows :

Bar.
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No. '
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With No. 4 iron, containing 1'25 per cent, silicon, the following figures
were obtained:

Period of Heating.
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(5) The amount of combined carbon which corresponds to the equilibrium
diminishes as the temperature decreases. Again, it will be noticed, the pre-

ceding table gives excellent support to this last conclusion, but another series

of experiments now given can be considered conclusively to prove the deduc-

tion. Samples of No. 1 silicon content *07 per cent., and samples of No. 3

silicon content 0'80 per cent., were heated to 1170 C. in charcoal, and

allowed to cool slowly until the desired temperature was reached. After

maintaining at this desired temperature for two hours, the sample was quenched.
These experiments were done under excellent conditions, and are most

important. The results will be found in the following table :
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strated to be the resolution of the eutectic into carbide and austeriite. The
critical points obtained in the whole of the series of the irons experimented

upon were as follows :

Sample.
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FIG. 124. Etched. Magnified 52 diameters.

FIG. 125. Etched. Magnified 52 diameters.
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FIG. 126. Etched. Magnified 52 diameters

FIG. 127. Etched. Magnified 52 diameters.
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microstructures presented by the two heat-treated bars will be seen in figs.

126 and 127; it will be seen that the free carbon liberated in A materially
conforms to the size of the original cementite membranes, which would appear
to have decomposed in situ.

With regard to the sample B, it will be seen that the free carbon is

present in very small nodules, which also compare with the size of the original
free carbide. Perhaps the most important observation to be recorded in

considering this experiment is the fact revealed by examination at high power,
that all the free carbide was broken up in the quenched sample, whereas much
remained unchanged in the normally cooled one. This experiment would also

indicate that it is not necessary for the carbide to ball up before dissociation,

which is contrary to the view expressed by a recent worker 1
upon this question ;

it will also be appreciated that in considering Charpy and Grenet's important
memoir, the actual condition of the bars subjected to heat treatment must
not be overlooked.

Influence of Varying Composition upon the Purity of the

Structurally Free Carbide in White Cast Irons. E. H. Saniter 2

has published interesting experiments made with a view to studying the

properties of the free carbide Fe
3C. By the Arnold and Read electrolytic

method he separated the carbide from cemented bar and subjected it to

varying heat treatments.

His results are summarised in the following table :

Treatment. Graphite per cent.

When heated to about 800 C. and slowly cooled . . 0'40

When heated to about 1000 C. and chilled . . . 0'56

When heated to about 1000 C. and slowly cooled . .2*45
When fused at about 1400 C. and slowly cooled . . 3 '05

It will thus be seen that the carbide was proved to be unstable at high

temperatures, and further proved that upon fusion only 4'27 per cent, carbon

(the eutectic per cent.) remained in the iron.

Mylius, Foerster, and Schoene publish the results of a similar investigation,
but their carbides had not the same degree of purity, and hence their results

are not strictly comparable.
James, Charpy, and Grenet had emphasised the important influence

exerted by silicon upon the precipitation of free carbon, and the author made
a series of experiments

3 to determine, if possible, how the influence of this

element, and also that of sulphur and manganese, was brought to bear. Four
white irons were chosen, of which the microstructures will be found in figs.

128, 129, 130, and 131, and the analyses are given in the following
table :
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FIG. 128. Etched. Magnified 52 diameters.

FIG. 129. Etched. Magnified 52 diameters.
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FIG. 130. Etched. Magnified 52 diameters.

FIG. 131. Etched. Magnified 52 diameters.
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Since it was believed that the influence resulted from some modification

of the composition of the carbide, it was considered that the analysis of the

isolated carbide in each case might throw much light on the subject.

Quantities of carbide from each of the four samples were therefore carefully

prepared by Arnold's galvanic method, and were, after careful washing and

drying, submitted to analysis. The carbide gave the following interesting

figures :

Bar.
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Fm. 132. Etched. Magnified 52 diameters.

FIG. 133. Etched. Magnified 52 diameters.



THE HEAT TREATMENT OF CAST IRON. 171

pure non-carbon alloy of eutectic composition may be made to throw its carbon

content completely out of solution, but to accomplish this it is necessary to

cool it very slowly from above the eutectic freezing point. Our immediate

concern, however, is the behaviour of white cast irons under the heat-treat-

rnent ranges to which they are likely to be subjected in works practice. To
determine the influence of varying composition, the four bars A, B, G, and D,

recently dealt with, were put through various heat treatments.

In one experiment the bars, the original microstructures of which are given
in figs. 128--131, were placed in a Clinch-Jones muffle, standing at 920 C.,

maintained at that temperature, and then carefully quenched in acid brine.

Sections were prepared from these quenched bars, and micrographs of the

structures presented after etching will be found in figs. 132, 133, 134,
and 135.

In each case it will be seen that the cementite is beginning to disappear,
i.e. to be dissolved in the austenitic matrix. In the instance of A it will also be

seen that some of the remaining cementite had decomposed in situ. The area

of the annealing carbon being approximately equal with that of the cementite,
it will therefore be obvious that these dark areas are not free carbon, but

consist of the products of the dissociation of the carbide. The micrograph of

B indicates that there has been a similar dissociation, but not to such a large
extent as in the former case. It will be noticed that in the case of both C
and D, whilst the austenite has commenced to dissolve the free carbide, none
of the latter has decomposed.

A second experiment was performed with the same bars, but in this latter

instance they were maintained for an hour at 1050 C., and then quenched in

precisely the same manner. Figs. 136, 137, 138, and 139 indicate the micro-

structure of the etched sections prepared from these bars.

In the case of A, all the free carbide has disappeared ;
it is either dissolved

in the austenite or has bioken down with the liberation of the annealing
carbon. An examination of the structure in the case of B will show that the

same transformation has taken place ;
there is only one noticeable difference,

and that is the size of the annealing carbon nodules. An explanation of this

difference will possibly be found in the original disposition of the free carbide.

Even in C the free carbide is practically either in solution or is decomposed,

only traces of the carbide being observed. Considering the high percentage
of manganese in this particular bar, this is of additional interest.

In the case of D, much undissociated carbide still persists; but many
peculiarly well-rounded nodules of annealing carbon also appear in the

austenitic matrix.

The following table will be of interest, as indicating the amount of free

carbon present in these particular bars after the treatment at this higher

temperature :
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FIG. 134. Etched. Magnified 52 diameters.

D

Fic.135. Etched. Magnified 52 diameters.
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FIG. 136. Etched. Magnified 52 diameters.

FIG. 137. Etched. Magnified 52 diameters.
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FIG. 138. Etched. Magnified 52 diameters.

D

FIG. 139. Etched. Magnified 52 diameters.
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It would appear from' these experiments that the presence of silicon renders

the carbide less stable
;
that manganese and sulphur have the opposite effect,

rendering it more stable
;
3*0 per cent, of manganese and 0*45 per cent, of

sulphur, under these particular conditions, have not been able, however, to

render the carbide completely immune from dissociation.

It is thus considered that these elements affect the precipitation in two

ways :

(1) By modifying the composition of the cementite, they render it more or

less difficult to dissociate at a given temperature.

(2) By altering the solubility of the carbide in the austenite, more or less

is left free, and so liable to decomposition at a particular temperature.
An experiment made by the author to determine the actual manner

in which the carbon is precipitated in white irons under works conditions

may be of interest. 1 The intention was to determine the regions of

temperature in which the precipitation took place. The bars used were all

cast in the same moulding box from the same ladle of iron, and under the

same conditions, and were allowed to cool down to normal temperatures in the

same.

The heat treatment was done in an annealing oven of considerable size and
the bars were all placed in juxtaposition; the transformation of the internal

structure of the bars was arrested at different temperatures in this instance

by rapidly cooling in a current of cold air. The structures thus obtained,
whilst not strictly representing the conditions prevalent at the high tem-

peratures, have by much experiment been found practically to represent

very nearly the balance of the constituents at the particular stage of the heat

treatment, the main error being in the condition of the pearlite, which

naturally would be, at the temperatures of the experiment, in the condition of

hardenite.

The samples submitted to microscopical examinations were six in number,
and the time at which each particular sample was taken is given in the

following table :

No. 1. Material as cast.

No. 2. Material after attaining a heat of 780 C.

No. 3. The same upon reaching 820 C.

No. 4 is the material when 860 C. is reached.

No. 5. Without exceeding 900 C., the material has now cooled during a

period of 24 hours to 750 C.

No. 6. After a further 24 hours, cooled to 650 C.

Microsections were prepared of each of the samples thus obtained, and the

microstructures are given in figs. 140, 141, 142, 143, 144, 145, and 146.

Fig. 140 illustrates the structure of the original white iron. It will be

seen to consist of pearlite and cementite, the cementite existing as normally
found in white irons.

Fig. 141 presents a somewhat changed structure
;
and although no free

carbon is as yet discernible, a change has taken place in the structure of the

cementite. It would appear that the matrix has already begun to dissolve

the cementite, and had, upon cooling down, thrown out of solution again
the carbide thus dissolved.

Fig. 142 contains evidence of the precipitation of free carbon, several

nodules of annealing carbon now being observed.
1 Jour. Iron and Steel fnst., 1907, vol. ii.
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Fig. 143 indicates that the dissociation of the carbide is progressively

taking place, with the result that the bulk of the free carbide (cementite) is

now broken up.

Fig. 144 represents the structure after an appreciable lowering of the

temperature (to 750 C.). It will be seen to consist of a matrix of pearlite, in

which are to be observed areas of ferrite, surrounding in instances the annealing
carbon nodules. The author is of the opinion that, had the bar been cooled

with a theoretically perfect rapidity, the ferrite would have been absent, and
the structure have presented a matrix with carbon in solution up to saturation,

containing the annealing carbon nodules.

Fig. 145, which is a micrograph of the material when it has cooled to

"OCCURRENCE" IN HEAT-TRKATED WHITE CAST IRON.

FIG. 146. Etched (picric acid).

Magnified 60 diameters.
FIG. 147. Etched (picric acid).

Magnified 60 diameters.

650 C., will now be seen to consist of annealing carbon nodules in a purely
ferritic matrix.

It will be of interest to state that samples quenched at the temperatures
as described during the foregoing experiment showed practically no difference

in either the amount or distribution of the free carbon, and it is therefore

considered safe to deduce

(1) That the free carbide was broken up into free carbon and iron between
the temperature of 800 C. and 900 C.

(2) That the carbide resulting from the resolution of the hardenite decom-

posed between 650 C. and 750 C., i.e. immediately after or during the

hardenite-pearlite change.
The analyses of the material used was comparable with the materials used

by Charpy and Grenet, and would be between their samples 3 and 4.
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Combined Carbon . . . 3'40 per cent.

Graphite . . . nil

Manganese . . . . 0'14

Silicon 1-10

Sulphur 0-06

Phosphorus . . 0'20

The author has, during his experiments in the heat treatment of cast irons

occasionally,
1 in the treated bar, noticed peculiarly bright areas of the

section, which to the naked eye appeared unattacked by the acid medium

(HNO3
).

The microstructures of the edges and centres of such areas are given
in figs. 146 and 147. These areas would seem to consist of a soft ferrite-like

constituent, cut up by thin bands of a constituent which is distinctly affected

by the acid. Annealing carbon will be seen dotted through the area. The
author considers these occurrences worth recording.

It will thus be seen that by simple heat treatments a most valuable

product can be obtained which is essentially the equivalent of wrought iron,

in which, instead of the slag inclusions, are found the precipitated free carbon

nodules. Here we have that product which is so largely produced in America
under the name of malleable iron : in this country it has taken to itself the

appellation of "special" and sometimes " blackheart
"
malleable cast iron, as

distinctive from the Reaumur or European malleable cast iron, which will be

found treated in the following chapter.

1 Jour. Iron and Steel Inst., 1907, vol. ii.



CHAPTER XIII.

THE CHEMICALS PHYSICS ^INVOLVED glN THE
DECARBURISATION OF CAST IRON
WITHOUT FURTHER FUSION.

ATTEMPTS made to explain the process of the decarburisation of cast iron

without further fusion have until recently met with little success, as the

attempts to explain the phenomena of cementation, and the correct theory
of the process, for a very long time remained undetermined. It is the recent

developments in the manufacture of malleable cast iron, and the attendant

research work involved, which have ultimately led to a probable solution of

the problem.
At the May meeting of the Iron and Steel Institute, 1909, the author read

a paper upon some experiments which he had made to determine the accuracy
of the theory recently propounded by Wiist in an admirable paper in

Metallurgie. Since in both papers there is a considerable amount, of careful

experimental work, the author proposes to reproduce them in some detail, so

that the reader may form his own opinion as to the accuracy of the opposing
theories.

Ledebur originally explained the process of decarburisation somewhat as

follows :

" The decarburisation is not only confined to the surface of the glowing

piece of iron, but also penetrates to the inmost parts. As long as the heating
is carried on sufficiently and the temperature is high enough, a circulation

of the carbon takes place. When the amount of carbon diminishes on the

surface of the piece of iron, the carbon flows from the inside, so that an equalisa-
tion takes place."

He further explains
" that one could get a conception of the process by

imagining that the carbon is given off from molecule to molecule as soon as

one molecule becomes poorer in carbon than another."

When Ledebur propounded the foregoing theory he had not the advantage
of the later work which has been done in the higher regions of the iron carbon

diagram, but yet, in the author's opinion, his views remain substantially
correct.

Wiist says that this idea of the reactions cannot be accepted, since

"an equalisation of carbon as here represented can only take place where
carbon is in solution, while the carbon, separated out as free carbon, can in

nowise travel from molecule to molecule in the solid iron." He is absolutely
correct in saying that carbon can only diffuse when in solution (or in combina-

180
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tion), and it is on this very point where the author considers that Wiist's

argument is proved untenable. This will be referred to later.

James, Charpy and Grenet, Forquignon, Ledebur, Royston, Watanabe,

Levy, Wiist, and the author have demonstrated that to a great extent it is

upon the precipitation of free carbon that the successful production of

malleable cast iron depends, and, in the author's opinion, the subject of the

decarburisation becomes somewhat involved, since Wiist does not treat

separately

(1) The actual elimination of carbon.

(2) The precipitation of the annealing carbon.

This chapter is merely treating with the decarburisation of cast iron, and
not with the production of malleable cast iron, which will be found treated

under another heading.
The experiments performed by Wiist will now be described. In an

earlier work (Stalil und Eisen, 1903, s. 1136), he says he had demonstrated

that the production of malleable cast iron takes place in two distinct phases :

(1) Annealing carbon is produced according to formula

Cementite = ferrite + annealing carbon.

(2) The annealing carbon thus produced is converted into gas and then

the tempering begins.

"Since," he says, "motion of the free carbon cannot take place in the

solid irons, and equalisation of this free carbon, molecule to molecule, is

impossible to conceive of, it must be conclusively accepted that the former

conception of the processes during 'tempering' is untenable. The conversion

of the annealing carbon into gas could only take place where it was separated
out. Thus it takes place not only at the points of contact between the iron

ore and the heated iron, but it must distribute itself over the entire cross

section of the piece. The carbon does not move towards the oxidising agent,
but vice versa

;
the oxidising agent, beginning its activity at the surface, gradu-

ally penetrates, and in this manner reaches the annealing carbon which has

not yet been oxidised. Accordingly," Wiist explains,
" the oxidising agent can

only be a gas giving off oxygen, and the oxide of iron used to carry on the process
of elimination only thus indirectly effects the conversion of the carbon into gas.

To prove his theory, Wiist and his pupil Sehulte-Kemp carried out the

following experiments.
Swedish charcoal pig iron of the following composition was used, Mn 0*18

per cent., P 0*02 per cent., Si 0'014 per cent. With the addition of ferro-

silicon, the pulverised pig iron was melted in a blacklead crucible and cast

into chill moulds, producing rods 10 mm. in diameter. The fractures of the

bars were white, and they analysed as follows :

Total Carbon . . . . 4' 17 per cent.

Graphitic Carbon . . . traces

Silicon 1-01

Manganese . . . . 1-18

Silicon 0-01

Phosphorus . . . . 0'02

Fig. 148 shows the structure of this white iron. As was to be expected,
it only, in Wiist's words,

il shows the structure of the solidified eutectic

enlarged 70 times."
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In order to separate the annealing carbon, the bars were heated for two
hours at 950 C. in a vacuum oven. The analysis of the annealed samples

FIG. 148. Etched. Magnified 70 diameters.

showed that 3 '4 5 per cent, of the carbon had been precipitated as annealing
carbon. A cross section of the sample, magnified 150 dias., is shown in fig. 149.

The "
nest-like

"
appearance of the temper carbon surrounded by ferrite is here

plainly shown.

FIG. 149. Etched. Magnified 150 diameters.

For the elimination, that is, for the execution of the second phase of the

process, an excellently designed apparatus was used. " On the left is an

automatically operated mercury air-pump which serves to exhaust the air out

of the oven, which is held in a horizontal position in a framework. On the
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right of the oven an air-tight tube is attached for observing the conditions

during heat treatment. On the side of the tube there is a three-way cock

connecting a burette, so that it is possible to take samples of gas during the

experiment."
One of the first experiments was to place two porcelain vessels in the

porcelain tube of the oven
;
one of them contained the heat-treated sample

containing 3*45 per cent, of annealing carbon, the other contained pure oxide

of iron, dried at 130 C. The proportions of the materials entering into the

reaction were ascertained by weighing before and after the experiments.
After the oven had been pre-heated to about 450 C., the porcelain vessels

were put in, the air exhausted and the temperature was rapidly raised to

between 900 and 960 C., at about which temperature it was usually main-

tained for from 20 to 25 hours. The glazed porcelain tube proved to be com-

pletely air-tight, even at 1000 C.

As soon as the temperature reached 600 C., the mercury in the gauge began
to fall rapidly, and after a while continued to fall more slowly and uniformly,
until after 20 to 23 hours the pressure within the tube was atmospheric.
The results obtained in this way are arranged in the following table :

4*
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a further fact which he considers requiring explanation is that no further

precipitation of annealing carbon has taken place. The author will discuss

these points later, and for the present proposes to state Wiist's case, as he

presents it, as fully as possible. It is next claimed by him that, since the

microscopic investigation of No. V. revealed annealing carbon in gradually

increasing proportion towards the centre of the piece, it is proved that the

oxidising gas has first attacked the annealing carbon precipitated on the

outside portion of the bar.

The material of experiment No. X. shows on examination more and larger

annealing carbon nodules towards the centre of the bar. It is, he says,

remarkable that in this instance the extreme outer edge of ferrite (completely
decarburised iron) is succeeded by a band of pearlite, which in turn gives way
to the ferrite of the interior. This he mentions again later in the work.

The iron oxide was found after the experiments to have become black and

to have lost considerably in weight in each case. It was found by analysis
that as much as 70 per cent, of the oxygen had escaped, and that part of the

iron oxide had been reduced to metallic iron. This reduction to the metallic

state was proved by the fact that hydrogen was given off when treated with

hydrochloric acid, and when treated with copper sulphate metallic copper

separated out.

By means of the three-way cock before described, samples of gas were

taken during the experiments, and the results are grouped in the table below.

Number of

Test.
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This explains the observations made, namely, that the C0
2
diminishes and

the CO increases as each experiment proceeds, this action being particularly

emphasised in the case of experiment No. X.

"If," says Wiist, "we now seek to explain the presence of C0
2
and CO,

we find the solution to be comparatively simple. It is known that iron oxide

gives off part of its oxygen at higher temperatures, and this has also been

proven experimentally by one of my scholars, Bergen." Bergen's results

are given in the following curve, fig. 150.

{300, ,

500
6 8 10 12 14 16 18 20

Percentage loss in terms oF Oxygen present

Fro. 150.

22

It is evident that at 600 C. the evolution of oxygen from the oxide

commences.
The ifon oxide was found to dissociate as follows :

at 1050 C. into Fe
2 3

FeO (Fe3 4 )

at 1100 C. into Fe
2
O

3
2FeO (Fe4 5 )

at 1200 C. into Fe
2 8

3FeO (Fe5 6)

This oxygen is said to combine with the free precipitated annealing carbon,
with the production of the gas CO2 ;

"and as soon as the oxygen has thus been

used up, the process is kept up by the CO
2 combining with the annealing carbon

to form CO. The CO reacts with the iron oxide and completely reduces

same to iron protoxide, and finally to metallic iron, by which action the C0
2

is

again generated. The ratio of the C0
2
and CO depends upon the proportional

weights of iron oxide used and the material which is being decarburised."

The rise in pressure obtained by heating reaches its maximum when

equilibrium between partial pressure of the oxygen and the pressure of

dissociation of the iron oxide begins.
The curves, fig. 151, illustrate the pressure from heating pure iron oxide

compared with the variations of pressure obtained in experiments II. and III.

The rise in pressure in these experiments is attributed to the increase in

volume produced by the formation of CO according to the equation
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Experiment X. is most interesting : in this instance the heating was

continued for 110 hours, and successive samples of gas were taken. It

will be seen on reference to the table that the C02
decreases and the CO

increases, but, it is stated, a decrease in pressure was noted. It is argued
that this is only made possible by means' of the reaction expressed in the

following equation,

during which two volumes of CO produce one of C0
2

.
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FIG. 151.

10 II 12

Fig. 152 shows, in Wiist's opinion, how the process of elimination has

become one of cementation, owing to the substitution of CO for C0
2

. "The

sample shows a ferritic surface, next to that is a ring of pearl ite, and in the

middle there is ferrite with annealing carbon. The outer two bands on the

surface, one black and one white, can be accounted for by light reflections,

and have nothing to do with the structures. It can be seen that this band of

pearlite owes its existence fco the reversal of the annealing process into the

cementation process. The CO increases to such an extent that it could

neither have any oxidising influence or remain neutral, but, according to the
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equation given, produced an increase in carbon, the iron taking up the carbon

given off from the CO."

FIG. 152. Etched. Magnified 15 diameters.

The analyses are given, and claim to confirm the theory above quoted. The
author will later put forward his theory of the matter, but in the meantime
here are the analyses :

Surface. Middle.

Total Carbon . . . 1'07 per cent. 3 '98 per cent.

Annealing Carbon . . '21 3*86

Combined Carbon . . -86 (H2

The sample resulting from experiment VII. was analysed in a similar

manner, and the results obtained are here given :

Total Carbon .

Annealing Carbon
Combined Carbon

Surface.

2-02 per cent.

1-54

0-48

Middle.

3-97 per cent.

3-50

0-47

Since in this instance the combined carbon is practically the same

throughout, it is considered by Wiist that, as the conditions were different,
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his ingenious theory is proved. Wiist summarises his results as

follows :

] . The process of elimination is caused by oxygen which forms C0
2
with

the annealing carbon produced during that treatment.

2. The C0
2 penetrates into the glowing iron and forms CO with the

annealing carbon.

3. The C0
2

is again generated when the CO reduces the iron ore into

iron protoxide and metallic iron respectively.
4. If there is a lack of oxygen in the ore, the regeneration of C0

2
does not

occur, and the CO content in the gas mixture can increase to such an extent
that through the decomposition of the CO the piece is decarburised.

Such are Wrist's valuable experiments and deductions upon this

question of decarburisation, and obviously, according to his view, the carbon
must be precipitated as annealing carbon before it can be eliminated.

In the English translation of his Einfuhrung in die Metallograpliie
Goerens would seem to accept the same theory, since he says, speaking of a

heat-treated white iron, "the previously glass-hard material may now be easily
filed in accordance with its composition (temper carbon, ferrite, and pearlite).
If the temper carbon produced in this way is removed by some means, e.g. by
oxidation, an iron remains consisting of ferrite and pearlite only, and is, in

consequence, malleable." To make a malleable casting^ as pointed out else-

where, it is not necessary to eliminate the carbon, but only to precipitate it,

and it would seem that the two actions are being somewhat confused.
The author takes exception to the German theory on two grounds :'-

(1) Carbon can and is every day eliminated without it being first

precipitated in the free state.

(2) At the temperature of 960 C., such as used by Wiist, much of the

temper carbon would recombine with the iron.

With regard to the first point, in any mill or forge, unless the greatest
skill is used, the surface of the billet or ingot becomes decarburised on exposure
to the furnace gases, and this happens in steels in which the occurrence of free

carbon is unheard of. In the old English process of producing malleable cast

iron, as the author will later show, decarburisation takes place independently
of the precipitation. Many samples of this material have been studied which,
whilst possessing a decarburised exterior, have still retained the carbon in the

combined condition. When the carbon precipitates in white cast iron it

usually does so uniformly through the mass, and hence, if it be precipitated
in the outer portions of the casting, the same action should take place com-

pletely through the bar
; hence, it may reasonably be argued, that since the

interior is still in the combined state, the outer decarburised portions never
had the carbon precipitated. The carbon has, most likely, in such instances

been eliminated from the carbide according to the equations

2Fe
3
C + 2C02

= 3Fe
2 + 4CO

2CO + 2
=2C0

2

2C0
2 + 2Fe

3
C = 3Fe

2 + 4CO

continuously, and not according to Wiist's equations

Fe
3
C = Fe

3 + C

C + C09
= 2CO continuous.
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With regard to the second point, it is now firmly established that the

precipitated free carbon returns, upon the reheating of the material to a high
temperature, to a considerable extent, to the combined state. Hadfield,
some years ago, in discussing a paper before the Iron and Steel Institute,
described how he obtained a material of glass-scratching hardness by
quenching a sample of American blackheart malleable cast iron. Arnold
and McWilliam, speaking of black tool steel, state that "

in heating
this steel to bright redness for a short time, it has been demonstrated,
both practically and scientifically, that nearly the whole of the amorphous
graphite combines with the iron, forming Fe

3C, and that on quenching such
steel it is found to be fully hardened, but of inferior quality."

The process of cementation itself depends, of course, upon this solubility
of carbon or its compounds at high temperatures. Data is now available upon
this particular point from results of experiments published during recent years,
and it would therefore seem that, instead of deducing from Wiist's figures

that, since the combined carbon is constant before and after the experiment,
and the annealing carbon is much lower after than before the experiment,
the carbon must have been eliminated from the annealing carbon portion,
Wiist should have considered, in formulating his theory, the actual condition

and equilibrium of the carbon at the particular temperatures of the

experiment.
The author will now describe the experiments

l which he made to determine
the actual principles involved in decarburisation, and to find whether it really
was necessary to precipitate the carbon as "annealing" carbon before it could

be eliminated.

For the first experiments a pure Swedish blister steel was used. Owing
to its composition, it was unlikely that free carbon would be precipitated at

the temperature at which it was decided to work. The material had the

following composition :

Total Carbon .... 1 '64 per cent.

Combined Carbon . . . 1'64
,,

Silicon 0-03

Manganese .... trace

Sulphur O'Ol

Phosphorus . . O'Ol

Upon microscopic examination the bar was seen to consist of cementite in

a ferritic matrix, and the structure is reproduced in fig. 153.

The laminated pearlite usually present in such material had, by very slow

cooling, been separated into cementite and ferrite, and the carbon of super-
saturation was present in thick membranes, as shown in the photomicrograph.
Three test bars were cut from the same portion of the same bar, and measured
each 3 in. by \ in. square. One of them, A, was packed in wood charcoal.

This was to form the standard. It was considered that oxidation would be

prevented by the presence of the charcoal, and, if possible, further absorption
of carbon might take place. If precipitation of free carbon did take place in

the experiment, it should have been found in this bar.

One bar, B, was packed in pulverised quartz sand, so that simple heat

treatment might be observed.

1 Jour. Iron and Steel Inst., 1909, vol. i.
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The third and most important bar was packed in hematite iron ore, similar

to that invariably used for annealing malleable castings by the old Reaumur

process.
The pots containing the bars were placed together in an annealing oven

and subjected to the heat treatment shown in fig. 154, the temperatures being
ascertained by means of a thermo-couple. It will be seen that after 3 days' firing

a temperature of 890 C. had been attained, and, after well soaking at this

temperature, the bars were raised to Wiist's general temperature of 960 C.

After being maintained at this temperature for 48 hours, the bars were allowed

FIG. 153. Cemented bar before treatment. Magnified
130 diameters. Etched HN03 .

slowly to cool down until just cold enough to handle. It would be well to

consider the condition of the materials whilst exposed at the highest

temperature during this experiment. After passing through the first critical

point the matrix became saturated with carbide, and with the increasing

temperature the remaining cementite would be gradually taken into solution,

until at 960 C. it is probable that very little cementite would be left

structurally free. The samples then, it may be presumed, presented most

likely a molecularly homogeneous condition to the varying influences for a

period of 48 hours. The examination of the bars after the treatment was

most interesting. A, presented a crystalline fracture not unlike that of the

original blister steel.

B, treated in sand, was fairly tough, and broke with a steely fracture, whilst
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C, which had been treated in ore, actually bent considerably and its fracture

showed what appeared to be a mass of ferrite crystals.

tooo

6O 8O IOO I^O 140 I6O /SO 20O 22O 24O
HOURS

FIG. 154.

Samples thoroughly representing the materials gave on analysis the

following compositions :

Sample.
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Sections prepared from the samples were examined under the microscope,
and the structures presented are shown in figs. 155, 156, and 157. It will

be seen that A is very similar to the original blister steel, but that the carbon
of supersaturation has disappeared from test bar B. The latter is, in fact,
seen to consist almost entirely of laminated pearlite. The section of C is

seen to consist chiefly of ferrite crystals, the small percentages of carbon being
only present locally as well-laminated pearlite. In neither case was there

any evidence of the presence of annealing carbon
;
and hence, since obviously

FIG. 155. Cemented bar after heat treatment in charcoal.

Magnified 130 diameters. Etched HN03.

the carbon has in B been partially removed, and in C almost totally removed,
the author considers that it established that carbon is eliminated without

previous precipitation.
It may now be of interest to reproduce an experiment made to trace, by

means of the microscope, the actual process of the elimination of the carbon

during the conducting of the English Reaumur malleableising process.

Samples of fairly representative composition were taken for the purpose, and

will be recognised by anyone familiar with the process.

They analysed as follows :

Combined Carbon . . .3*5 per cent.

Graphite ..... nil

Manganese .... traces

Silicon ..... 0*50 per cent.

Sulphur . ... 0-35

Phosphorus .... O05 ,,
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FIG. 1 56. Cemented bar after heat treatment in sand.

Magnified 130 diameters. Etched HN03 .

FIG. 157. Cemented bar after heat treatment in iron ore.

Magnified 130 diameters, Etched HN03 .

13
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The following curve, fig. 158, illustrates the heat treatment to which this

material was subjected.
The packing used was hematite ore, 3 parts old and 1 part new. It will be

seen that the curve is marked at different places by the letters A to J. At
these points samples were taken from the oven and cooled rapidly in air.

Microsections were examined from each sample with the following results :

Sample A. Already the oxidation had commenced, resulting iu a very
thin skin of ferrite and pearlite. The remainder of the casting was of the

cementite pearlite structure of white iron.

IOQO
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FIG. 158.

160 180 200 220 240

Sample B. The skin has now increased in thickness, but otherwise the

centre still remained hard.

Sample C. The skin is now much increased in thickness, and consists of

ferrite with pearlite increasing towards the still intact cementitic centre.

Sample D. The skin is thicker still. The decarburisation has at least

penetrated T\ of an inch, but the microstructure varies little from the last,

the white cementite centre being still practically unchanged.
In fig. 159 will be seen a photomicrograph clearly illustrating the nature

of the skin. It also throws some light upon the nature of the action by
which the carbon is removed. No free annealing carbon is noticeable.

" The

upper portion, which is in continuity with the centre of the casting, is

obviously the unchanged cementitic structure of white iron. If the photo-

micrograph is traced downward this cementitic structure abruptly terminates,

giving place to a structure similar to that of slightly supersaturated steel,
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which in turn is replaced by a purely pearlitic range, and then ferrite crystals

begin to appear, which are ultimately traceable to the ferritic outer skin."

Cementite-pearlite structure of

white iron : combined carbon
per cent., 3'00.

Carbon equal to slightly super-
saturated steel.

Saturation 0-80 to 0'90 per cent.

Pearlite with ferrite increasing.

Skin of ferrite.

FIG. 159. Illustrating the decarburisation of White Iron.

Magnified 130 diameters. Etched HN03 .

Sample E. The hard centre is now broken down and the skin merges
imperceptibly into the centre, which consists of a structure similar to high
carbon steel, but containing much precipitated annealing carbon.

Samples F to I show little changes, except that the annealing carbon
nodules would appear to grow less and the decarburised skin to increase in

depth.

Sample J presented the structure of the finished material, and was a really

good sample of English Reaumur malleable cast iron. It consisted mainly of

well-laminated pearlite, in which was immersed the remaining annealing
carbon, with a skin of well-developed ferrite.
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The analysis of the finished casting may be of interest, and is therefore

given :

Combined Carbon . . . 0*65 per cent.

Sulphur 0-35

Phosphorus .... O05
,,

Temper Carbon . .1-10

A careful examination of these microsections clearly demonstrated that

the process of malleableising presented two phases :

(1) Elimination of carbon from the outer portions of the casting.

(2) Softening of the iron by precipitation of the annealing carbon.

It will, however, be noticed that the elimination was in no way dependent
upon the precipitation. The foregoing experiment may be summed up as

follows, and fairly represents, in the author's opinion, the changes taking place

during this process.
At the temperature of 750 C. the oxidation of the carbon has commenced

;

and since there is no evidence of free carbon being present at this stage,
the carbide itself must have been attacked. The activity of this reaction

increased with the temperature, until a temperature is reached at which the

precipitation of annealing carbon takes place until equilibrium for the

particular temperature and composition is attained. The later stages simply
consist of further elimination of carbon from the outer portion, to which
carbon is replaced by diffusion with carbon as carbide from the inside of

the piece, the latter being also replaced by the precipitated annealing carbon

being taken back into solution, and thus preserving the equilibrium for the

temperature.
Such is the author's view of these reactions

;
and it will be observed how

much they are in keeping with Ledebur's original theory. It may here be

said that Wlist is further investigating this interesting subject, and in

some future edition of this work it will be a pleasure to put forward any new

experiments he may have been pleased to publish.

Rugan and Carpenter, in a paper elsewhere referred to, published since

those by Wiist and the author, described some experiments which, although
not intended to deal with this particular subject, appear to throw light upon
it. A number of cast-iron bars of varying silicon content were heated in

a muffle for 4 hours at 900 C. and allowed to cool. They were then sub-

mitted to this treatment twenty-five times, and at the end of the twenty-fifth
treatment were analysed to determine the loss of carbon. The results are

given in the following table :

Alloy.
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The authors say, "The loss is greatest in N and 0, which is only to be

expected, as these contain the greatest amount of combined carbon, a more

easily oxidised form than graphite. It diminishes with rising silicon, until in

S it is nil." Here is interesting proof that free carbon does not oxidise unless

it has first recombined with the iron. Silicon reduces the solubility of carbon,
and hence the fact that with increasing silicon content the loss of carbon
decreased.

The Carbon Content of the Skin of Decarburised Cast Iron.
In Wiist's research, already referred to, an important feature described is the

microstructure of the actual outer edges of several of the "
tempered

"
castings

of which he makes particular mention. Fig. 152 illustrates the character

of this structure.

This is a phenomenon with which the author is quite familiar, and one he
has frequently met with in practice. The explanation which he would give
is, however, somewhat different to the German one (see p. 186). It is

certainly plausible that if the carbon monoxide preponderates a recarburisation

might take place, but the fact is that this outer ring of pearlite is frequently
met in annealed castings that have had throughout their heat treatment an

oxidising atmosphere.

What, then, is the cause of this layer of pearlite being sandwiched between

layers of ferrite ? The author would tentatively put forward the following

explanation :

The condition of each region of the section must be studied individually.

Now, if we consider the conditions at the highest temperatures, we shall find

that the bulk of the centre is extremely high in combined carbon
;
and on

gradually cooling down, the carbon of supersaturation is precipitated, as one
would expect in an alloy of that composition. In such compositions the

presence of some annealing carbon seems to induce an almost complete
precipitation of the carbon, resulting in ferrite and annealing carbon. The
extreme outer layer, which is decarburised, in cooling down merely develops
the crystalline structure of ferrite, but the intermediate layer, which is the

subject of our immediate consideration, is a material just about equivalent to

a saturated steel, having lost by diffusion and oxidation most of its carbon.

The result is, that it simply behaves like a steel during the cooling down : and
as the carbon is not high enough for precipitation to take place, it remains in

combination as pearlite. This explanation would, of course, lead one to

suppose that the occurrence was to be expected ; and, in the author's opinion,
it will indeed be found that such a layer of pearlite does generally occur in

a greater or lesser degree in all blackheart malleable castings, in which

category Wiist's heat-treated irons must be placed.



CHAPTER XIV.

MECHANICAL PROPERTIES OF CAST AND
MALLEABLE CAST IRON.

Cast Iron.

CAST IRON, generally considered, holds its present important position in the

mechanical arts mainly to the ease with which it may be melted and cast

into any requisite shape. It may with ease be cast "sound," i.e. free from

blowholes and shrinkage faults, by skilled workmen in the foundry ;
and

farther (and this is very important), it presents a smooth skin and a generally

good appearance. Judging from its performance upon the testing machine,
its mechanical properties are, however, somewhat indifferent and variable.

Its ultimate tensile strength is low
;
but then it is not usual, except in

cylinders and kindred castings, to make parts in such material required to

stand tension. In compression the opposite result is to be found, and it is still

held to be an excellent material for use where the compressive strain pre-

dominates, and hence its adoption for such conditions. In the transverse

tests very fair results are obtained, but under impact the results are poor.
When tested under either steam or water pressure the material stands well.

W. A. Scoble l discusses the strength and behaviour of cast iron under com-

bined stress, and his other work 2
is also deserving of attention to students

interested in these questions. The whole of the properties of a casting are

extremely sensitive to the manner in which the material is produced. It has

been shown in other chapters how important are the influences of composition,
size of casting, and casting tempera.ture ;

and it has also been shown how all

these influences affect the iron by modifying the condition of the carbon.

The material contains normally 3 per cent, to 4 per cent, of carbon,
all or none of which may be in the combined state

;
should it exist in the

combined condition, the greater part of the casting consists of the intensely
hard carbide of iron, Fe

3C, and the hard white fracture typical of such

material results. If the whole of the carbon be present in the free states the

material consists mainly of ferrite, and the well-known grey fracture is

presented.
The influence of the rate of cooling, and incidentally of the size of section,

is admirably illustrated in an experiment described by F. J. Cook. 3 He cast

a wedge of comparatively low silicon iron (as shown in fig. 160). The

1
Proceedings of the Physical Society of London, vol. xx. p. 4 53.

2
Ibid., vol. xx. p. 533, and vol. xxii. p. 115.

3 Jour. Staffordshire Iron and Steel lust., 1909-10.

198
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chemical analysis, apart
from the condition of the

carbon, showed no varia-

tion
;
and yet, when hard-

ness tests were taken by the

drill method, it was found

that the numbers recorded

varied from 70 at the point
to 40 when near the heaviest

section. This variation

was microscopically proved
to be due to the chilling
action producing white iron

at the extreme point,
whereas the heat retained

in the thicker portion al-

lowed the breaking down of

the carbide to take place.
This aspect emphasises the

importance of R. Buchanan's
remarks to the effect that

test bars are not as strong
when cast on the casting as

when cast separately. He
also gives an instance in

which there was 20 per cent,

variation in transverse

strength, and the combined
carbon was lowered from

0'49 per cent, in the test bar

to O'lOl per cent, in the

heaviest part of the casting.

The ultimate Ten-
sile Strength and Elas-
tic Limit considered.
Like all the other tests for

cast iron, the maximum
stress is determined by the

condition of the carbon
;

and as this particular test

is generally considered of

first importance, great care

should be taken to ensure

that the structure of the

bar truly represents that

of the castings.
The influence of the size

of the bar is a feature which

merits careful attention,
and this will be emphasised

by the following results

G x

FIG. 160.
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culled from the report
1 of the American Foundrymen's Association Com-

mittee for the Standardising of Test Bars. The type of iron used will be

judged from the following composition :

Graphite per cent. 2*99
"

CC
Si

Mn
S
P

0-40

2-49

0-47

0-084

0-839

Analysis of a 1 in. sq. bar.

The transverse test results upon varying sections of bar are given in the

following table :

TRANSVERSE (GREEN SAND, NOT MACHINED).

Section of
Bar
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Iron used.
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It is, however, now claimed that consistent tonnages may be obtained in good
works practice of over 12 tons to the square inch, and the following table l will

give a fair idea of what may be expected when using normal foundry mixtures.

The complete analyses are given, and it will be noted that the combined carbon

is present in sufficient amount to practically constitute a pearlitic matrix.
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bending tests of various cast irons, he found the modulus of elasticity to vary
from 4 to | of that of steel. The elastic limit, he found, in his bending
tests to occur at 0'45 to O'SO per cent, of the ultimate load. Ira N. Hollis l

states that cast iron has no well-defined elastic limit and modulus of elasticity,

and states that a permanent set in cast-iron test bars is noticed when the
material is subject to very moderate tensile stress. It is, however, to be

regretted that most workers have omitted to state the condition of the
carbon in the bars upon which the experiments were performed, and hence the
value of the figures obtained is somewhat diminished.

1 American Foundry, 1910.
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Extensions of Cast-Iron Bars.

(Extensions in 8 in., measured by toucli micrometer. Bars screwed at ends and fixed

in nuts with spherical seatings.)

Load in tons.
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The Crushing Strength of Cast Iron. The behaviour of cast iron

under the crushing test is one of its most valuable properties. Dr Arnold
considers 40 tons per sq. in. a fair result, but at the same time records

such high figures as 60 tons per sq. in. The shape and size of the test

piece naturally materially influences the value of the figure obtained. As

pointed out by Professor Unwin, the ratio of the diameter to the height of the

piece seriously modifies the result, and he cites Hodgkinson's experiments on

cylinders J in. in diameter.

Height of cylinder. . . i- i |. J. J. 1J. 2. 3|.

Crushing strength in tons per sq. in. 69*3 63'5 60'0 55'0 53'3 53'3 49-6 34'4

He considers that so long as the height does not exceed three diameters
the strength is fairly uniform. He also records the fact that the common
form of fracture under this test

"
is shearing at an oblique plane making an

angle of about 56 with the axis."

It must be emphasised that with regard to this test also the condition of

the carbon is the determining factor, the compressive strength being greater
as the combined carbon increases.

Coe 1 has also shown that, other conditions being equal, a considerable

increase in the manganese .content will raise the crushing strength, as evinced

by the following figures :

Bar.
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determination made upon the surface of the casting will probably not truly

represent the bulk of the material. This fact must not, however, depreciate
too unduly the value of this test, as it is the degree of hardness possessed

by the material which determines the ease with which it may be machined.

When manufacturing chilled iron castings, it is also necessary to have some
method of measuring the hardness obtained, and in this field alone it may
probably be found that

further research will prove

productive.
Hardness is a property

possessed by metals in

varying degree and kind,
and the term is hardly pos-
sible of definition. The
Nomenclature Committee
of the Iron and Steel In-

stitute, however, give in

their report a concise sum-

mary of this property which

merits careful attention (see

p. 233). Of late several

valuable contributions l to

the literature of the subject
have appeared, and this

form of test is obviously
now being recognised to be

of more importance than

formerly. The hardness of

cast iron is mainly con-

sidered from one of two

standpoints, (1) that of

the machine shop ; (2) the

capacity of wearing, i.e.

abrasive hardness.

The importance of tests

which will accurately give
an index of these values

naturally needs no empha-
sis.

Professor Turner's re-

cent paper, to which refer-

ence has already been made,
constitutes an excellent

epitome of the work already done in the development of this subject, Turner
himself having done a considerable share. Of the methods of determining
the hardness now in vogue, those of Turner, Shore, Keep, and Brinell are

the most typical.
Turner's Sclerometer. 2 In this form of test a weighted diamond point is

MG. 162. Brinell ball test machine.

1 Professor Turner, Jour. Iron and Steel Inst., vol. i., 1909,

men's Assoc. Report, 1910.
2 Birm, Phil. Soc., Dec. 1886,

Mather, -British Foundry-
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drawn once forward and once backward over the smooth surface of the

material upon which the test is being made. It is required to produce a

standard scratch, and the weight in grammes required to do this constitutes

Turner's hardness number.
Shore's Scleroscope. In this test the hardness is determined by the

height of rebound of a small steel cylinder with a hardened point when
allowed to fall upon the smooth surface of the material under test.

Brinell Test. In this test a hardened steel ball is pressed into the smooth
surface of the metal until an indentation is obtained sufficiently large to be
measured conveniently under the microscope. This test is perhaps the most

important. The apparatus is shown in fig. 162. The steel ball is standardised

at 10 mm. diameter, and the pressure usually employed is equal to a weight
of 3000 kilogrammes. The hardness number is obtained by dividing the

area of the spherical indentation into the pressure and comparing it with a

table of hardness numerals supplied with the machine.

Keep's Test. This test is of considerable value, and is practically a form
of drill, the tool of which makes a standard number of revolutions under a

constant force. The hardness is automatically recorded on a diagram upon
which a perfectly dead soft material gives a straight line, whilst a material as

hard as the drill gives a vertical line, intermediate hardness being indicated

by the varying angles obtained.

As Turner truly says, each test has its advantages and limitations. His

own apparatus is cheap, portable, and easily applied, but can only be used for

polished specimens, and even then experience is necessary. Shore's test is

simple and is carried out with ease, while the data obtained applies not only
to the type of hardness under consideration, but appears to give an index of

the "elastic hardness" also. The Brinell and Keep tests are of such a nature

as to need no discussion.

Actual readings. There is very little published data available, but that

which exists is quite sufficient to show the utility of the hardness test. The

following results 1 indicate the numbers obtainable from the Brinell test :

Dia. of Ball 10 mm. Average
Pressure 3000 kilos. Hardness No.

Glazed iron 143

No. 1 104

No. 3 112

No. 4 foundry...... 156

No. 4 forge 160

Hard forge 197

White iron . ... 418
Pure Swedish wrought iron ... 87

Hard face of chilled casting . . . 445

Middle (mottled) of chilled casting . . 350

Grey back of chilled casting . . . 207

Records of a few tests performed with the Brinell machine and the Shore

sclerometer will be found upon p. 209.

A series of grey irons tested by the Shore scleroscope gave the following

results 2
:

1 Stead and Jones, Pro. Cleveland List, of Engineers, 1906-7.
2 R. Mather, British Foundrymen's Assoc. Report, 1901.
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No.
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Malleable Cast Iron.

The mechanical properties of this variety of cast iron are admirably
described by the old appellation of "malleable." If such castings are properly
made, they are malleable, ductile, and tough. In the early days, before the

introduction of scientific control in its manufacture, the product was most

unreliable, being frequently either too hard or over-annealed. Thanks to the

m
163.

researches of recent years, the principles underlying the various processes of
"
softening

" are recognised, and it is now not sufficient that the annealed

casting be malleable only, but it is also insisted upon by engineers that the

usual mechanical tests be complied with. Possibly no more conclusive evidence

as to the progress made in this field can be obtained than by examining the

results obtained upon the testing machine. Professor Unwin, F.R.S., in

his classical work upon the "Testing of Materials of Construction" gives

figures (p. 264) which are always in danger of being accepted as typical of

this material. They are here reproduced.
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Such material has an elastic limit of from 12 to 15 tons per sq. in., and, as

seen by the figures given, has comparatively little elongation. It should,

however, be stated that the material is very malleable and tough, and wears

well. With regard to bending* tests, the angles obtained with the 1 in. by
f in. bar vary from 45 to 90 over a 1 in. radius.

Special Malleable Cast Iron (sometimes known as Blackheart, as

previously explained, p. 149). This type is structurally very different from
the former kind, and this difference is particularly emphasised by the varia-

tion in fractures (see p. 151). The matrix, as revealed by the microscope,
consists of ferrite, and from this standpoint the material is in the same category
as wrought iron. It will therefore be .appreciated that here was a material

FIG. 164.

which careful study might reasonably be expected to improve. The author
has spent much time in this field, and has obtained results which may prove
of interest. Bending and twisting tests are those chiefly used in the daily

process of checking, and such tests enable our people in the works to judge
the quality of the product. Fig. 164 will not only show the manner of test

usually applied, but will also give some idea of the behaviour of the material.

It will be seen that such iron is capable of fulfilling many useful functions.

With regard to the figures obtained from tensile tests upon bars 1 in.

by | in., the selection on p. 213, which represent works practice, will be

found useful.

The elastic limit of such material will be found to be from 12 to 16 tons

per sq. in., whilst the bending angles given by the standard 1 in. by | in.

section bar will be found to exceed considerably the results obtained from
similar bars of Reaumur malleable cast iron. There is little difficulty in

exceeding a 90 bend, and with good practice 180 can be obtained over the

1 in. radius.
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Test
No.



CHAPTER XV.

FURNACES AND SLAGS.

PIG IRON is remelted in furnaces which come under (generally speaking) one

of the four following types :
-

(1) Crucible furnaces,

(2) Cupola furnaces,

(3) Open-hearth (regenerative or reverberatory) furnace?, and

(4) Electric furnaces.

Crucible Melting. The crucible furnace is perhaps the simplest form,

but presents several points worthy of discussion. If iron is melted in a

crucible very little oxidation takes place, and the iron may be expected to

pour off at very nearly the same composition as the mixture charged. One

exception must be pointed out, and that is the percentage of sulphur. It is

generally known and appreciated that the sulphur from the fuel contaminates

the iron, sometimes to a marked degree. It has been shown in a most interest-

ing paper by Arnold and Knowles l that the walls of a crucible in no way
exclude the gases of the fire. In an ordinary clay crucible, such as is used in

the Sheffield steel-melting industry, they melted Swedish iron of the follow-

ing composition :

Combined Carbon .

Silicon .....
Manganese ....
Sulphur .....
Phosphorus .

Iron .....
Varying weights of aluminium were added

ingots thus produced were remelted.

In one instance 12 oz. of aluminium were added to a 25-lb.

resulting analyses are of interest :

0'04 per cent.

0-02

0*06
,,

0-01

0'02
,,

99-85

to the molten metal, and the

ingot. The
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of the material being thus profoundly modified. How was this change brought
about 1 As the authors state, it could only have been brought about in one way,
i.e. by the action of the aluminium in reducing the furnace gases passing into

the crucible (the lid was sealed on), according to the following equation :

= A10
ill thus be seen that the aluminium as A1

2 3 passed into the slag lying
n the top of the metal, whilst the liberated carbon, as shown by the

It will

upo
analysis, entered the alloy. It may be calculated from these figures, as

shown by Arnold and Knowles, how large a volume of gas must have

permeated the crucible. It is important to note also, that although the coke
used was of the best steel-melting quality, an increase of O'Ol per cent, of

sulphur was obtained for each melting. This sulphur passed in with the

other gases from the fire. This experiment illustrates one bad feature of

crucible melting, and that is, the permeability of the crucible by the furnace

gases. Otherwise the process does not materially alter the composition. The
small output possible, coupled with the large fuel consumption, however,

preclude this method of melting excepting in special cases.

Cupola Melting
1

. This method is undoubtedly the cheapest for melting
iron, and owing to its extensive, and indeed almost its universal use, merits

careful discussion. The cupola bears great resemblance, both in design and
manner of working, to the blast furnace, but there is one essential difference,
viz. that whereas in the latter furnace the coke is responsible for the reduction

of the ore, in the cupola its only function is that of fusing the pig iron.

The actual calculation of the proportions of the charge is adequately dealt

with elsewhere, and it is therefore only proposed now to deal with the metal-

lurgical reactions involved.

The coke is burnt to C0
2 ,

hence the intense local heat of the fusion zone.

This C0
2 , however, in its upward progress through the overlying charges,

becomes converted into carbon monoxide (CO), and in this form makes its

exit from the cupola. In this way much useful energy is lost, and un-

fortunately the intermittent working of the cupola militates against its

useful application. Analyses (by volume) of the gases leaving the cupola
have recently been published by Bradley Stoughton,

1 and selections are here

given as being of particular interest.

Time elapsed since

blowing commenced.
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It will be seen that all the oxygen is burnt up, and that the gases leaving
the cupola consist of nitrogen,, together with carbon dioxide and carbon mon-

oxide, the ratio of the latter increasing as the blowing continues. The
function of the cupola is to bring down the iron as quickly as possible, but
however efficient the melting operation may be, the metal is in direct contact

with the fuel and furnace gases. Considerable modification of the composition
of the charge takes place.

The chief alterations are a loss of manganese and silicon by oxidation

and an increase of sulphur. The carbon contents tend to be lowered, but not

materially. The losses of manganese and silicon are usually allowed for in

calculating the composition of the charge, whilst the proportion of sulphur
absorbed from the coke may be to some extent controlled by a judicious

proportion of a suitable flux. The flux is necessary to render fluid the

refractory ash from the coke, and the sand from the pig and scrap. A
fusible silicate has to be produced that will freely run from the cupola.
Just enough flux must be added to combine with the impurities charged :

an excess must not be used, otherwise the linings of the cupola will be

attacked. The cheapest and possibly one of the most efficient fluxes is

limestone.

Limestone as Flux in the Cupola. Limestone in suitable proportions,

judged by the particular nature of the charge, is usually employed. The data

recently published by Wiist 1 is of interest. As a rule in normal works

practice, even when suitable additions of limestone are made, some additional

sulphur is taken up by the metal from the coke. Wiist showed that this

need not be so. He discusses the function of limestone, and clearly demon-
strates that the absorption of sulphur may be checked. His experiments
indicated that for his particular conditions 3'3 per cent, of the weight of the

coke in limestone yielded an iron containing '156 per cent, sulphur, whereas
when he increased the limestone to 30 per cent, of the weight of the coke

the iron only contained 0'08 per cent. S. It is further of interest to record

that further additions of limestone did not cause a further decrease, but were

responsible for an increase.

The author would, however, point out that the small percentages of

sulphur introduced in cupola melting are, as shown in Chapter IV., of little

moment in ordinary foundry practice, and it will be found that the quantity
of limestone needed to eliminate sulphur is too large a quantity for works
conditions. Just enough should be added to produce a slag of suitable

consistency.
When the limestone falls through the length of the cupola, it loses its

carbonic acid and becomes lime (CaO), and this lime unites with the silica in

its vicinity, thus producing that important constituent of cupola slags known
as calcium silicate.

Oxide of Manganese as a Flux in the Cupola. Several bases have

been proposed as possible constituents of the slag with a view to eliminating

sulphur. Of these, manganous oxide is of interest
;
and although the addition

has not come widely into vogue, some experiments published by P. Reusch 2

are worth describing. His experiments were made in a small cupola 20 in.

dia., and in each case an excess of coke was used, with a view to rendering

possible the introduction of the maximum amount of sulphur. Besides vary-
1
Wiist, Stahl und Eisen, vol. xxiv. pp. 28-32.

8 Jour. Iron and Steel Inst., 1902, vol. i. p. 560.
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ing proportions of limestone, he added in several cases gradually increasing

percentages of manganiferous clay slate of the following compositions :

FeO...... 4'1 per cent.

MnO 38-48

3-27

6-71

A1
2 5

CoO
MgO
SO,

2-76

0-99

The following table contains the results of his experiments :
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In normal working, If per cent, of the weight of iron was added in lime-

stone. Sample I. was obtained when the slag ran thick, II. when of medium

viscosity, and sample III. when it was running thin, the latter state being
obtained by increasing the limestone to 3*0 per cent. Slags IV., V., and VI.

form a supplementary series, produced when working upon a mixed charge of

hematite irons for Bessemer blowing. The coke used during these experi-
ments was Oswaldtwistle, and had the following composition :

Ash . . . . . . . 6-35

Sulphur Ml
Moisture 1-30

Fixed carbon 91 '24

The blast pressure was 14 in. of water.

In Swinden's words, it will be seen upon reference to the table (p. 219)
"that as the slag is thinner, so the iron content increases, silica tends to fall,

whilst lime also is lower in the sample, in spite of the fact that more limestone

is charged. The alumina steadily increases. The explanation would appear to

be that in I., either there was insufficient limestone or the temperature was too

low for the lime to react and form with alumina and iron oxide a very fluid

slag." The thin slag is described as being like black "obsidian" glass in

appearance.
The numbers VII. to IX. in the table were produced during the melting of

spiegeleisen in an acid-lined cupola. The spiegel used had the following

composition :

Carbon 4 '50

Manganese ...... 11-50

Silicon 0-75

The limestone used varied from 2*0 to 3'0 per cent., and it is observed that

when the cupola was not working well the slag was "
brown, heavy, and

inclined to be stony
"

(see No. VII.). The manganous oxide in this slag will be

seen to be 39'06 per cent., which is abnormally high. No. VIII. is the slag

produced later with an increase in limestone, and obviously is much improved.

Slag IX. was considered ideal, and the metal produced along with it gave a

manganese content of lO'O per cent.

Slags X. .and XL are of interest, as being produced during the melting of

similar materials in basic-lined cupola. The flux in this case was limestone

with a little fluor spar. Much better results were obtained than in the acid

cupola, the content of FeO and CaO in the slag being increased, and the

percentage of MnO running much lower. The manganese content of the

melted spiegel was also appreciably increased. Here, then, the presence of

excess of other bases have saved the manganese in the spiegel.

Slag XII. was obtained during the melting of silico-spiegel with an acid

lining, and the increase of silica in the slag is the most noticeable feature,

Swinden has added slag XIII. to the table, as being of special interest.

This sample was found, after working, in a basic cupola, and was very infusible.

It was bright green and stony in appearance, and fell to powder shortly after

the cupola was worked out.

Swinden has studied the value of colour in cupola slags as a guide to

their composition, and his observations are of such wide interest as to merit

being given somewhat fully :
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Iron oxide (FeO), in the first stages grass green, changing through greyish
green to brown, and finally almost to black.

METAL SLAGS.

Sample

No.
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Lime (CaO), by virtue of its basic nature, tends to give a dull stony colour

when very high.
Vanadic oxide is said to produce a bluish slag.

Titanic acid in stony slags gives a peculiar purplish grey, whilst in glassy
it may be brown or violet.

Sulphides of manganese and iron behave similarly to the oxides of these

metals.

It will perhaps be suggested that the slags are of such a complex nature

that colour is discounted. To some extent this may be true, but the author

can support Swinden's statements, and considers that the practical man can

with profit study the colours of his slags.

Enough has been written to disclose and to emphasise the fact that the

ultimate modification of the composition of his molten iron is largely the

result of careful or otherwise manipulation of the composition of the slag.
Not only is the percentage of sulphur thus affected, but the degree to which
the other oxidisable constituents are affected is determined.

Open-hearth Melting". Open-hearth practice is necessarily upon a

much higher plane than cupola practice. The initial cost of the plant,

however, together with the fact that the cost both of fuel and labour are

higher, limit its application. The most valuable feature of this method is

the fact that both the metallic bath and the superimposed slag is possible of

complete control, and hence for special work such furnaces are unsurpassed.
The regenerative furnace has many advantages over the old reverberatory
furnace, chief of which are lower fuel consumption and quicker melting.
The reactions, however, are similar in either case. The iron is charged upon
the hearth or bottom and melted. During the melting, considerable oxidation

takes place, resulting in the production of a slag by a union of the oxide of

iron produced from the charge with the sand, and also of a proportion of

silicon in the charge, oxidised during the melting operations. Essentially,

then, the slag is primarily a silicate of iron, and if left unaltered upon the

surface of the molten metal, would so react upon it that in a very short time

it would become neutral and protect the charge from further oxidation.

McWilliam and the author 1 have indeed shown that under such conditions it

may even add to the silicon (and manganese) content of the bath by the action

of the carbon contained therein reducing the silicates. Enough has been said

to show the value of this type of furnace when the capital expenditure and
cost of maintenance are justified.

The Electric Furnace. The electric furnace has undoubtedly come to

stay, and where the cost of power is sufficiently low, it is the furnace par
excellence. In the open-hearth furnaces, worked either with solid fuel, as in

the reverberatory, or with gaseous fuel, as in the regenerative type, there is

invariably a more or less oxidising atmosphere in the furnace. In the electric

furnace this phase disappears, since, as no air is necessary to burn the fuel,

there are no products of combustion to interact with the slag, or if it be

uncovered, with the metal. The author therefore looks forward to the

successful development of this type of furnace : in such a furnace not only is

the temperature controlled, but the material, carefully produced under such

conditions, may prove superior to present products.
Scientific Balancing of the Constituents in Slags general.

Much good work has of late been done upon the constitution of slags, and
1 Jour. Iron and Steel fnst., 1902, vol. i.



FURNACES AND SLAGS. 221

perhaps no subject will be found more profitable to the young student to study
than this. .As Ledebur originally pointed out, slags must be considered as

solutions of variable composition, the solvent being in each case the pre-
dominant constituent. For instance, in an acid slag the silicates carry in

solution, at the temperatures of the furnace, the bases present. In a basic

slag, the bases carry in solution the silicate present.
It is, of course, necessary, before considering the balance of the constituents,

first to decide which are the bases and which the acids, the bases and acids

through chemical affinity satisfying each other, with the production, in the

slags, of either silicates or phosphates as the case may be.

As a rule, the base is the oxide of a metal, i.e. oxide of iron, oxide of

manganese, oxides of calcium, aluminium, magnesium, sodium, etc.
;
whilst the

acid is the oxide of a non-metal, i.e. silicon, sulphur, phosphorus, etc.

TABLE I.

Nature
of Slag.
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TABLE II.

Sili-

cate

grade.
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TABLE III.
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according to this ratio, and in Table I.,
1 a classification of the siliceous

is given in this manner, together with statements as to their properties. The
last two columns were added as a "rough guide in considering cupola- and
blast-furnace slags."

To save time in calculating oxygen equivalents, these tables have been

prepared giving equivalent weights of the more common acids and bases

required to satisfy each other, and also to form any grade of slag.
Tables II. and III. were compiled by Wiborg.

2 Table IV. by Balling.
3

The following typical calculation of the silicate grade of slag, cited by
Swinden, is here included :

Composition.
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The difference between the two iron oxides, ferrous (FeO) and ferric

(Fe2 3),
is very interesting.

Silicates with several bases :

Lime-Magnesia Silicates.

Silicate grade :

1 : 5 most fusible lime : Magnesia 7 : 3.

2 : most fusible lime : Magnesia 7 : 3, and with this ratio is more
fusible than corresponding 1-5 grade.

2 : 5 ratio 8 : 2 gives most fusible. This is the most fusible of all lime-

magnesia silicates.

3 : about 12:1 is the most fusible ratio.

Lime-Alumina Silicates.

The tri-silicate is most fusible when A1
2 3 : CaO 1 : 2. For bi-silicate,

best ratio is 1 : 9, for mono-silicate 1 : 4, and for sub-silicate 1 : 2.

Lime-MnO silicates 1 to 2 silicate most fusible proportion is MnO : CaO
4 : 1

;
2-5 grade, ratio 3 : 2. 3 grade, ratio 2 : 3. Whence one would

expect that the more basic the silicate is the more MnO in proportion to CaO
should go in to preserve fusibility. The work of Boudouard (Jour. Iron and
Steel Inst., i., 1905) on blast-furnace slags contains a large amount of data

fusibilities.

Leaving now the somewhat scientific aspect, and considering the practical

application, it will easily be understood why in the case of an acid siliceous

gangue a base must be added to form a fusible flux. Since the double

silicates are more fusible, we find these very frequently, as, for example, blast-

furnace slag, a double silicate of lime and alumina. Cupola slags contain

silicates of lime, alumina, ferrous oxide, manganous oxide, etc.

For basic gangues, an acid, silica sand, or siliceous slag may be used for

fluxing.
Two main axioms to be remembered in considering slags are :

(1) There is always a tendency for an acid material to search out and
combine with basic, and vice-versa.

(2) For every class of combination of a series of acid and basic oxides,

there is a certain ratio of one to the other which will produce the most
fusible slag.

15
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APPENDIX I.

NOMENCLATURE.

IT was considered that an index of the more important terms now current

in metallurgical literature would prove a valuable addition to this volume.
It will be found that, with a few exceptions, the following definitions are those

given in the Report
1 of the Nomenclature Committee appointed by the Council

of the Iron and Steel Institute.

Ac, Ac 2, Ac 3, etc. Critical points, points of flexure in the heating curves

of iron and steel.

ALLOTRIOMORPHIC. (Gcr. Allotriomorph, Fr. Allotriomorphe

Rosenbusch, 1887.) A term applied to crystals which have taken

their shape from their surroundings.
ALLOTROPY. (Ger. Allotropie, Fr. Allotropie Berzelius.) Is the

capacity of an element to exhibit different properties, although its

conditions are identical, as regards chemical composition, physical

state, and external influences (pressure, temperature, etc.).

"Allotropy is a change of internal energy occurring in an element

at a critical temperature unaccompanied by a change of state
"

(Roberts-Austen).
Professor Howe proposes the following definition : Allotropy is a

change in the properties of an element without change of state. It is

habitually accompanied by a change of internal energy. It is due in

some and perhaps in all cases to a change in the number or in the

arrangement of the atoms in the molecule.

ALLOY, METALLIC. (Ger. Legierung, Fr. Alliage metallique.) An
alloy is a substance possessing the general physical properties of a

metal, but consisting of two or more metals or of metals and non-metallic

bodies in intimate mixture, solution, or combination with one another,

forming, when melted, a homogeneous fluid.

ALPHA IRON. (Ger. a-Eisen, Fr. Fer-alpha Osmond.) A term used

by the "
Allotropists

"
to denote the normal condition of pure iron

below A 2 (750 C.) j crystallises 4n the cubic system.
AMORPHOUS. (Ger. Amorph, Fr. Amorphe.) Without structure, in

contradistinction to crystalline.

1 Jour. Iron and Steel Inst., vol. i., 1902, p. 90.

'226



APPENDICES. 227

ANNEAL. (Ger. Ausgluhen, Fr. Recuire.) This process involves slow and
even heating to a selected temperature, then a more or less prolonged
period of maintenance at that temperature, followed by a more or less

slow and even cooling to atmospheric temperature. Sudden and rapid

changes of temperature are opposed to the idea of annealing.

An, Ar2, Ar3, etc. Critical points. Points of flexure in the cooling curves
of iron and steel.

ARBORESCENT. (Ger. Tannenbaumformig, Fr. Arborescent.) Tree-

like
;
a term applied to certain crystallites with the appearance of fir

trees, which sometimes occur in drusy cavities in metals or imbedded
in solid alloys.

ATOMIC VOLUME. (Ger. Atomvolumen, Fr. Volume atomigue.)The
atomic volume of an element is its atomic weight divided by its specific

gravity.
AUSTENITE. (Ger. Austenit, Fr. Austenite Osmond.) According to

the Report of the Nomenclature Committee, this is described by
Osmond as "a constituent of steel softer and less magnetic than

martensite, with which it is often associated. It is produced by
quenching small sections of steel containing more than 1 '5 per cent,

carbon in ice-cold water from a temperature of 1100 C. The
structure of such quenched steel is developed by polishing upon
parchment moistened with liquorice solution, or nitrate of ammonia,
after reheating to 200 C., or by etching with hydrochloric acid in an
electric current. The austenite remains white, the martensite becomes
brown and appears in a zigzag form. A sewing-needle drawn across

the section scratches the austenite more deeply than the martensite."

Such constitutes the official description. The author, however, uses

the term austenite in this book in describing the matrix of the material

in supersaturated iron-carbon alloys that have with high temperatures
become a solid solution of carbide iron containing more carbide than
hardenite (0*89 per cent, carbon). It is also used to denote the

product obtained by rapidly quenching this solid solution from such

temperatures. (See figs. 17 and 18.)

BETA IRON. (Ger. (3-Msen, Fr. Fer-beta Osmond.) According to

Osmond, this is an allotropic non-magnetic condition of pure iron,

existing at temperatures between Ar2 (750 C.) and Ar3 (860 C.).
It is isomorphous with Alpha, crystallising in the cubic system. When
Beta iron changes to Alpha iron, heat is evolved and magnetic properties
are developed. The term was formerly applied to iron at all tempera-
tures above Ar 2.

BLOWHOLES. (Ger. Blasenhohlraume, Blasen, Fr. Soufflures.} Small

cavities, spherical or ellipsoidal, found in ingots, etc., of cast metal. They
consist of bubbles of gas which have not been able to escape before the

metal became completely solid. Blowholes are of two kinds, (a) silvery,

(b) many-coloured ;
the former are due to occluded gases given offduring

solidification, the latter to air entrapped during casting operations.
CARBON. (Ger. Kohlevsto/, Fr. Carbone.) This element occurs in the

iron carbon alloys in several conditions, and in combination :

(l) Graphite. The free carbon which separates from highly
carburised fluid irons during and immediately following the process
of solidification (see p. 22).
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(2) Kish. The free carbon which separates from bulks of molten
iron. It is produced by the dissociation of the carbide of supersatura-
tion, which separates during the cooling down of the molten metal to

the temperature of solidification.

(3) Annealing Carbon. (Ger. Temperkohle, Fr. Garbone de

recuit.) The apparently amorphous, finely divided carbon, having
some graphitic properties, which separates from white cast iron and
from certain steels during prolonged annealing, and, according to

Ledebur, from high carbon steel, when it is raised to a red heat by
rapid hammering.

It is insoluble in dilute acids. Ledebur describes this carbon as

temper carbon, the word ''temper" having in Germany a different

meaning to what it has in England. Annealing carbon is the term that

best expresses Ledebur's meaning.

(4) Temper Carbon. (See Annealing Carbon.)

(5) Cementite. (Ger. Cementit, Fr. Cementite.} This term was
first applied by Howe to carbide of iron in the separate state as

a constituent of steel. The researches of Abel, Arnold, Miiller,

Osmond, and others show it to have the formula Fe
3C. The term may

be, however, and actually has been, used to embrace all the separate
carbides in cast iron, and steel containing manganese, chromium, etc.

The free carbides in nearly all commercial metals and steels, as a

rule, are not composed of Fe
3
C alone, but are admixtures in molecular

union with Mn
3C. Cementite may exist in fine granules, thin plates,

or in comparatively large masses in steel and pig metal.

According to Osmond, it is the hardest constituent in metal and steel,

not colourable by polishing, and etching with dilute nitric acid, iodine

solution, hydrochloric acid in alcohol, etc.

Sauveur distinguishes "segregated "and "free "cementite; theformer
is a constituent of pearlite, while the latter occurs independently. This

distinction was noticed by Sorby. As the term "
segregated

"
suggests

separation, and as one authority has called free cementite "
segregated,"

it appears advisable to discard the word "segregated" and substitute

the term "pearlite-cementite."

(6) Carbide. (See Cementite.)

(7) Hardening" Carbon. (Ger. Hdrtungskohlensto/, Fr. Oarbone

de trempe.) The condition of the carbon when it confers hardness to

steel, as in steels chilled from above Ar 1. It is, like carbide carbon,
combined carbon (carbide Fe

3
C in solid solution in iron, or, as Arnold

suggests, Fe
3
C combined with its quota of iron to constitute what he

names " subcarbide
"
(Fe24C approximately).

(8) Missing Carbon. (Fr. Carbone manquant.) That part of

the carbon in hardened and tempered steels which does not give colour

on dissolving the steel in nitric acid 1'20 sp. gr.

CELLULAR. (Ger. Zell/g, Fr. Caverneux.) Containing irregular spher-
oidal or ellipsoidal cavities. Applied by Osmond to net-like structure.

CLEAVAGE. (Ger. Spaltbarkeit, Fr. Clivage.)As applied to minerals

and metals, is the property possessed by crystals of separating along
certain planes. These cleavage planes are parallel to one or more of

the crystal faces of the system to which the crystal belongs, bub have

not necessarily any relation to the boundaries of allotriomorphic crystals.
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CONCHOIDAL. (Ger. MuscMg, Fr. Conchoidal) Having the shape of

a shell. Applied to the concave and convex fractures of some alloys of

zinc-copper, tin-copper, glassy slags, etc.

CONSTITUENTS. (Ger. Bestandtheile, Gefugebestandtheile, Gefuge-

bildner, Fr. Constituants.) As applied to metallography, are the

structural parts of which alloys and metallic substances are built.

Alloys containing only two or more elements may contain three or

more constituents.

COOLING CURVE. (Ger. Abkuhlungskurve, Kiihlungskurve, Fr. Courbe
de refroidissement.) A diagrammatic representation of thermal changes
which occur when liquid of solid substances cool from a higher to a lower

temperature, and in which time and temperature are co-ordinates.

Cooling curves may be represented in several ways : (1) Ey taking
as co-ordinates the temperature T and the time ""from the com-
mencement of cooling : the curve so obtained will then more or less

approximate to a parabolic curve. (2) By taking as co-ordinates the

temperature of the metal T and the space of time necessary for

cooling down from that temperature through a definite number of

degrees : this is expressed by -
. (3) One can choose for co-ordinates

the temperature and the difference between the time required for the

cooling of the metal under investigation and the time necessary for

some other metal (e.g. platinum) to cool. These latter may be termed
differential cooling curves. (Ger. Differentialabkuhlungskurven.)

CRITICAL POINTS. (Ger. Kritischepunlcte, HaltepunJde, Fr. Points

critiques.) The point or zone at which a physical or chemical change
takes place, as when in cooling pure iron and steel from 900 C. an
evolution of heat, indicative of a physical change, occurs at the critical

points Ar 3 and Ar 2. When the change is not at one fixed point but
extends over several degrees, the area of change is called a "zone" or

"range."

CRYSTAL, CRYSTALLISED, CRYSTALLINE. A substance

having a definite and regular molecular structure is said to be

"crystalline." If the structure is shown by the resulting external

form of the substance, by its cleavage, by optical means, or by etching

processes to be the same in all parallel directions throughout its mass,
it is described as a single individual, a crystal. If it varies from part to

part of the mass, it is called a "
crystalline aggregate," being made up

of several individuals. When the individual has developed the proper
external form due to its internal structure, it is called an "idiomorphic
crystal," but when its external form is the result of its contact with

its neighbours, then it is known as an "
allotriomorphic crystal."

When a body exhibits distinct and well-developed idiomorphic crystals,
it is said to be crystallised.

DENDRITIC. (Ger. Dendritisch, Verastelt, Fr. Dendritique.) Tree-like
;

a term applied to certain crystallite forms common in many metals

and alloys (see Arborescent).

DIFFUSION. (Ger. Diffusion, Fr. Di/usion.)The gradual and spon-
taneous mixing of two substances which are placed in contact.

DUCTILITY. (Ger. DehnbarJceit, Fr. Dudilite.) Ductility is the pro-

perty of solid bodies, particularly metals, which renders them capable
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of being permanently extended by drawing, with correlative diminution

of their thickness or diameter, but without any actual fracture or

separation of parts.

ELASTIC LIMIT. (Ger. Elasticitatsgrenze, Fr. Limite d'elasticite.)!*
the maximum stress a substance will bear without suffering permanent
distortion or set. This is expressed in tons or pounds or kilogrammes
per unit area of cross section, usually per sq. in. or per sq. millimetre.

ELASTICITY. (Ger. Elasticitat, Fr. Elasticite.)The property in virtue

of which a body tends to resume its original form or volume when a

disturbing force, which has altered this form or volume, ceases

to act.

ELASTICITY, MODULUS OF. (Ger. Elasticitdtsmodul, Fr. Co-

efficient d'elasticite.) Young's modulus may be denned as the force

which, acting in the direction of the length of a bar, when applied to

one end of it, the other end fixed, would double the length of the bar,
the cross section being of the unit area (say 1 sq. in.). As no substance
can thus be doubled in length, the modulus may be defined as 1,000
times the force which would increase the length by the y.^jir Par^ f

the whole or 1,000,000 times the force which would increase the

length by the T.O^J.ZTO^ Par^ ^ ^e whole. In iron and steel the value

of Young's modulus is about 13,000 tons per inch
;

in other words, a

stress of one ton per sq. in. produces an extension which is is-^o" f

the original length.

EQUILIBRIUM CURVE. (Ger. Gleichgetvichtskurve, Fr. . Courle

d'equilibre.) This is a curve showing the relation of temperature and

composition of a heterogeneous system, in which the phases present are

in equilibrium with each other. An approximation to such a curve
can be obtained by plotting a series of cooling curves, but in order to

obtain a true equilibrium curve in this way it would be necessary for

the cooling to be infinitely slow. The expression
"
equilibrium curves

"

probably dates from some time back, and might therefore be found
in the works of Gibbs, van't Hoff, Vander Laar, Ostwald, Le Chatelier,
etc. In any case this term is used to denote other curves, e.g. tempera-
ture-pressure curves in the case of equilibrium between ice, water, and
steam.

ETCHING. (Ger. Aetzen, Fr. Attaque chimique.) In order to develop the

constitutional and crystalline structure of metals and alloys, the

polished surfaces are subjected to action by suitable reagents, such
as nitric acid, iodine, sulphuric acid, hydrochloric acid, etc. This action

is termed etching.

ETCHING FIGURES. (Ger. Aetzfiguren, Fr. Figures de corrosion.)

According to Baumhauer, figures, generally hollowed-out pits, which
are obtained by the suitable etching of crystalline surfaces, of polished

surfaces, or of the surfaces of cleft crystals. They have the very
closest connection with the orientation of the respective surface of the

crystal. On crystallographically equivalent surfaces the figures, both
with regard to their form and to their orientation, are uniform, but

upon surfaces which differ crystallographically the figures differ. They
are an unmistakable means for deciphering the crystalline structure

of the body in the case of "
crystallised bodies." In amorphous bodies

they are not met with. Their size varies (and their form too, in some
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cases) with the duration of the etching process, and according to the

etching medium employed, for which reason it is thought that they
cannot in general be identical with the crystal elements which build up
the crystal. These etched geometric forms have been divided (Thomas
Andrews, Proc. Roy. Soc., 1895, vol. Iviii. p. 59 ; Jour. Iron and
Steel List., 1895, No. 2, p. 542) into two series, and termed "

secondary
"

and "tertiary crystals," the allotriomorphic crystals having been called

"primary." The names refer only to the relative dimensions, and do
not suggest sequence of formation.

EUTECTIC. (Ger. Eutektisch, Fr. Eutectique.) The term commonly
applied to the eutectic alloy, whether in the molten or solidified

condition.

EUTECTIC ALLOY. (Ger. Eutektische legierung, Fr. Alliage eutectique.)
The important points connected with an eutectic alloy are : (1) That

it is the most fusible alloy in a given series of alloys or in a certain

range of the series. (2) That its composition is constant and inde-

pendent of the initial composition within certain limits. (3) That its

composition is not habitually in simple atomic proportions. (4) That,
when solidified, it usually consists of interstratified plates of two or

more definite substances, which may be pure metals or definite

chemical compounds of different metals or saturated solid solutions.

The term was originally defined by Guthrie (Philos., June 1884).
See pages 7, 12, 13, etc.

EUTECTIC MIXTURE. (Ger. Euteldische mischung, Fr. Melange

eutectique.) An eutectic after solidification and separation into its

constituent parts which remain in microjuxtaposition. White iron

of eutectic composition constitutes an eutectic mixture. See

page 182.

EUTECTIC POINT. (Ger. Eutektischerpunkt, Fr. Pointe eutectique.)
The common point of intersection of two inclined branches, and an

approximately horizontal line in the freezing curve (see Points B,

figs. 6 and 7, pages 7 and 9). The horizontal line is called the " eutectic

line." The temperature corresponding with this line in the freezing

point curve is termed the eutectic temperature.

EUTECTIC SOLUTIONS. (Ger. Eutektische losungen, Fr. Solutions

eutectiques Suptner.) Eutectics in the liquid state at or near the

point of solidification.

FERRITE. (Ger. Ferrit, Fr. Ferrite.) A term first used by Howe for

pure iron. It is now commonly used for that condition of iron or steel

containing no carbide, or at least not more than traces in solid solution.

It covers, therefore, iron which may or may not contain silicon,

manganese, nickel, etc., which form solid solutions or isomorphous

crystalline mixtures with iron. Ferrite is the softest structure-

constituent. The unmistakable characteristic is the occurrence of

cuboid etching figures subsequent to treatment with nitric acid or

copper ammonium chloride.

FOLIATED. (Ger. Bla'ttrig, Fr. Lamellaire.) Composed of thin leaves

or layers.

FRACTURE. (Ger. Bruch, Fr. Cassure.) The broken surface of a metal

or alloy. It may be :

Conchoidal. Hackly. Rough. Smooth. Splintery.
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FREEZING POINT CURVE. (Ger. ErstarrwgspunUs Kurve,

Gefrierpunkts Kurve, Fr. Courbe de fusibilite.) The diagrammatic

representation showing the summary of a complete set of cooling curves

of a series of alloys consisting of two or more metals or metallic

substances, temperature and composition being co-ordinate.

GAMMA IRON. (Ger. y-Eisen, Fr. Fer-gatnma Osmond.) Accord-

ing to Osmond, it is an allotropic non-magnetic condition of iron

existing at temperatures above Ar3 (860 C.). It is supposed to

crystallise in the cubic system, and its crystalline forms are given
as combinations of the cube and octahedron, but more frequently of the

octahedron derived from the cube. The evolution of heat at 860 C.

(Ar 3) is claimed to mark the passage of Gamma iron to Beta iron.

GLASS HARDNESS. (Ger. Glashdrte, Fr. Durete du verre.)A loose

and unscientific term for the utmost degree of hardness which steel

is capable of receiving on quenching above Ar 1. As glass is of very

varying hardness, the term "
flint hardness "

is to be preferred.
GLIDING PLANE. (Ger. Gleitfldclie, Fr. Plan de divage.)A definite

direction in a crystal in which the molecules glide over one another

when it is subjected to suitably directed pressure. The subject was in-

vestigated by Ewing and Rosenhain (Proc. Roy. Soc., 16th March 1899).
A sharp distinction was drawn between deformation by twinning and
deformation by translation. (Phil. Trans., vol. cxciii. p. 353

; Heyn,
Zeit. Ver. Deutsch. Ing., vol. xliv.) If a change of form had occurred

,due to twin formation, this can be traced by means of etching figures

subsequent to polishing the material. This cannot be done, however,
in the case of change of form by "slip." The change is then only
noticeable if the deformation occurs subsequent to the polishing. It

is rendered apparent by the slip-bands. These disappear immediately
upon etching, and no further trace is to be seen. The etching figures
are not altered in the appearance from the former ones.

GRAIN. (Ger. Korn, Fr. Grain.) The grain may or may not be

crystalline. It may be rounded or regular-shaped particles, either

separate or joined to other grains. Metallurgists commonly use the

terms with qualifications to describe, the quality of steel such as fine

grain, coarse grain, etc. The term really is incorrect, as these grains
in steel are actually in the main allotriomorphic crystals.

GRINDING. (Ger. Schleifen, Fr. Adoucir.) The process of preparing
smooth surfaces by abrasion.

GROUND MASS. (Ger. Grundmasse, Fr. Masse fonda?nentale.)The
ground mass of a rock is the semicrystalline or glassy matrix

appearing compact to the naked eye in which crystals are imbedded.

Similarly in metallography the term may be used for the mass which
is in preponderating quantity.

Metallographically, however, this term is generally replaced by the

word matrix.

HACKLY. (Ger. HacMg, Fr. Hache.) Rough, having fine, short and

sharp points on the surface as a hackly fracture, e.g. fracture of native

metals. Annealed steels give a hackly fracture.

HARDENING. (Ger. Hdrten, Fr. Trempe.) The process of heating steel

to above Ar 1 and suddenly abstracting the heat as by quenching in

water or by any other means (see Quenching).
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HARDENITE. (Ger. Hardenit, Fr. Hardemte.)fhis is pearlite that

has been heated and quenched so as to give it the maximum degree of

hardness. The term is used to denominate the solid solution equal in

composition to pearlite, previous to its resolution into the free carbide

and ferrite.

HARDNESS. (Ger. Hdrte, Fr. Durete.) Hardness is understood by
Professor T. Turner to be the property whereby a body is enabled to

blunt or wear away the edge of a tool used upon it. In this it differs

from tenacity, which, though increasing the force necessary to be

employed in cutting, does not wear away the edge of the tool.

By hardness is understood the resistance offered by a body to the

separation of its particles. The hardness of a mineral is measured by
the force required to scratch it with a steel point or pointed fragments
of certain standard minerals. The results obtained from one and the

same mineral are found to vary slightly with the crystalline face experi-
mented upon, and even with the direction on one and the same face.

Relative hardness may be expressed by reference to the following
scale (Mohr) :

1. Talc. 6. Orthoclase.

2. Rock Salt. 7. Quartz.
3. Calcite. 8. Topaz.
4. Fluor Spar. 9. Corundum.
5. Apatite. 10. Diamond.

Behrens uses sharply pointed needles of different hardness to

determine relative hardness.

The various methods of determining hardness may be summarised
as follows (Martens) :

1. The hardness of a body is determined by the penetration into it of
another body :

Method A. The respective position of both bodies remains un-

changed.

(a) The pressing-in method. The penetration of the foreign body
is effected by means of steady pressure. In this case are measured

(1) Depth of penetration at even pressure.

(2) Pressure which produces a certain depth of penetration.

(b) The driving-in method. The foreign body is driven in by
means of a falling weight. In this case are measured

(1) The depth of penetration due to an equal force of blow.

(2) The force of the blow which produces a certain depth of pene-
tration.

Method B. The respective positions of both bodies vary during the

operation of testing. (The process of surface scratching.) (a) Deter-

mination of the relative hardness by means of scratching with normal
substances of various hardness. (Process of determination of minera-

logical hardness, according to Mohr and Behrens.) (b) The harder body
is pressed against the body to be tested. In this case are measured :

(1) The pressure which is necessary to plough a way through a certain

distance or in a certain time a definite portion of the test body.

(2) The weight of material which is removed from the test body
by a definite pressure in a definite time.
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(3) The pressure which is necessary to produce on the test body a

furrow of a definite width.

(4) The width of the furrow which is produced in the test body by
a definite loading of a body used for making the furrow.

2. The hardness of a body is deduced from the properties of tenacity

of the material.

HEATING CURVE. (Ger. Erhitzungskurve, Fr. Courbe d'echau/ement.)
A diagrammatic representation of thermal changes which occur

when solid substances are heated, and in which time and temperature
are co-ordinates. (See "Cooling curve" and "Equilibrium curve.")

INTERCRYSTALLINE. (Ger. Zwischen Krystallen liegend oder ver-

laufend, Fr. Intercristallin.) Between crystals applied to the eutectic

and other substances in certain alloys surrounding the crystalline

grains.

ISOMERIC. (Ger. Isomer, Fr. Isomerique.) All bodies of identical

molecular weight were originally termed isomeric, but it is now found
convenient (Thorpe) to restrict this term to bodies which not only

possess identical molecular weight but are also of similar chemical

type, and possess different physical and chemical properties.

ISOMERISM. According to Professor Howe, is a change in the properties
of a compound without change of state or ultimate composition.

It is supposed to be due to change in the number or in the arrange-
ment of the atoms in the molecule. It is to compounds what allotropy
is to elements.

ISOMORPHOUS. (Ger. Isomorph, Fr. Isomorphe,} A term applied to

substances that crystallise in analogous forms. According to Bauerman
it is, in the strictly literal sense, only applicable to such substances

as are cubic in crystallisation. It is, however, largely used in de-

scribing substances which crystallise together to form a homogeneous
whole

;
and even although the two or more constituents do not crystallise

in exactly the same form. The term isomorphous mixture is used for

such bodies as crystallise together to a homogeneous whole.

JOINT. (Ger. Fuge, Korngrenze, Fr. Joint.) This has been used to describe

the surfaces of junction of crystalline grains.

LAMELLAE. (Ger. Pldttchen, Bldttchen, Fr. Lamelle.)A term used in

microscopic petrography for a thin plate. Plates of graphite in grey
iron and plates of cementite in pearlite are lamellae.

LAMELLAR. (Ger. Blattrig, Fr. Lamellaire.) Divisible into thin

plates.

LAP. (Fr. Crique.) A lap is caused by careless hammering or badly pro-

portioned grooves in rolls, or by careless rolling, or by projections on the

ingot. A portion of the iron or steel is folded over on itself
;
the walls

are oxidised and cannot unite. If castings are poured with the metal

too sluggish, a similar occurrence is noted, in this case described by the

word "cold-lapped."

LIQUATION. (Ger. Ausseigerung, Fr. Liquation.) The separation from

partially solid metals or alloys of a portion of the mass still fluid.

This still fluid portion is generally of the nature of a mother-liquor,
and contains in solution considerable quantities of varying impurities,
hence the unequal composition of steel ingots and castings due to

liquation.
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LUSTRE. (Ger. Glanz, Fr. Eclat.} A term used in describing the

character of the reflections obtained from the fractured surfaces of

minerals and rocks.

MACROSCOPIC. (Ger. Makroskopisch, Fr. Macroscopique.) A term
used in contradistinction to microscopic, to imply that the character

in question is visible to the naked eye.
MARTENSITE. (Ger. Martensit, Fr. Martensite Osmond.) According

to Osmond, the solid solution of carbon in iron when quenched above
the recalescence point which occurs in the neighbourhood of 700 C.

(see Hardenite).
MARTENSITIC STRUCTURE. The latticed structure presented

by some quenched steels.

MASSIVE. (Ger. Massig, Fr. Massif.) A term applied to eruptive rocks

in contradistinction to the sedimentary rocks which are stratified.

Metallographers have used the term for free cementite as distinguished
from that in pearlite. The term does not, however, imply homogeneity.

MATRIX. (Ger. Grundmasse, Fr. Magma.) This term appears to embrace
the terms mother-substance and eutectic.

MEGASCOPIC. See Macroscopic.
METALLOGRAPHY. (Ger. Metallographie, Fr. Metallographie

Osmond.)- In the most general sense is a description of the structure

of metals and their alloys, but may also be regarded as the science

that deals with the composition, structure, and physical properties of

metals and alloys, but does not include the art of metallurgy.
METALLURGY. (Ger. Huttenkunde, Fr. Metallurgie).The art of

extracting metals from their ores and of adapting them to the various

purposes of manufacture.

MIXED CRYSTALS. (Ger. Mischkrystalle, Fr. Cristaux meles.)A
term used for two or more substances which crystallise together into

a homogeneous, whole. The homogeneous solution, of two or more

crystallised bodies whilst in the solid state. The term does not refer

to a mechanical mixture of different substances, as the name tends to

suggest. From the point of view of the phase-doctrine, these form a

single phase.

MOTHER-LIQUOR. (Ger. Mutterlauge, Fr. Liqueur-mere.) During
the process of congelation of any system consisting of several sub-

stances in a state of solution, a portion of the solution remains in a

fluid state after the separating out of solid crystals. This liquor is

termed "mother-liquor." In systems of two constituents with a

eutectic point, the composition of this liquor approximates, as con-

gelation proceeds, to that of a eutectic mixture, and quite attains to

that composition before the whole mass passes into the solid state.

NATURAL HARDNESS. (Ger. Naturharte, Fr. Durete naturelle.)
The original degree of hardness possessed by steel before quenching
about Arl.

NON-EUTECTIC CEMENTITE. That part of the cementite which
is external to the pearlite in high carbon iron and steel.

ORIENTATION. (Ger. Orientirung, Fr. Orientation.) The relative

direction of the axes of elasticity in two or more crystals, or the

relative position of these axes with regard to a certain surface or line :

for instance, the polished surface of a cleavage plane, etc.
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OSMOTIC PRESSURE. (Ger. Osmotischer druck, Fr. Pression

osmotique.) When two liquids are separated by the intervention of a

porous diaphragm, a flow of liquid takes place from one side to the

other, or sometimes an unequal flow of the two liquids in opposite
directions. This phenomenon is termed "osmose," and the pressure
exerted by a dissolved substance in its solution is termed its osmotic

pressure.

PEARLITE. (Ger. Perlit, Fr. Perlite, U.S. Pearlyte.)See Carbon.

PEARLY CONSTITUENT. Sorby's name for pearlite.

PHASE. (Ger. Phase, Fr. Phase.) In the sense adopted by J. W. Gibbs
in his Physical Chemistry. It is excellently rendered, and described

with apt explanation by Le Chatelier in his memoir, "La loi de

phases," Revue generale des Sciences, 10 an nee, No. 20, 1899, ii.,

first paragraph ;
and by Bakhuis Roozeboom in his book, Die Hetero-

genen Gleich-Geivichte von Standpunkt der Phasenlehre. A phase is

denned as a mass chemically or physically homogeneous, or as a mass of

uniform concentration. The state of a phase is completely determined
if the pressure and temperature, together with the chemical potential of

its components, be known. The phase rule states that in a system of

n components there can exist in equilibrium n + 2 phase if the system
be non-variant

;
n + 1 if it be mono-varient, n if it be di-varient, and so

on (Stansfield). In physical chemistry, phase is understood to mean
the homogeneous particles which occur within a body and are separated

by dividing surfaces from the other parts of that body. For example,
ice, water, and steam. Examples of phases occurring in steel are

ferrite and cementite, while pearlite contains two phases, i.e. ferrite,

cementite.

PHASE DOCTRINE. (Ger. Phasenlehre, Fr. La doctrine des phases.)
The doctrine or teaching relating to the phase rule, the expression
used by Professor Roozeboom.

PHASE RULE. (Ger. Phasenregel, Fr. Loi des phases.) The rule for

finding the number of phases that can exist in a system containing a

certain number of components, and having a certain number of degrees
of freedom. It connects together the number of components, degrees
of freedom, and possible phases in equilibrium. (Gibbs.)

PIPE. (Ger. LunJcer, Schwindungshohlraum, Fr. Retassure.) A pipe is a

cavity formed in the central upper part of an ingot or casting. It is

due to contraction during solidification.

POLISH ATTACK. (Ger. Reliefpolieren, Fr. Polissage en bas-relief

Osmond.) When alloys contain two or more constituents of different

degrees of hardness, by long-continued friction on a soft polishing
surface they are worn away in different degrees, the hardest constituent

being least acted upon, the softest the most. The surfaces have the

appearance of having been etched.

POLISH ETCHING. (Ger. Atzpolieren, Fr. Polissage attaque.)The
process of slightly acting upon polished surfaces of metals by friction

on parchment moistened with a solution of nitrate of ammonia, so as

to reveal the structure.

POLISHING. (Ger. Polieren, Fr. Polissage). The process of preparing
a perfectly bright and smooth surface, free from even microscopic
scratches.
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POLYMORPHISM. (Ger. Polymorphisms, Fr. Polymorphisme.)
The property possessed by some substances of assuming two or more

essentially different crystal forms.

PRISMATIC. (Ger. Prismatisch sdulenformig, Fr. Prismatique.) As

applied to alloys, a term indicating that the crystals present occur in

columnar form, giving lathe-shaped sections.

PSEUDOMORPH. (Ger. Pseudomorph, Fr. Pseudomorphe.) The term

applied to a mineral possessing a crystalline form other than its own,
which it has obtained by the displacement or the alteration of the

original mineral.

QUENCHING. (Ger. Abschrecken, Fr. Tremper.) Suddenly abstracting
heat. The common effect of quenching is to confer hardness, but the
term is a wider one than hardening.

"
Hardening

"
is to confer

relative hardness, usually, but not necessarily, by quenching. Quench-
ing is suddenly abstracting heat, whether the result is hardness or not

;

e.g. manganese steel heated to yellow and immersed in water is

quenched, but not hardened.

RECALESCENCE. (Ger. Recalescenz, Fr. Recalescence Barrett.) The
term used to express the phenomenon of evolution of internal heat
which occurs when iron or steel cools through the critical zones.

RETICULATED. (Ger. Netzformig, Netzartig, Fr. Reticule.) Having
the appearance of network

; traversed by two sets of parallel lines.

ROKE. Longitudinal surface-markings occasionally met with in steel bars,

rods, and the like.

SATURATED STEEL. (Arnold, 1896.) Steel consisting of nearly

pure iron, containing 0'89 per cent, carbon.

SCLEROMETER. (Ger. Sklerometer, Fr. Sderometre.)An instrument

designed to determine the relative hardness of metals.

SCORIA. (Ger. Schlackenartiger kdrper, Fr. Scories.) Cinder or slags
from metallurgical processes.

SEGREGATION. (Ger. Ausscheidung, Saigerung, Fr. Segregation.)

Separation from the main mass, and gathering about centres. The
term is used to describe the phenomenon which is observed when masses
of metals or alloys are solidified and further cooled.

SHORT, COLD-RED. Cold-short steel is weak and brittle when cold.

Steel is red-short when it is brittle on working at red heat.

SKELETON CRYSTALS. (Ger. Krystallskelette, Gestrickte formen,
Fr. Cristallite.) The incipient forms of crystallisation in which some
metals or metallic substances appear in cast metals and alloys.

SLAG INCLUSIONS. (Ger. Schlackeneinschlusse, Fr. Inclusions de

scories.) Particles of slag enclosed in a metal.

SLIP BANDS. (Fr. Stries de clivage Ewing and Rosenhain.) A micro-

scopic appearance in smooth surfaces of metals after straining, caused

by slips along the cleavage or gliding planes of the crystalline grains.
SOLID SOLUTION. (Ger. Feste losungen, Fr. Solutions solides

van't Hoff.) A solid solution is a homogeneous mixture of two or

more substances in the solid state. In metals no one has yet worked
at non-crystalline mixtures, and the solid solution of metals when

crystalline are "
isomorphous mixtures" or "mixed crystals." (Sir

Roberts-Austen.) Professor Howe suggests the following definition :

" A solid solution is a solid having the essential properties which
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characterise liquid solutions as distinct from chemical compounds.
These characteristics are twofold : (1) The solution resembles a definite

chemical compound in that its components completely lose their identity
and become integrated to form a new substance. (2) Solutions differ

from definite chemical compounds in that their components are not in

definite but in indeterminate proportion, which vary by infinitesimal

gradations from specimen to specimen. The variations in composition
between definite chemical compounds are per saltum, those between
solution are per gradum. The properties of solutions, both liquid or

solid, habitually differ much less from the mean of their components
than from the properties of definite chemical compounds."

SOLUTION PLANE. (Ger. Losungsfldche, Fr. Surface de facile solu-

tion.) The name proposed by Von Ebner in 1814 for a plane in a

crystal along which it is most usually attacked when submitted to

chemical action. Such solution planes are commonly observable on
acid-etched surfaces of iron.

SORBITE. (Ger. Sorbit, Fr. Sorbite Osmond.) The name given by
Osmond to the appearance presented by the solid solution or hardenite

during one phase of its translation into laminated pearlite. It might
be called "unsegregated pearlite." The microstructure described

under this heading is obtained irregularly by cooling sufficiently slow

to allow the transformation to proceed sufficiently rapid to produce an

imperfect separation of the ferrite and cementite. In practice, these

conditions are more or less fulfilled in the cooling in air of small

samples, in quenching in cold water towards the end of the recalescence,
in quenching in molten lead in certain doubles tremps, or in reheating
the quenched solid solution or hardenite to a blue colour. On etching
the polished steels by the polish etching, or by iodine and dilute acids,

is brown in colour.

SPHERULITIC STRUCTURE. (Ger. Sphdrolithische struJdur, Fr.

Structure spherolitique.) Peculiar to vitreous rocks, and in the eutectic

of alloys rapidly cooled, and so called because of the small spberular
bodies (spherulites) they contain. The latter, viewed under the micro-

scope, are seen to possess a divergent fibrous crystalline structure.

This structure is common in rapidly cooled eutectics of lead-tin,

antimony-lead, and gold-lead.

SUFFUSION. (Ger. Ueberschmelzung, Fr. Sufusion.) A transitory liquid
state at temperatures below the normal freezing point.

SULPHIDE AREAS. (Arnold.) A micro-constituent consisting of

sulphide of iron, sulphide of manganese, or a mixture of these. They
may be either dove -coloured or a pale brown before etching.

SULPHO FILMS. (Arnold.) Dark etching films containing sulphur,
and probably silicon, enveloping large groups of crystals formed in

small steel castings, or in small parts of large castings, and producing

great mechanical weakness. These films ball up into minute globules
under the influence of efficient annealing.

SUPERSATURATED STEEL. (Arnold, 1896.) Steel consisting of

nearly pure iron containing more than *89 per cent, carbon. Free

cementite is invariably a constituent of such steel.

TEMPER. (Ger. Kohlungsgrad, Fr. Nuance.) Used by the steelmaker,
it means the mixture suitable for a given purpose thus, chisel temper,
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drill temper. It is generally varied by varying the percentage of

carbon
;
hence high, medium, low tempers ;

sometimes it is designated

by numbers, as temper No. 7, suitable for cold chisels, miners' tools, etc.

Applied to the steel itself, it indicates the possibilities or potential

properties, mainly perhaps in the direction of hardness and resistance

to shock. Applied by the steel-user or by the temperer, it means the

colour to which the hardened steel has been drawn straw, brown,

blue, etc.
;
and it is the steel-user's measure of his final modification

of the maximum hardness of the particular steel he is treating.
TEMPERING. The act of partially or wholly undoing what has

previously been done by hardening.
TENACITY. (Ger. Zugfestigkeit, Fr. Tenacite.) The resistance to rupture

presented by a substance whose elastic limit has been exceeded.

TROOSTITE. (Ger. Troostit, Fr. Troostite.) This is a name given by
Osmond to one of the appearances presented by the solid solution areas

during their resolution into pearlite.

TWINNED. (Ger. Verzwillingt, Z-willings bildung, Fr. Hemitrope made.)
A crystal is twinned when two portions of the same individual or

two different individuals are related to one another according to a

definite law.

UNSATURATED STEEL. (Arnold, 1896.) Steel consisting of

nearly pure iron containing less than '89 per cent, carbon. Free

ferrite is invariably a constituent of such steels.



APPENDIX II.

IRONS ON MARKET.

Typical Analyses of Pig Iron, etc.

IN compiling the following list of analyses the author has made very liberal

use of the figures
1
published in a paper given to the Sheffield Society of

Engineers and Metallurgists. It was considered that some such Appendix
would serve a useful purpose to students as yet unfamiliar with the irons

available for use in works practice.

WEST COAST HEMATITES.
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SCOTCH HKMATITES. WELSH HEMATITES.

These are practically of the same composition as the East Coast Hematites.

BESSEMER BASIC. ("CARLTON.")
G.C.

Traces
CO.

2-65

FERRO-MANGANESE,
FERRO-SILICON,

Do. (Electro)

SlLICO-SPIEGEL,
Do. (Special)

SPIEGEL,, .
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DEKBYSHIRE IRONS. ("RENISHAW.")

G.C.
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Malleable Cast Pig Irons.

WEST COAST REPINED.

Grey
Mottled

White
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Pennsylvania. Carnegie Steel Co. G.C. CC. Si. S. P. Mn.
Bessemer 3'00 '75 -50 -04 -052 1'20

Special Bessemer 1-300 "020 -028 -500

AMERICAN BASIC IRONS.

These are very similar to the English Basic.

G.C. CC. Si. S. P. Mn.
Traces 2-70 -40 to I'OO '06 2'800 1-65

AMERICAN FOUNDRY IRON.

No. 1 Foundry
o

j) )>

33 3
33

4
?>

1 Soft

33
2

,,

Grey Forge

G.C.
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iron-sulphide, 61.
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Phosphorus in foundry iron, 54.

influence in presence of carbon, 51.

on condition of carbon, 53.

on shrinkage, etc., 56.

influences carbon content, 53.

lowers melting-point, 54.

Pig iron, 4.

as frozen solution of carbon and iron, 8, 22.

conditions governing composition, 4.

constitution of, 5.

evolution in production of, 3, 4.

hematites, 60, 240.

Lincolnshire, 60, 241.

varying compositions, 240-244.

volume occupied by impurities, 5.

Precipitation of annealing carbon, 169-179.
of free carbon in exothermic, 16.

of graphite, 13-19.

REAUMUR malleable cast iron, analysis of,

196.

production of, 192-196.

Recalescence, fourth, 11.

Regenerative gas furnace, 220.

Remelting, effect of, 43.

Reverberatory furnace, 220.

SALT-WATER solutions, 7.

Scleroscope, Brinell's, 207, 208.

Shore's, 208.

Turner's, 207.

Section of bar affects strength, 200, 201.

Selling of pig iron by analysis, 244.

Shrinkage, 111.

influence of composition, 112.

of casting temperature, 111.

Keep's apparatus for determining, 113.

Turner's apparatus for determining, 116.

Silicon affects carbon content of pig iron, 8,

31.

content for various purposes, 41.

in austenite, 44.

in carbide, 44.

cast iron, 31

influence in absence of carbon, 27-29.

modified, 34.

on total carbon percentage, 31.

upon ferritic matrix, 30.

upon properties of cast iron, 31.

influences condition of carbon, 43.

hardness, 43.

Silicide, diffusion of, 44.

Silicides, 26, 27.

Size of bar affects strength, 200.

of free carbide affects size of free carbon,
163.

Skin of malleable casting, 197.

Slags, cupola, 217.

calculation of composition, 220.

colours of, 218-219, 220.

Solidus line, iron-carbide diagram, 20.

Spiegel, melting of, 218.

slags produced when melting, 218.

Steel, structure of, 106.

Steel castings, influence of casting tempera-
ture, 105.

Strength affected by increase in temperature,
144.

casting temperature, 109.

Stukofen, 4.

Subcarbide, 10.

Sulphide, excess, 64.

effect on microstructure, 66, 67.

position of excess, 68.

Sulphur in absence of carbon, 60.

elimination of, 58.

in carbide, 70, 71.

in cast iron, 58.

in foundry irons, 58, 59.

in pig irons, 60, 72, 73.

in presence of carbon, 63.

neutralised by manganese, 75.

silicon affects presence of, 59.

Superheated steam, effect on cast iron, 143.

Supersaturated iron-carbon alloys, 12.

structural changes on heating, 190.

THERMAL phenomena of iron-carbon alloys,
14.

of iron-phosphorus alloys, 47.

of irons containing manganese, 80, 83.

of sulphurous white irons, 64.

Tin in cast iron, 103.

Titanium in cast iron, 101.

Torsion test, 213.

Transverse test, 200, 203, 205.

VANADIUM affects hardness, 89.

in carbide, 90.

in cast iron, 87.

in cylinder iron, 87.

influences stability of carbide, 91, 92, 93.

WHITE iron, heat-treated, 30, 157.

Wrought iron, mechanical properties of, 150.

Wrought iron, microstructure of, 150.
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FIFTH EDITION, Revised. In Large 8vo. Pp. i-xxiv + 5ii. With 255

Diagrams, Examples, and Tables, and a Chapter on Foundations.

Cloth, i6s.

THE DESIGN OF STRUCTURES:
A Practical Treatise on the Building of Bridges, Roofs, &c.

BY S. ANGLIN, C.E.,
Master of Engineering, Royal University of Ireland, late Whitworth Scholar, &c.

"We can unhesitatingly recommend this work not only to the Student, as the BEST
TBXT-BOOK on the subject, but also to the professional engineer as an EXCEEDINGLY
VALUABLE book of reference." Mechanical World.

In Large Crown 8vo. Pp. i-xiv + 236. With 201 Illustrations. 6s. net.

AN INTRODUCTION TO THE DESIGN OF BEAMS,
GIRDERS, AND COLUMNS IN MACHINES AND STRUCTURES,

With Examples in Graphic Statics.

BY WILLIAM H. ATHERTON, M.Sc., M.LMECH.E.
"A very useful source of information. ... A work which we commend very

highly." Nature.

FOURTH EDITION, Thoroughly Revised. Royal 8vo. Pp. i - xxx -f 456.
With 239 Illustrations in the Text, and 13 Lithographic Plates. Hand-
some Cloth. Price 305.

A PRACTICAL TREATISE ON
BRIDGE CONSTRUCTION :

Being a Text-Book on the Construction of Bridges in Iron and Steel.

FOR THE USE OF STUDENTS, DRAUGHTSMEN, AND ENGINEERS,

BY T. CLAXTON FIDLER, M. INST. C.E.,
Late Prof, of Engineering, University College, Dundee.

"The new edition of Mr. Fidler's work will again occupy the same CONSPICUOUS
POSITION among professional text-books and treatises as has leen accorded to its pre-
decessors. SOUND, SIMPLE, AND FULL." The Engineer.

In Medium 8vo. Pp. i-xv + 248. With 103 Illustrations. Price IDS. 6d. net.

CONSTRUCTIONAL STEELWORK:
Being Notes on the Practical Aspect and the Principles of Design, together

with an Account of the Present Methods and Tools of Manufacture.

BY A. W. FARNSWORTH, A.M.I.MECH.E.
A worthy volume, which will be found of much assistance. ... A book of

particular value." Practical Engineer.

In Crown 4to. Pp. i-x+ 128. Fully Illustrated. 8s. 6d. net.

BUILDING STRUCTURES IN EARTHQUAKE COUNTRIES,
BY ING. ALFREDO MONTEL.

From the Italian, with additious by the Author.
" An excellent survey of the subject, . . . will be found useful to many who are called

upon to design buildings where the soil is of unstable character or has been undermined by
colliery workings or brine-pumping operations 'Builder.

: CHARLES GRIFFIN & CO,, LIMITED. EXFER STREET.
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SECOND EDITION, Revised. In Large 8vo. Handsome Cloth, Gilt.

With 37 Folding Plates and nearly 500 Illustrations in

the Text. 30s. net.

The Principles and Practice of

DOCK ENGINEERING.
BY BRYSSON CUNNINGHAM.

GENERAL CONTESTS. Historical and Discursive. Dock Design.
Constructive Appliances. Materials, Dock and Quay Walls. Entrance

Passages and Locks. Jetties, Wharves, and Piers. Dock Gates and
Caissons. Transit Sheds and Warehouses. Dock Bridges. Graving and

Repairing Docks. Working Equipment of Docks. INDEX.
" We have never seen a more profusely-illustrated treatise. It is a most important

standard work, and should be in the hands of all dock and harbour engineers." Steamthip.

In Large 8vo. Pp. i - xii + 283. With 18 Plates, 11 Tables, and 220
Illustrations in the Text. 16s. net.

A COMPANION VOLUME TO "DOCK ENGINEERING."

THE PRINCIPLES AND PRACTICE OF

HARBOUR ENGINEERING.
BY BRYSSON CUNNINGHAM.

CONTENTS. Introductory. Harbour Design. Surveying, Marine and
Submarine. Piling. Stone, Natural and Artificial. Breakwater Design.
Breakwater Construction. Pierheads, Quays, and Lauding Stages.
Entrance Channels. Channel Demarcation. INDEX.

" This is a standard work . . . sure to prove a valuable book of reference."

Shipping World.

In Crown 8vo. Handsome Cloth. Pp. i-xiv x 504. With many Illus-

trations, including 7 Coloured and 15 Other Plates. 12s. net.

HYDROGRAPHIC SURVEYING.
FOP the Use of Beginners, Amateurs, and Port and Harbour Masters.

BY COMMANDER S. MBSSUM, R.K
"
Eminently practical from beginning to end." Engineer.

In Medium 8vo. Handsome Cloth. Very fully Illustrated.

THE PRINCIPLES AND DESIGN OF
REINFORCED CONCRETE,

BY RICHARD COULSON, F.S.I., LICENTIATE R.I.B.A., AND

RICHARD COULSON, JUN., Assoc.R.C.Sc.I.

LONDON : CHARLES GRIFFIN & CO., LIMITED. EXETER STREET, STRANfl
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THIRD EDITION, Thoroughly Revised and Enlarged. Pp. i-xvi + 227-

With 60 Plates and 71 other Ilhistrations. Handsome Cloth. 2$s. net.

HYDRAULIC POWER
AND HYDRAULIC MACHINERY.

BY HENRY ROBINSON, M.lNST.C.E., F.G.S.,

FELLOW OF KING'S COLLBGB, LONDON ; PROF. EMERITUS OF CIVIL ENGINEERING,
KING'S COLLHGB, KTC., ETC.

CONTENTS Discharge through Orifices. Flow of Water through Pipes. Accumulators.

Presses and Lifts. Hoists. Rams. Hydraulic Engines. Pumping Engines. Capstans.
Traversers. Jacks. Weighing Machines. Riveters and Shop Tools. Punching,

Shearing, and Flanging Machines. Cranes. Coal Discharging Machines. Drills and

Cutters. Pile Drivers, Excavators, &c. Hydraulic Machinery applied to Bridges, Dock

Gates, Wheels and Turbines. Shields. Various Installations Meters. INDEX.

"The standard work on the application of water power." Gassier* Magazine.

Second Edition, Greatly Enlarged. Py>. i-xiv + 336. With Frontispiece,
12 Plates, and 279 other Ilhistrations. 21s. net.

THE PRINCIPLES AND CONSTRUCTION OF

PUMPING MACHINERY
(STEAM AND WATER PRESSURE).

With Practical Illustrations of ENGINES and PUMPS applied to MINING,
TOWN WATER SUPPLY, DRAINAGE of Lands, &c., also Economy

and Efficiency Trials of Pumping Machinery.

BY HENRY DAVEY, M.lNST.C.E., M.INST.MECH.E., &c.

CONTENTS Early History of Pumping Engines Steam Pumping Engines
Pumps and Pump Valves General Principles of Non-Rotative Pumping
Engines The Cornish Engine, Simple and Compound Types of Mining
Engines Pit Work -Shaft Sinking Hydraulic Transmission of Power in

Mines Electric Transmission of Power Valve Gears of Pumping Engines
\Vater Prebsure Pumping Engines Water Works Engines Pumping

Engine Economy and Trials of Pumping Machinery Centrifugal and other

Low-Lift Pumps Hydraulic Rams. Pumping Mains, &c.- INDEX.

"By the 'one English Engineer who probably knows more about Pumping Machinery
than ANY OTHER.' . . . A. VOLUME RECORDING THR RESULTS OF LONG EXPERIENCE ANT>

STUDY." The Engineer.

In Medium Svo. Cloth. With about 300 Illustrations.

MODERN PUMPING AND HYDRAULIC MACHINERY.

BY EDWARD BUTLER, M.I.Mech.E.

(Author of "Carburettors, Vaporisers, and Distributing Valves.")

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER 8TSEET STRAND,
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In Medium 8vo. With over 1000 Illustrations. Cloth. 25s. net.

A IVIANXJAL, OF*

CIVIL ENGINEERING PRACTICE,
Specially Arranged for the Use of Municipal and County Engineers.

By F. NOEL TAYLOR, CIVIL ENGINEER.
CONTENTS. Ordnance Maps. Chain Surveying. Surveying with Angular Instru-

ments Levelling. Adjustment of Instruments. Mensuration of Areas, Volumes,
Ac. The Mechanics of Engineering, &e. Beams. Pillars, Stanchions and Shafting.
Design of Structure. -Arches. Graphic Statics. Materials of Construction.

Ingineering Foundations. Brickwork and Masonry. Walls. Constructional Car-

pentering. Road Materials. Road Construction. Reinforced Concrete Construction.
Masonry Bridges and River Work. Hydraulics. Land Drainage. Pumping Machinery

and Stations. The Use of Water-Power. Main Drainage. Sewage Disposal. Royal
Commission on Sewage Disposal. Salford Sewage Works. Sanitation, House Drainage
and Disinfection. Refuge Disposal. Waterworks, Preliminary Considerations and
Sources of Supply. Construction, Filtration and Purification. Water-works. Dis-
tribution. Chimneys, Brick and Steel. Steel Construction; Stanchions, Rivets and
Bolts. Steel Construction ; Beams and Girders. Combined Structures in Iron and
Steel. Specification. Electric Tramways. Appendix. INDEX.

" A veritable vade mecum . . . would prove an acquisition to the library of and
Municipal Engineer." Surveyw.

In Medium 8vo. Fully Illustrated. Cloth. 12s. 6d. net.

THE MAIN DRAINAGE OF TOWNS.
BY F. NOEL TAYLOR, Civil Engineer.

CONTENTS. Maps, Plans, Sections, and Preliminary Considerations. Principles of

Hydraulics and Hydrostatics. Calculations in reference to Design of Sewage Works.
Practical Construction, Trenches, and Tunnels. Forms of Sewers. Ventilation of Sewers.

Manholes, Lampholes, Storm Overflows, etc. Pumping Sewage. House Drainage.
Sewage Disposal from a Theoretical Standpoint. Sewage Disposal Works. Special
eoustructions. TABLES. INDEX.

"The Author may be congratulated on the production of a work that can safely be

placed in the hands of students, and which will serve as a useful guide to the municipal
engineer."- Times.

In Medium 8vo. Handsome Cloth. With 116 Illustrations. 15s. net.

MODERN DESTRUCTOR PRACTICE.
BY W. FRANCIS GOODRICH, Assoc.Inst.C.E.,

F.I.San. Engrs., &c.

CONTENTS. Some Alternative Methods of Refuse Disposal. Representative Types
*rf British Destructors. Systems of Charging Destructors. Destructors combined with
Sewage Works. With Electricity Works. Refuse Destruction in U.K. Site. Specifi-
cations. Design and Operation. Operative Costs. Residuals. Foreign and Colonial
Practice. INDEX.

" Well illustrated and thoroughly up-to-date . . . should be in the hands of every
engineer who is responsible for destructor design or maintenance." Surveyor.

MODERN METHODS OF SEWAGE PURIFICATION. G. B. KERSHAW.
[See page 62.

PRINCIPLES OF SEWAGE TREATMENT. DUNBAR and CALVERT.

[See page 62.

PRACTICAL SANITATION. REID and MANLKY. [ 64.

SANITARY ENGINEERING. FRANCIS WOOD. [ 64.

LONDON: MARIES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAND.
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BTENTEKNTH EDITION. Thoroughly Revised and Re-set Throughout, and Greatly
Enlarged. Large 8vo. Cloth. Profusely Illustrated. Nearly 1000 Pages.

A 1VI A 1ST UT A L OF
MARINE ENGINEERING:

COMPRISING THE DESIGNING, CONSTRUCTION, AND
WORKING OF MARINE MACHINERY.

By A. E. SEATON, M.I.C.E., M.I.Meeh.E., M.I.N.A.
CONTENTS. General Introduction. Resistance of Ships and Indicated Horse-power

Necessary for Speed. Marine Engines, their Types and Variations of Design. Steam
used Expansively. Steam used after Expansion. Turbines. Efficiency of Marine
Engines. Engines, Simple and Compound. Horse-power : Nominal, Indicated, and
Shaft or Brake. General Design and the Influences which effect it. The Cylinder and
its Fittings. The Piston, Piston-Rod, Connecting-Rod. Shafting, Cranks and Crank-

Shafts, <fcc Foundations, Bedplates, Columns, Guides, and Framing. Condensers.

Pumps. Valves and Valve Gear. Valve Diagrams. Propellers. Sea-Cocks and Valves.

Auxiliary Machinery. Boilers, Fuel, Ac. ; Evaporation. Boilers ;
Tank Boiler Design

and Details. Water-Tube Boilers. Boilers ; Construction and Detail. Boiler Mount-
ings and Fittings. Fitting-in Machinery. Starting and Reversing of Engines, Ac.

Weight and other Particulars of Machinery relating thereto. Effect of Weight, Inertia,
and Momentum ; Balancing. Materials used by the Marine Engineer. Oil and Lubri-

cants, Engine Friction. Tests and Trials, their Objects and Methods. APPENDICES.
The Diesel and other Oil Engines, also Lloyd's Rules relating to. Valve Gear. Cotterell's

Method of Constructing Inertia Curves. Spare Gear, and B O.T. and other Rules.
Boilers : B.O.T., Lloyd's, Admiralty, <bc., &c., Rules relating to. Electric Light, Rules.

Safety Valves, Rules. Testing Materials, Rules, &c., <sc. INDEX.

TENTH EDITION, Thoroughly Revised. Pocket-Size, Leather. 8s. 6d.

A POCKET-BOOK OF

MARINE ENGINEERING RULES AND TABLES,
FOR THE USE OP

Marine Engineers, Naval Architects, Designers, Draughtsmen,
Superintendents and Others.

BY A. E. SEATON, M.lNST.C.E., M.I.MECH.E., M.I.N.A., AND
H. M. ROUNTHWAITE, M.I.MECH.E., M.I.N.A.

" The best book of its kind, both up-to-date and reliable." Engineer.

In Large 8vo. Handsome Cloth. With Frontispiece, 6 Plates,
65 other Illustrations, and 60 Tables. 12s. 6d. net.

PROPE: JL.H.E it
And other Competing Instruments for Marine Propulsion.

BY A. E. SEATON, M.lNST.C.E., M.I.MECH.E., M.I.N.A.
" Contains all that is useful to know about the screw propeller. . . . Thoroughly

np-to-date." bte<tm$hip.

SECOND EDITION, Revised and Enlarged. Pp. i-xv + 425.
With 377 Illustrations and 3 Folding Plates. i8s. net.

THE THEORY OF THE STEAM TURBINE.
A Treatise on the Principles of Construction of the Steam Turbine,

with Historical Notes on its Development.

BY ALEXANDER JUDE.
" One of the latest text-books . . . also one of the best . . . there is absolutely

no padding." Sir William White in the Times Engineering Supplement.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET STRAND.
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GRIFFIN'S NEW GUIDE
To the Board of Trade Examination for Marine Engineers.

BY R. A. MCMILLAN, B.Sc., Ex. IST CLASS ENGINEER (B.O.T.),
Head Engineering Master of the Technical School, Bootle.

PART I. Now READY. Complete in Itself. Price 8s. 6d. net.

CALCULATIONS FOR MARINE ENGINEERS.
Including all the Arithmetic for 1 st and 2nd Class Engineer's Certificate.

PART II. AT PRESS. Price 6s. net.

ELEMENTARIES, VERBALS AND DRAWINGS.
Including full information on the Use and Working of Slide Valves. Indicator and

Indicator-Cards. Marine Steam Turbine. Ship Electric Lighting. Refrigerating
Machinery. Marine Oil Motors. Oxy-Acetylene Welding. ., , _^

COMPANION VOLUME IN PREPARATION.

GUIDE FOR THE BOARD OF TRADE EXAMINATION FOR
EXTRA FIRST CLASS ENGINEERS.

SEVENTH EDITION, Revised. Large Crown 8vo. Pp. i-xi + 394. With
5 Plates and 110 Illustrations in Text. 6s. net.

ENGINE-ROOM PRACTICE!
A Handbook for Engineers and Officers in the Royal Navy and Mercantile

Marine, including the Management of the Main and Auxiliary
Engines on Board Ship.

BY JOHN G. LIVERS1DGE, ENGR.-COMMR. E.N., A.M.I.C.E.
" This VERY USEFUL BOOK. . . . ILLUSTRATIONS are of GREAT IMPORTANCE ill a

work of this kind, and it is satisfactory to find that SPECIAL ATTENTION has been given
in this respect." Engineers' Gazette.

In Large Crown 8vo. Cloth. Pp. i-xxviii + 244. With 25 Illustrations. 6s. net.

SEA WATER DISTILLATION,
BY FRANK NORMANDY, of the Middle Temple, Barrister-at-Law.

CONTENTS. Distilling Machinery. Sea Water. Steam. Multiple Distillation. The
Evaporator. The Distilling Condenser. Pumping Machinery. Useful Memoranda:
The Filter, Prevention of Corrosion and Decay of Metals, Removal of Scale, Cleaning,
Overhauling, &c. INDEX.

"The analytical treatment of the problem is concise and comprehensive in its scope."
Marine Engineer.

FOURTH EDITION, Revised. Pocket-Size, Leather. Pp. i-xiii + 583.

12s. 6d.

BOILERS, MARINE AND LAND:
THEIR CONSTRUCTION AND STRENGTH.

A HANDBOOK OF RULES, FORMUL/E, TABLES, &o., RELATIVE TO MATERIALS,
SCANTLINGS, AND PRESSURES, SAFETY VALVES, SPRINGS,

FITTINGS AND MOUNTINGS, &o.

FOR THE USE OF ENGINEERS, SURVEYORS, BOILER-MAKER8,
AND STEAM USERS.

BY T. W. TRAILL, M. INST. 0. E., F. E. R. N.,
Late Engineer Surveyor-in-Chief to the Board of Trade.

"Contains an ENORMOUS QUANTITY OP INFORMATION arrranged in a very convenient form. . .

A MOST USEFUL VOI.UMB . . . supplying information to be had nowhere else." The Engineer.

LONDON : CHARLES GRIFFIN & CO.. LIMITED, EXETER STREET, STRAND
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THIRD EDITION, Revised. Pp. i-xv + 350. With Frontispiece, 8 Plates
and 218 Illustrations in the Text. 21s.

A MANUAL OF
LOCOMOTIVE ENGINEERINGS

A Practical Text-Book for the Use of Engine Builders,
Designers and Draughtsmen, Railway

Engineers, and Students.

BY WILLIAM FRANK PETTIGREW, M.lNST.C.E.
Contents. Historical introduction, 1763-1863. Modern Locomotives: Simple.

Modern Locomotives: Compound. Primary Consideration in Locomotive Design.
Cylinders, Steam Chests, and Stuffing Boxes. Pistons, Piston Eods, Crossheads, and
Slide Bars. Connecting and Coupling Hods. Wheels and Axles, Axle Boxes, Hornblocks,
*nd Bearing Springs. Balancing. Valve Gear. Slide Valves and Valve Gear Details.

Framing, Bogies and Axle Trucks, Radial Axle Boxes. Boilers. Smokebox. Blast Pipe,
Firebox Fittings. Boiler Mountings. Tenders.- Itailway Brakes, Lubrication Con-
sumption of Fuel, Evaporation and Engine Efficiency. Repairs, Running, Inspection,
and Renewals. Three Appendices Index.

"The work CONTAINS ALL THAT CAN BE LEARNT from a book upon such a subject. It
will at once rank as THB STANDARD WORK UPON THIS IMPORTANT SUBJECT." Railway Magazine.

In Large 8vo. Pp. i-xxi + 189. With Frontispiece and 148 other
Illustrations. 8s. 6d. net.

LOCOMOTIVE COMPOUNDING AND SUPERHEATING.
BY J. F. GAIRNS.

In Large 8vo. Handsome Cloth. Pp. i-xi + 339. With 9 Plates. 16s.LXGHT RAILWAYS
AT HOME AND ABROAD.

BY WILLIAM HENRY OOLE, M.lNST.O.E.,
Late Deputy-Manager, North-Western Railway, India.

"The whole subject is EXHAUSTIVELY and PRACTICALLY considered. The work can be
cordially recommended as INDISPENSABLE to those whose duty it is to become acquainted
with one of the prime necessities of the immediate future

"
Railwiy Official Gazette.

THIRD EDITION, Revised and Enlarged. Large 8vo, Handsome Cloth.

25s. net.

Lubrication & Lubricants:
A Treatise on the Theory and Practice of Lubrication, and on the

Nature, Properties, and Testing of Lubricants.

BY AND
LEONARD AIICHBUTT, F.I.C., F.C.S., II. M. DEELliY, M.T.Meoh.E . F.G.S.

Chemist to the Mid. lly. Co. Late Chief Loco. Super., Mid. Ry. Co.

CONTENTS. I. Friction of Solids. II. Liquid Friction or Viscosity, and Plastic
Friction. III. Superficial Tension. IV. The Theory of Lubrication. V. Lubricants,
their Sources, Preparation, and Properties. VI. Physical Properties and Methods of

Examination of Lubricants. VII. Chemical Properties and Methods of Examination
of Lubricants. VIII. The Systematic Testing of Lubricants hy Physical and Chemical
Methods. IX. The Mechanical Testing of Lubricants. X. The Design and Lubrication
of Rearings. XI. The Lubrication of Vlachinery. INDEX.

" A most valuable and comprehe isive treatise on a subject of the greatest importance
to engineers." Engineering.

CHARLES GRIFFIN & CO, LIMITED, EXETER STREET, 8TRAMD,
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In Crown 8vo, Handsome Cloth . Very Fully Illustrated.

MOTOR-CAR MECHANISM AND MANAGEMENT.
BY W. POYNTER ADAMS, M.lNST.E.E.

PART I. THE PETROL CAR. 55. net.

THIRD EDITION. Revised and Greatly Enlarged. Pp. i-xvi + 250.
"Should be carefully studied by those who have anything to do with motors." A uto-

mobile and Carriage Builders' Journal.

PART II. ELECTRICAL AND PETROL ELECTRICAL
MOTOR CARS. 5s. net.

Pp. i-x -f 202. With 50 Illustrations, including Frontispiece and
3 Plates, contains also 13 page Glossary.

"lereiiy written . . . will be found of considerable value. Practical Engineer

In Large 8vo. Handsome Cloth. Pp. i.ix + 376. With 12 Folding
Tables and 329 Illustrations. 18s. net

A MAN UAL O F
PETROL MOTORS AND MOTOR-CARS.

Comprising the Designing, Construction, and Working of Petrol Motors.

By F. STRICKLAND.
"Thoroughly practical and scientific. . . . We have pleasure in recommending it to all.

M0ohasiical Engineer.

In Medium 8vo. Handsome Cloth. Pp. i-xv + 272. With 306
Illustrations. 15s. net.

OIL MOTORS,
Theii Development, Construction, and Management.

BY G. LIECKFELD. (Authorised English Edition).
CONTENTS. Liquid Fuels for Power Production. Development of the Petrol and

Paraffin Motors. Working of the Later Paraffin and Petrol Engines. Ignition Devices.
Hxamples of Stationary Petrol, Alcohol, Paraffin, and Crude Oil Engines. Automobiles.
3hip Boat, and Air-ship Engines. Vehicles, &c., Driven by Internal Combustion

lugines. Erection and Attendance of Engines Driven with Liquid Fuel. Correcting
Irregularities in Running.
"One of the most comprehensive publications we have perused, and one that can be

thoroughly recommended." Petroleum Review.

In Medium 8vo. Handsome Cloth. Fully Illustrated.

THE GAS TURBINE,
Theory, Construction, and Working1 Results of Two

Machines in Actual Use.
BY HANS HOLZWARTH.

Translated by A. P. CHALKLEY, B.Sc.

In Demy 8vo. Handsome Cloth. Pp. i-xi+ 176. With
130 Illustrations. 6s. net.

CARBURETTORS, VAPORISERS, & VALVES,
used in Internal Combustion Engines.

BY EDWARD BUTLER, M.I.Mech.E.
" Mr. Butler writes with an intimate practical knowledge of his subject, and the book
one we have every pleasure in recommending." Mechanical Engineer.

LONDON 8
. CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND
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FIFTH EDITION, Revised and Enlarged. With additional Illustrations.

Large 8vo, Handsome Cloth. 255. net.

A TEXT-BOOK ON

GAS, OIL, AND AIR ENGINES.
BY BRYAN DONKIN, M.lNST.C.E., M.lNST.MECH.E.

Revised throughout by T. GRAVES SMITH. With important New Matter

by Prof. BURSTALL.
" A very much up-to-date classic." Daily Telegraph.

In Quarto, Handsome Cloth. With Numerous Plates. 255.

THE HEAT EFFICIENCY OF STEAM BOILERS
(LAND, MARINE, AND LOCOMOTIVE).

With Tests and Experiments on Different Types, Heating Value of Fuels.
Analyses of Gases, Evaporation, and Suggestions for Testing Boilers.

BY BRYAN DONKIN, M.lNST.C.E.
"
Probably the MOST EXHAUSTIVE resumt that has ever been collected. A PRACTICAL

Boos by a thoroughly practical man." Iron and Coal Trades Review.

In Handsome Cloth. Fully Illustrated Throughout. 12s. 6d. net.

Internal Coibnstion Engines and Gas Producers.

BY C. W. ASKLING, M.E., AND E. ROESLER, M.E.
"Internal combustion engineers will do well to add this volume to their library of

text-books."- Gas and Oil Power.

In La. Cro. 8vo. Cloth. Pp. i-vii + 198. With 55 Illustrations. 5s. net.

SUCTION GAS PLANTS.
BY PROF. C. A. SMITH, of the East London Technical College.

"Thia book is one we can cordially recommend as affording a complete knowledge of

the theoretical aspect of Suction Plants." Gas World.

AT PRESS. In Medium 8vo. Handsome Cloth. Fully Illustrated.

A TREATISE ON
THE GAS TURBINE,

Theory, Construction, and Working Results of Two Machines in Actual Use.

BY HANS HOLZWARTH.
With Additional Tests for the English Edition.

Translated by A. P. CHALKLEY, B.Sc., A.M. List. C.E., A.I.E.E.

In Handsome Cloth. Pp. i-iv + 26'2. With 93 Illustrations. 12s. 6d. net.

THE GAS TURBINE.
Progress in Design and Construction.

BY HENRY HARRISON SUPLEE, B.Sc.
"Will be of considerable assistance to gas power engineers." Gas World

In Large Crown 8vo. Handsome Cloth. 4s. 6d. net.

THE THERMO-DYNAMIC PRINCIPLES OF
ENGINE DESIGN.

BY LIONEL M. H B B S,
Engineer- Lieutenant, B.N.; Instructor in Applied Mechanics and Marine Engine

Desi-n at tho Royal Naval College, Greenwich.
"Serves its purpose admirably . . . well up-to-date." Shipping World.
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In Crown 8vo, Cloth. Illustrated with Diagrams. 3s. net.

THE FORCE OF THE WIND.
BY HERBERT CHATLEY, B.Sc. ENG. (LoND.),

Professor of Civil Engineering, Tong Shan Engineering College, N. China.

CONTENTS. Practical Importance of Wind Pressure. Impulsive
Force of the Wind. Variations in Velocity. Stream Line Theory. Stress
in Structures due to Wind. Windmills. Train aud Motor Resistance.
Effect of Wind on Water. Scouring Effect of Wind. INDEX.

"Could not well be more terse or pointed." Symon's Meteorological Magazine.

In Crown 8vo. Handsome Cloth. With 22 Diagrams. 3s. 6d. net.

STRESSES IN MASONRY,
BY HERBERT CHATLEY, B.Sc. ENG. (LOND.).

CONTENTS. Strength of Stone. Walls. Columns and Piers.

Brackets and Cantilevers. Simple Arches.- Vaults and Skew Arches.
Domes. Retaining Walls and Domes. Artificial Stone. Re-inforced
Concrete. INDEX.

"A most useful aid to surmounting the difficulties which this subject presents."
Surveyor.

In Handsome Cloth. With 11 Folding Tables. ISs. Qd. net.

EXPERIMENTAL INVESTIGATIONS ON THE POWER REQUIRED TO DRIVEROLLING MILLS.
TRANSLATED FROM THK GERMAN OF J. PUPPE.

" The thoroughness with which the work is undertaken is exemplified in the Tables."

Ironmonger.

FIFTH EDITION. Pp. i-xii + 157. With 50 Illustrations. Cloth, 4s. 6d.

STEAM - BOI LE RS:
THEIR DEFECTS, MANAGEMENT, AND CONSTRUCTION.

BY R. D. MUNRO,
Chief Engineer of the Scottish Boiler Insurance and Engine Inspection Company.

" A valuable companion for workmen and engineers engaged about Steam Boilers, ought
to be carefully studied, and ALWAYS AT HAND." Coll. Guardian.

BY THE SAME AUTHOR.

KITCHEN BOILER EXPLOSIONS: Why
they Occur, and How to Prevent their Occurrence. A Practical Handbook
based on Actual Experiment. With Diagram and Coloured Plate. 33.

In Crown &vo, Cloth. Pp. i-xii+iSo. With 143 Illustrations. $s. net.

EMERY GRINDING MACHINERY.
A Text-Book of Workshop Practice in General Tool Grinding, and the

Design, Construction, and Application of the Machines Employed.

BY R. B. HODGSON, A.M.lNST.MECH.E.
"
Eminently practical . . . cannot fail to attract the notice of the users of this class of

machinery, and to meet with careful perusal." Chem. Trade Journal'.
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In Crown Quarto. Cloth. With 126 Figures, 88 Drawings, and sample
Blue and White Prints, also Tracing. 10s. 6d. net.

AN ELEMENTARY TEXT-BOOK ON

MECHANICAL DRAWING,
BY JOHN E. JAGGER, M.Sc.(Vic)., WHIT. SCH.

" An admirable book ... all the information it contains is of a thoroughly
practical kind, and the numerous engravings accompanying the text cannot be praised
too highly." Engineer.

SIXTH EDITION, Thoroughly Revised and Greatly Enlarged. Pp. i-x +291.
With 12 Plates and 262 other Illustrations. Price 9s. net.

VALVES AND VALVE -GEARING ;

A Practical Text-bookfor the use of Engineers, Draughtsmen, and Students.

BY CHARLES HURST, PRACTICAL DRAUGHTSMAN.
PART I. Steam Engine Valves.
PART II. Gas Engine Valves and

Gears.

PART III. Air Compressor Valves and
Gearing.

PART IV. Pump Valves.
PART V. Safety and Belief Valves.

" Ma. HURST'S VALVKS and VALVB-OBARING will prove a very valuable aid, and tend to the
production of Engines of SCIENTIFIC DBSIGN and BCONOMICAI. WORKING. . . . Will be largely
sought after by Students and Designers." Marine Engineer." As a practical treatise on the subject, the boon stands without a rival." Mechanical
World. _____
Hints on Steam Engine Design and Construction. By CHARLES

HURST, "Author of Valves and Valve Gearing." SECOND EDITION,
Revised. In Paper Boards, 8vo., Cloth Back. Pp. i-vi + 62. With
32 Illustrations. Price Is. 6d. net.

CONTENTS. I. Steam Pipes. II. Valves. III. Cylinders. IV. Air Pumps and Con-
densers. -V. Motion Work. VI. Crank Shafts and Pedestals. VII. Valve Gear. VIII.
Lubrication. IX. Miscellaneous Details INDEX.

" A handy volume which every practical young engineer should possess." The A/odtt
Engineer.

FIFTH EDITION. In Two Parts, Published Separately.

A TEXT-BOOK OF

Engineering Drawing and Design.
BY SIDNEY H. WELLS, Wn.Sc., A.M.I.C.E., A.M.I.MECH.E.

VOL. I. PRACTICAL GEOMETRY, PLANE, AND SOLID.

Pp. i-xi + 149. With 101 Illustrations, and an Appendix
of 43 pages with 70 Illustrations. 4s. 6d.

VOL. II. MACHINE AND ENGINE DRAWING AND DESIGN.
Pp. i-xi + 321. With over 200 Illustrations. 4s. 6d.

11 A CAPITAL TBXT-BOOK, arranged on an BXCBLIBNT SYSTBM, calculated to give an intelligent
Btttsn of the subject, and not the mere faculty of mechanical copying. ... Mr. Wells showi
how to make COMPLBTB WOKKINO-DBAWINGS, discussing fully each step in the design." Electricai
Review
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SECOND EDITION, Enlarged. In Crown 8vo. Cloth. Pp. i-xiii + 463.

With 212 Illustrations. 6s. net.

PRACTICAL CALCULATIONS FOR ENGINEERS.
BY CHARLES E. LARARD,

A.M.Inst.C.E., M.I.Mech.E , Wh.Exh.,
Head of the Mechanical Engineering Department at the Northampton Institute, London, E.G.

AND H. A. GOLD ING, A.M.I.Mech.E.

"Exactly what it should be in order to make it useful to students and practitioners of

ngineering. 'Manchester Guardian.

In Crown 8vo. Cloth. Illustrated. 2s. 6d. net.

Calculations on the Entropy-Temperature Chart,

BY W. J. CRAWFORD, D.Sc.

SECOND EDITION. In Crown 8vo, Cloth. Pp. xiii + 302.

With 125 Illustrations. 5s. net.

MECHANICAL ENGINEERINGFOR BEG IISTl^r E ]RS.
BY R. S. M'LAREN.

"The best of its kind we have seen, and snould ue in the hands of every apprentice."
Steamship.

SIXTH EDITION. Folio, strongly half-bound, 2 is.TRAVERSE TABLES:
Computed to Four Places of Decimals for every Minute of Angle

up to 100 of Distance.

For the Use of Surveyors and Engineers.

BY RICHARD LLOYD GURDEN,
Authorised Surveyor for the Governments of New South Wales and Victoria.

\* Published with the Concurrence oj the Surveyors-General for New Seuih
Wales and Victoria.

"Those who have experience in exact SURVEY-WORK will best know how to appreciate
the enormous amount of labour represented by this valuable book. Every Surveyor in

active practice has felt the want of such assistance FEW KNOWING OF THEIR (the Tabl.es)
PUBLICATION WILL REMAIN WITHOUT THEM." Engineer.

Strongly Bound in Super Royal 8vo. Cloth Boards. IB. tkl. net.

For Calculating Wages on the Bonus OP Premium Systems.
For Engineering, Technical and Allied Trades.

BY HENRY A. GOLDING, A.M.I.MECH.E.,
"Cannot fail to prove practically serviceable to those for whom they have been

designed ."Scotsman.

HORSE-F>OWER COMPUTERS.
BY H. A. GOLDING, A. M.I.MECH.E., A. M.I. A. E.

For Steam, Gas, and Oil Engines. Complete with Explanatory
Pamphlet. In Box. 5s. net.

FOP Petrol Motors. Complete with Explanatory Pamphlet. In
Envelope. 6d. net.

__ Detailed Prospectus on Application.
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SECOND EDITION, Revised. In Crown 8w, extra, with Diagrams
and Folding-Plate. 7s. 6d. net.

THE CALCULUS FOR ENGINEERS
AND PHYSICISTS,

INTEGRATION AND DIFFERENTIATION,
With Applications to Technical Problems;

AND
CLASSIFIED REFERENCE LIST OF INTEGRALS.

BY PROP. ROBERT H. SMITH, A.M.lNST.C.E., M.I.MECH.E., &o.
"
Interesting diagrams, with practical illustrations of actual occurrence, are to be found here

in abundance. THK VKKT COMPLETE CLASSIFIED REFERENCE TABLE will prove very nsefnl IB

saving the time of those who want an integral in a hurry." The Engineer.

In 4to, Boards. 7s. 6d.

MEASUREMENT CONVERSIONS
(English and French) :

43 GRAPHIC TABLES OR DIAGRAMS, ON 28 PLATES,

Showing at a glance the MUTUAL CONVERSION of MEASUREMENTS
in DIFFERENT UNITS

Of Lengths, Areas, Volumes, Weights, Stresses, Densities, Quantities
of Work, Horse Powers, Temperatures, <feo.

For the use of Engineers, Surveyors, Architects, and Contractors

BY PROF. ROBERT H. SMITH, A.M.lNST.C.E., M.I.MKCH.E., &e.

THIRD EDITION. Pocket. Size, Leather Limp, with Gilt Edges and Rounded Corals,
printed on Special Thin Paper, with Illustrations, pp. i-xii + 834. Price 18s. net.

THE MECHANICAL ENGINEER'S REFERENCE BOOK.
BY HENRY HARRISON SUPLEE, B.Sc., M.E.

" We feel sure it will be of great service t,o mechanical engineers." Engines-ing.

In Crowu 8vo. Handsome Cloth. Profusely Illustrated. 2s. 6d. net.

ELEMENTARY GRAPHIC STATICS.
BY AY. J. CRAWFORD, D.Sc.,

Lecturer in Mechanical Engineering, The Municipal Technical Institute, Belfast.

ABRIDGED CONTENTS. Introduction. Some Easily Performed Experiments te
Illustrate the Simple Laws of Graphic Statics. Miscellaneous Examples. Parallel

Forces and Moments of Forces. The Funicular or Link Polygon. Solution of Frame-
works having External Loads. The Force of Gravity. The Use of Graphic Statics to

find Bending Moments and Shearing Forces. Some Miscellaneous Practical Problems.
APPENDIX.

With Diagrams. Crown 8vo. Cloth, 45. 6d.

THE STUDENT'S MECHANICS:
An Introduction to the Study of Force and Motion.

BY WALTER R. BROWNE, M.A., M.lNST.C.E.
"
Clear In style and practical in method, 'THE STUDENT'S MECHANICS' is cordially

.recommended from all points of v\ew."Atfon<eum.

BY THE SAME AUTHOR.

FOUNDATIONS OF MECHANICS
Papers reprinted from the Engineer. In Crown $vo, is.
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WORKS BY
ANDREW JAMIESON, M.lNST.C.E, M.I.E.E, F.R.S.E.,

Formerly Professor ofElectrical Engineering, The Glas. and W. of Scot. Tech. Coll.

PROFESSOR JAMIESON'S ADVANCED TEXT-BOOKS,
In Large Crown 8vo. Fully Illustrated.

STEAM AND STEAM-ENGINES, INCLUDING TURBINES
AND BOILERS. For the Use of Engineers and for Students preparing
for Examinations. With over 800 pp., over 400 Illustrations, 12 Plates,

many B. of E., C. and G., Questions and Answers, and all Inst. C.E.
Exams, on Theory of Heat Engines. Volume I. SEVENTEENTH
EDITION, Revised. IDS. 6d.

" The BBST BOOK yet published for the use of Students." Engineer.

Volume II., dealing with Entropy; Air, Gas, Oil, and other Heat Engines.
At Press.

APPLIED MECHANICS & MECHANICAL ENGINEERING.
In Five Volumes. Large Crown 8vo. Including All the Inst. C.E.
Exams, in Section A, (i) Mechanics; (2) Strength and Elasticity
of Materials ; (3a) Theory of Structures ; Section B (Group ii.),.

Hydraulics ; Theory of Machines. Also B. of E. ; C. and G. Questions.

VOL. I. Applied Mechanics. EIGHTH EDIT. Pp. i-xviii + 400. 6s.

,, II. Strength of Materials. EIGHTH EDIT. Pp. i-xviii + 3 14. 55,
III. Theory of Structures. EIGHTH EDIT. Pp. i-xviii + 260. 55.

,, IV. Hydraulics. EIGHTH EDITION. Pp. i-xviii + 324. 55.

,, V. Theory of Machines. SEVENTH EDIT. Pp. i-xx + 502. ;s. 6d.

** In Five volumes, each, complete in itself, and sold separately.

PROFESSOR JAMIESON'S INTRODUCTORY MANUALS.
Crown Svo. With Illustrations and Examination Papers.

HEAT ENGINES : STEAM, GAS AND OIL (Elementary
Manual of). For First-Year Students, forming an Introduction to the

Author's larger Work. THIRTEENTH EDITION, Revised and Enlarged,
3/6" Should be in the hands of EVKRY engineering apprentice-

7 '

Practical Engineer

MAGNETISM AND ELECTRICITY (Practical Elementary
Manual of). For First-Year Students. With Stud. Inst. C.E. and B. of E.
Exam. Questions. EIGHTH EDITION, Revised and Enlarged. 3/6." A THOROUGHLY TRUSTWORTHY Text-book. PRACTICAL and clear." Nature.

APPLIED MECHANICS (Elementary Manual of).
For First-Year Students. With B. of E., C. and G. ; and Stud. Inst. C.E.

Questions. NINTH EDITION, Revised and Greatly Enlarged. 3/6.
"The work has VKRY HIGH QUALITIES, which may be condensed into the one word

CLEAR.'
"

Science andA rt.

A POCKET-BOOK of ELECTRICAL RULES and TABLES.
For the Use of Electricians and Engineers. By JOHN MUNRO, C.E.,
and Prof. JAMIESON. Pocket Size. Leather, 8s. 6d. NINETEENTH
EDITION. [See p. 31.
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WORKS BY W. J. MACQUORN RANKIHE, LL.D., F.R.S.

Thoroughly Revised by W. J. MILLAR, C.B.

A MANUAL OF APPLIED MECHANICS : Comprising the
Principles of Statics and Cinematics, and Theory of Structures,
Mechanism, and Machines. With Numerous Diagrams. Crown 8vo,
Cloth. EIGHTEENTH EDITION. 12s. 6d.

A MANUAL OF CIVIL ENGINEERING : Comprising Engin-
eering Surveys, Earthwork, Foundations, Masonry, Carpentry, Metal
Work, Roads, Railways, Canals, Rivers, Waterworks, Harbours, &c.
With Numerous Tables and Illustrations. Crown 8vo, Cloth..
TWENTY-FOUKTH EDITION. 16s.

A MANUAL OF MACHINERY AND MILLWORK : Com-
:ising the Geometry, Motions, Work, Strength, Construction, and
bjects of Machines, &c. With nearly 300 Illustrations. Crown

8vo, Cloth. SEVENTH EDITION. 12s. 6d.

pris
Obi

A MANUAL OF THE STEAM-ENGINE AND OTHER
PRIME MOVERS. With a Section on GAS, OIL, and AIR
ENGINES, by BRYAN DONKIN, M.Inst.C.E. With Folding Plates
and Numerous Illustrations. Crown 8vo, Cloth. SEVENTEENTH
EDITION. 12s. 6d.

USEFUL RULES AND TABLES : For Architects, Builders,
Engineers, Founders, Mechanics, Shipbuilders, Surveyors, &c. With
APPENDIX for the use of ELECTRICAL ENGINEERS. By Professor

JAMIESON, M.Inst C.E., M.I.E.E. EIGHTH EDITION. 10s. 6d.

A MECHANICAL TEXT -BOOK: A Practical and Simple
Introduction to the Study of Mechanics. By Professor RANKINE
and E. F. BAMBER, C.E. With Numerous Illustrations. Crown*
8vo, Cloth. FIFTH EDITION. 9s.

** The "MECHANICAL TEXT-BOOK'" was dttigned by Professor BANKINK at an INTRO-
DUCTION to the above Seriet of Manuals.
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ELECTRICAL ENGINEERING.
SECOND EDITION, Revised. In Large 8vo. Cloth. Pp. i-xvi-f 496.

With 145 Illustrations, including 7 Plates. 24s. net.

CENTRAL ELECTRICAL STATIONS:
Their Design, Organisation, and Management.

BY CHAS. H. WORUINGHAM, A.K.C., M.lNST.C.E., M.INST.MECH.E.,
Late Memb. of Council Inst. E. E., and Electrical Engineer to the City of Manchester ;

Electrical Engineer-in-Chief to the Admiralty.
" One of the MOST VALUABLE CONTRIBUTIONS to Central Station literature we have had

for some time." Electricity.

In Medium 8vo. Pp. i-xx-f 313. With 366 Figures and 23 Tables.
25s. net.

ELECTRIC CRANE CONSTRUCTION.
BY CLAUDE W. HILL, A.M.lNST.C.E. M.I.E.E., &c.

CONTENTS. Overhead Cranes. Locomotive and Portable Jib Cranes. Derrick
Cranes. Transporters. -Sheer Legs. devolving Cantilever Cranes. Cableways.
Power required for Crane Driving. Starting Torque and Acceleration. Design of Crane
Structures. Design of Machinery. Brakes. Toothed Gearing. Hooks, Lifting
Magnets, Ropes and Cranes. Design of Magnets. Motors, Controllers and Collectors.
Crane Installations. INDEX.

"The whole work is straightforward, and may be recommended as being written
from a thoroughly engineering point of view." Electrical Enyineering.

Large 8vo. Cloth. Pp. i-x + 333 and 307 Illustrations. 16s. net.

ELECTRICITY METERS.
BY HENRY G. SOLOMON, A.M.Inst.E.E.

"An earnest and successful attempt to deal comprehensively with modern methods of

measuring current or power in electrical installations." Engineering.

In Large 8vo. Handsome Cloth. Fully Illustrated. 21s. net.TRANSFORMERS.
BY HERMANN BOHLE, M.I.E.E.,

Prof, of Electrotechnics, S.A. College, Cape Town,

AND PROFESSOR DAVID ROBKRTSON, B.Sc., A.I.E E., OF BRISTOL.
CONTENTS. General Principles. Magnetising and No-Load Currents. Losses in

Transformers. Iron Losses. Copper Losses. -Temperature Rise. Magnetic Leakage.
Leakage Inductance. Vector Diagrams for Transformers. Systematic Testing of Trans-

formers. Insulating Materials. Examples of Construction. Design of Transformers.

Applications of Transformers. Regulating and Phase-Changing Transformers. INDEX.
'This very complete treatise ... a model of what technical publications

should be.
"

Nature.

In Large 8vo. Pp. i-x + 116. With 79 Illustrations. 8s. 6d. net.

WIRELESS TELEGRAPHY.
BY GUSTAVE EICHHORN, PH.D.

"Well written . . . and combines with a good deal of description a careful

investigation of the fundamental theoretical phenomena." Nature.
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In Large Crown Svo. Cloth. Pp. i-xvi+268. With 222 Illustrations.

5s. net.

TELEGRAPHIC SYSTEMS,
AND OTHER NOTES.

A Handbook of the Principles on which Telegraphic Practice is Based.

BY ARTHUR CROTCH, of the Engineer-in-Chief's Department, G.P.O.

CONTENTS Batteries, Primary and Secondary. Universal Battery Working.
Duplex Telegraphy. Duplex and Quadruplex Telegraphy. Automatic Telegraphy.

Multiplex Telegraphy. The Hughes Type Printing Instrument. The Baudot System.
The Murray Type Printing Telegraph. Test and Battery Boxes. Circuit Concentration,
<fcc. Repeaters. Submarine Telegraphy. Wireless Telegraphy. INDEX. LIST OF
DIAGRAMS OF CONNECTIONS.

"This book is a particularly good one . . . we can thoroughly recommend it . . .

a handy book of ready reference." Electrical Review.

"The treatise will be of much help to the telegraph engineer, and to the student

in his preparatory training and it can be thoroughly recommended." Electrician.

NINETEENTH EDITION. Leather, Pocket Size, with 810 pages. 8s. 6d.

A POCKET-BOOK OF
ELECTRICAL RULES & TABLES

FOR THE USE OF ELECTRICIANS AND ENGINEERS.

BY JOHN MUNRO, C.E., & PROF. JAMIESON, M.lNST.C.E., F.R.S.B.
" WONDERFULLY PERFECT. . . . Worthy of the highest commendation we can

give it." Electrician.

0RIFFIN'S ELECTRICAL PRICE-BOOK: For Electrical, Civil,

Marine, and Borough Engineers, Local Authorities, Architects, Railway
Contractors, &c. Edited by H.J. DOWSING. SECONDEDITION. 8s. 6d.

In Large Crown Svo. Handsome Cloth. 15s. net.

ELECTRICAL THEORY
AND THE

PROBLEM OP THE UNIVERSE.
BY G. W. DE TUNZELMANN, B.Sc., LONDON,

Member of the Institute of Electrical Engineers ; formerly Professor of Natural
Philosophy and Astronomy, H.M.S. "

Britannia," Dartmouth.

CONTENTS. Fundamental Electrical Phenomena. Units and Measurement.
Meaning and Possibility of a Mechanical Theory of Electricity. The Ether. The Ether
as a Framework of Reference for Motion. The Relations between Ether and Moving
Matter. Electric Conduction in Gases. The Faraday-Maxwell Theory. The Electron
Theory. Magnetism and the Dissipation of Energy. Contract Electrification and
Electrolysis. Metallic Conduction. Optical Phenomena. The Mechanism of Radiation.
General Phenomena of Radio Activity. Transmutations of Radio-Active Substances.

Ages of the Sun and Earth. The Solar Carona, The Aurora, and Comets' Tails.

Radio-Activity in Stars and Nebula). Arrangement and Number of Atoms in a Mole-
cule. Changes in the Aspect of Fundamental Mechanical Principals. Gravitation
and Cohesion. The Place of Mind in the Universe. Mathematical and other Appen-
dices. INDEX.

"One of the most valuable contributions to electrical literature the year has

produced ."Times.
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In Large 8vo. Handsome Cloth. Fully Illustrated.

ELECTRICAL PHOTOMETRY
AND ILLUMINATION.

BY PROF. HERMANN BOHLE, M.I.E.E.,
Professor of Electrotechnics, S. A. College, Cape Town.

CONTENTS. Photometric Units and Standards. Radiation and its Effects. Photo-
metric Apparatus. Light Flux and Distribution. Testing of Electric Lamps. The
Design of Shades and Reflectors. Illuminating Engineering. INDEX.

THIRD EDITION. In Handsome Cloth. Revised, Enlarged, and
Re-written. Pp. i-xv + 425. Fully Illustrated. 12s, Gd. net.

/? TREATISE ON
ELECTRO- METALLURGY:
Embracing the Application of Electrolysis to the Plating, Depositing,

Smelting, and Refining of various Metals,
and to the Reproduction of Printing Surfaces and Art-Work, &c.

BY W. G. MCMILLAN, F.I.C., AND W. R. COOPER, M.A., B.Sc.

(See also page 53.)

SECOND EDITION. Thoroughly Revised and Enlarged. In Large 8vo.

With Numerous Illustrations and Three Folding Plates. 21s. net.

ELECTRIC SMELTING & REFINING:
Being the " ELEKTRO-METALLURGIE "

of DR. W. BORCHERS. Trans-

lated from the German by WALTER G. MCMILLAN, F.I.C., F.C.S.

(See also page 53.)

THIRD EDITION. In Crown 8vo. Handsome Cloth. With 30 New
Illustrations. 7s. 6d. net.

Electrical Practice in Collieries.
BY PROF. D. BURNS, M.E., M.lNST.M.E.,

Professor of Mining and Geology to the Glasgow and West of Scotland Technical
College.

Units of Measurement, Conductors, &c. The Theory of the Dynamo.
The Dynamo: Details of Construction and Working. Motors. Lighting
Installations in Collieries. Pumping by Electricity. Electrical Haulage.
Coal Cutting. Miscellaneous Applications of Electricity in Mines.

Coal Mines Regulation Act (Electricity). INDEX.
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In Large 8vo. Handsome Cloth. Profusely Illustrated. IN Two
VOLUMES, Each Complete in itself, and SOLD SEPARATELY.

THE DESIGN AND CONSTRUCTION OF SHIPS.
BY JOHN HARVARD BILES, M.IxsT.N.A.,

Professor of Naval Architecture in Glasgow University.

Volume I.-CALCULATIONS AND STRENGTH. With 36 Folding
Plates, and 245 other Illustrations. Pp. i-viii + 423. Complete
with Index. 25s. net.

CONTENTS. PART I. Areas, Volumes, and Centres of Gravity. PART II. Ship
Calculations. PART III. Strength of Ships.

"No teacher of naval architecture nor scientifically - equipped student of the same
subject can afford to be without it ... A work with up-to-date information which
will doubtless remain the standard for many years" Times' Engineering Supplement.

Volume II.-STABILITY, RESISTANCE, PROPULSION, AND
OSCILLATIONS OF SHIPS. With 4 Folding Plates and 316 other
Illustrations. Pp. i-x + 430. Complete with Index. 25s.net.

CONTENTS. PART IV. Stability. PART V. Resistance. PART. VI. Propulsion.
PART VII. Oscillations of Ships.

" This able treatise is one which no one engaged in ship-designing can aftord to be
without." shipbuilder.

Royal 8uo. Handsome Cloth. With numerous Illustrations and Tables. 25*.

THE STABILITY OP SHIPS.
BY SIR EDWARD J. REED, K.C.B., F.R.S., M.P.,

"
Sir EDWARD REED'S ' STABILITY OF SHIPS '

is INVALUABLE. The NAVAL ARCHITECT
will find brought together and ready to his hand, a mass of information which he would other-
wise have to seek in an almost endless variety of publications, and some of which he would
possibly not be able to obtain at all elsewhere." Steamship.

AERONAUTICAL ENGINEERING.
SECOND EDITION, Revised. In Large 8vo. Cloth. With many

Illustrations. 10s. 6d. net.

THE PROBLEM OP PLIGHT.
A TEXT-BOOK OF AERIAL ENGINEERING.

BY HERBERT CHAT LEY, B.Sc.(ENG.), LONDON,
Professor of Civil Engineering, Tong Shan Engineering College, N. China.

CONTENTS. The Problem of Flight The Helix. The Aeroplane. The Aviplane.
Dirigible Balloons. Form and Fittings of the Airship. APPENDICES (The Possibility or

Flight, Weight, A Flexible Wing, theory of Balance, Bibliography). INDEX.
" An epitome of the knowledge available on the subject." Scotsman.

In Handsome Cloth. Illustrated. Pocket Size. 2s. 6d. net.

A COMPENDIUM OF AVIATION AND AEROSTATION,
Saloons, Dirigibles and Flying Machines.

BY LIEUT. -COL. H. HOEBNES.
Translated and Supplemented with Facts of Interest to English readers i.e. ,

details regarding British Dirigibles, Aeroplanes, Flying Grounds, <fec. with an Intro-
duction and Biographical Sketch of the Author by J. H. LEDEBOER, Editor of
Aeronautics.

10NDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND.



34 CHARLES GRIFFIN <k GO.'8 PUBLICATIONS.

WORKS BY THOMAS WALTON,
NAVAL ARCHITECT.

FOURTH EDITION. Pp. i-xvi + 332. With 18 Plates and 237 ether

Illustrations, including 59 Folding Diagrams. 18s. net.

STEE L SHIPS:
THEIR CONSTRUCTION AND MAINTENANCE.

A Manual for Shipbuilders, Ship Superintendents, Students,
and Marine Engineers.

BY THOMAS WALTON, NAVAL ARCHITECT,
AUTHOR OF " KNOW YOUR OWN SHIP."

CONTENTS. I. Manufacture of Cast Iron, Wrought Iron, and Steel. Com-
position of Iron and Steel, Quality, Strength, Tests, &c. II. Classification of

Steel Ships. III. Considerations in making choice of Type of Vessel. Framing
of Ships. IV. Strains experienced by Ships. Methods of Computing and

Comparing Strengths of Ships. V. Construction of Ships. Alternative Modes
of Construction. Types of Vessels. Turret, Self Trimming, and Trunk
Steamers, &c. Rivets and Bivetting, Workmanship. VI. Pumping Arrange-
ments. VII. Maintenance. Prevention of Deterioration in the Hulls of

Ships. Cement, Paint, &c. INDEX.
' So thorough and well written is every chapter in the book that it M difficult to select

any of them as being worthy of exceptional praise. Altogether, the work is excellent, and
will prove of great value to those for whom it is intended." The Engineer.

In tlofcii. Pp. i.-xii. + 224. With 9 Plates and 163 other Illustrations,,

including 40 Folding Diagrams. 7s. 6d. net.

PRESENT-DAY SHIPBUILDING.
For Shipyard Students, Ships' Officers, and Engineers.

BY THOS. WALTON.
GENERAL CONTENTS. Classification. Materials used in Shipbuilding.

Alternative Modes of Construction. Details of Construction. Framing,
Plating, Rivetting, Stem Frames, Twin-Screw Arrangements, Water
Ballast Arrangements, Loading and Discharging Gear, &c. Types of

Vessels, including Atlantic Liners, Cargo Steamers, Oil carrying Steamers,
Turret and other Self Trimming Steamers, &c. INDEX.

"Simple language . . . clear and easily followed illustrations." Time*
Engineering Supplement." We heartily recommend it to all who have to do with ships." Steamship.

TWELFTH EDITION. In Crown 8vo. Cloth. Pp. i-xvi + 363. With
142 Illustrations, including 2 Folding Diagrams. 7s. 6d.

The Chapters on Tonnage and Freeboard have been brought thoroughly
up to date, and embody the latest (1906) Board of Trade Regulations on
these subjects.

KNOW YOUR OWN SHIR
BY THOMAS WALTON, NAVAL ARCHITECT.

Specially arranged to suit the requirements of Ships' Officers, Shipowners,
Superintendents, Draughtsmen, Engineers, and Others,

CONTENTS. Displacement and Deadweight. Moments. Buoyancy. Strain.
Structure. Stability. U oiling. Ballasting. Loading. Shifting Cargoes. Effect of

Admission of Water into Ship. Trim Tonnage. Freeboard (Load-line). Calculations.
Set of Calculations from Actual Drawings. INDEX.

" The work is of the highest value, and all who go down to the sea in ships should make them-
selves acquainted with it." Shipping World (on the new edition).
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GKifFIN'S NAUTICAL SERIES.
FIFTH EDITION, Thoroughly Revised. Pp. i-xvi + %4$. With

Frontispiece, 24 Plates (8 Coloured}, and 63 Illustration*

in the Text and new Chapter on Clouds. Price 6s.

ELEMENTARY SEAMANSHIP.
BY

D. WILSON-BARKER, MASTER MARINER ; F.R.S.E., F.R.G.S.,&c., &0.
YOUNGER BROTHER OF THE TRINITY HOUSE.

GENERAL CONTENTS. The Building of a Ship, Parts of Hull, Masts,
&c. Ropes, Knots, Splicing, &c. Gear, Lead and Log, &c. Rigging,
Anchors Sailniaking The Sails, &c. Handling of Boats under Sail

Signals and Signalling Rule of the Road Keeping and Relieving Watch
Points of Etiquette Glossary of Sea Terms and Phrases Index.

"This ADMIKABLK MANUAL, by OAPT. W iLsoN-BARKER of the Worcester,' seems to c*
PERFECTLY DESIGNED. and holds its place excellently in ' GRIFFIN'S NAUTICAL SKBKS.' . . .

Although intended for those who are to become Officers of the Merchant Navy, it will be
found useful by ALL YACHTSMEN." A thenaeum.

SECOND EDITION, Revised. Pp. i-xii + 156. With 61
Illustrations. Price 3s. 6d.

NAVIGATION:
PRACTICAL JLCTD THEOFTETICJSJL,.
BY DAVID WILSON-BARKER, R.N.R., F.R.S.E., <kc., &c.>

AND

WILLIAM ALLINGHAM,
FIRST-CLASS HONOURS, NAVIGATION, SCIENCE AND ART DEPARTMENT.

Wlttb numerous SUustratfong anD ^examination dUiestiona,
GENERAL CONTENTS. Definitions Latitude and Longitude Instrument*

of Navigation Correction of Courses Plane Sailing Traverse Sailing Day's
Work Parallel Sailing Middle Latitude Sailing Mercator's Chart
Mercator Sailing Current Sailing Position by Bearings Great Circle Sailing
The Tides Questions Appendix: Compass Error Numerous Useful Hints.

&c. Index.
44 A CAPITAL LITTLE BOOK . . . specially adapted to the New Examinations. The

Authors are CAPT. WILSON-BARKER (Captain-Superintendent of the Nautical College, H.M.S.
4

Worcester,' who has had great experience in the highest problems of Navigation), and
MB. ALLINGHAM, a well-known writer on the Science of Navigation and Nautical Astronomy.""
Shipping World. __^_

Handsome Cloth. Pp. i-xvi + 182. With 10 Plate? and 34 other

Illustrations. Price 7s. 6d.

MARINE METEOROLOGY,
FOR OFFICERS OF THE MERCHANT NAVY.

BY WILLIAM ALLINGHAM,
Joint Author of "Navigation, Theoretical and Practical."

With numerous Plates, Maps, Diagrams, and Illustrations, and a facsimile

Reproduction of a Page from an actual Meteorological Log-Book.
"
Quite the BEST publication, AND certainly the HOST INTBBBSTINO, on this subject erer

presented to Nautical men." Shipping Gazette.

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND.
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GRIFFIN'S NAUTICAL SERIES.

THIRD EDITION, REVISED. Pp. i-xii+ 175. With 54 Illustrations.

Price 3s. fid.

PRACTICAL MECHANICS:
Applied to the Requirements of the Sailor.

BY THOS. MACKENZIE, Master Mariner, F.R.A.S.

GENERAL CONTENTS. Resolution and Composition of Forces Work done
by Machines and Living Agents The Mechanical Powers: The Lever;
Derricks as Bent Levers The Wheel and Axle : Windlass

; Ship's Capstan ;

Crab Winch Tackles : the "Old Man" The Inclined Plane; the Screw
The Centre of Gravity of a Ship and Cargo Relative Strength of Rope :

Steel Wire, Manilla, Hemp, Coir Derricks and Shears- Calculation of the

Cross-breaking Strain of Fir Spar Centre of Effort of Sails Hydrostatics :

-the Diving-bell ; Stability of Floating Bodies
; the Ship's Pump, &c.

" WELL WORTH the money . . . will be found EXCEEDINGLY HELPFUL."
SMppiny World.
" No SHIPS' OFFICERS' BOOKCASE will henceforth be complete without

CAPTAIN MACKENZIE'S * PRACTICAL MECHANICS.' Notwithstanding my many
Tears' experience at sea, it has told me how much more there is to acquire."
{Letter to the Publishers from a Master Mariner).

WORKS BY RICHARD C. BUCK,
of the Thames Nautical Training College, H.M.S. ' Worcester.'

FOURTH EDITION, Revised and Corrected. Pp. i-viii + 113.

With 38 Illustrations. Price 3s. 6d.

A MANUAL OF TRIGONOMETRY:
With Diagrams, Examples, and Exercises.

** Mr. Buck's Text-Book has been SPECIALLY PREPARED with a view
to the Examinations of the Board of Trade, in which Trigonometry
is an obligatory subject.

"ThiS EMINENTLY PRACTICAL and RELIABLE VOLUMK.' SchOO/mUSttr

SECOND EDITION, Revised. Pp. i-viii + 158. Price 3s. 6d.

A MANUAL OF ALGEBRA.
Designed to meet the Requirements of Sailors and others.

%* These elementary works on ALGEBRA and TRIGONOMETRY are written specially for
those who will have little opportunity of consulting a Teacher. They are books for " SLJ-
HBLP." All but the simplest explanations have, therefore, been avoided, and ANSWERS to
the Exercises are given. Any person may readily, by careful study, become master of their
contents, and thus lay the foundation for a further mathematical course, if desired, it is

hoped that to the younger Officers of our Mercantile Marine they will be found decidedlj
ervioeable The Examples and Exercises are taken from the Examination Papers set for
dhe Oadets of the "Worcester."

"Clearly arranged, and well got up. ... A first-rate Elementary Algebra."
Nautical Magazine.

LONDON: CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAND.
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GRIFFIN'S NAUTICAL SERIES,

SECOND EDITION, Revised. With Diagrams. Price 2e.

LATITUDE AND LONGITUDE : How to Find them.

BY W. J. MILLAR, C.E.,
Late Secretary to the Inst. of Engineers and Shipbuilders in Scotland.

" CONCISELY and CLEARLY WRITTEN . . . cannot but prove an acquisition
*o those studying Navigation." Marine Engineer."

Young Seamen will find it HANDY and USEFUL, SIMPLE and OLBAK." The
Engineer.

THIRD EDITION, Revised. In Crown 8vo. Pp. i-xv+ 268. Price 5s.

THE LEGAL DUTIES OF SHIPMASTERS.
By BENEDICT WM. GINSBURG, M.A., LL.D. (OANTAB.),

Of the Inner Temple and Northern Circuit ; Barrister-at-Law.

General Contents. Qualification for Position of Shipmaster. COD tract with Ship-
owner. Duty in respect of the Crew : Engagement ; Apprentices ; Discipline ; Pro-

visions, Accommodation, and Medical Comforts ; Payment of Wages and Discharge.
Passengers. Financial Responsibilities. Cargo. Casualty. Duty to certain Public
Authorities. Pilots, Signals, Flags, and Light Dues. Arrival at the Port of Discharge.
Appendices on Legal Matters : B.O.T. Certificates, Dietary Scales, Stowage of Grain

Cargoes, Load Line Regulations, Life-saving Appliances, Carriage of Cattle. INDEX.
" No intelligent Master should fail to add this to his list of necessary books. A few lines

of it may SAVE A LAWYER'S FEE, BESIDES ENDLESS WOKBY." Liverpool Journal of Commerce,

FIRST AID AT SEA.
THIRD EDITION, Revised. Pp. i-xviii -f 349. With 82 Illustrations and

the atest Regulations on the Carriage of Medical Stores. 5s. net.

A MEDICAL AND SURGICAL HELP
For Shipmasters and Officers in the Merchant Navy.

BY WM. JOHNSON SMITH, F.R.O.S.,
Principal Medical Officer, Seamen's Hospital, Greenwich.

*** The attention of all interested in our Merchant Navy is requested to this exceedingly
usofnl and valuable work. It is needless to say that it is the outcome of many years
PH tOTiCAL EXPERIENCE amongst Seamen.
"
SOUND, JUDICIOUS, REALLY HELPFUL

" The Lancet.

TWELFTH EDITION, Revised and Enlarged. Price .7s. 6d.

KNOW YOUR OWN SHIP,
BY THOMAS WALTON, NAVAL ARCHITECT.

-Specially arranged to suit the requirements of Ships' Officers, Shipowners,
Superintendents, Draughtsmen, Engineers, and Others.

For Contents and further particulars of this work, and other works

by the same author, see p. 34.
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38 CHARLES QR1FFIN & GO.'S PUBLICATIONS.

OTHER WORKS OF INTEREST TO SAILORS.

In Crown 8vo. Cloth. Fully Illustrated. 2s. 6d. net.

NOTES ON THE PRACTICAL DUTIES OF
SHIPMASTERS.

By CAPT. W. HARRY WILKES, LIEUT. R.N.E., &c.

" We should like to commend this volume to the attention of all Officers ii>

Command . . . a compact and concise mass of information." Shipping World.

In Pocket Size. With 368 Pages. 3s. 6d. net.

ENGLISH-SPANISH AND SPANISH-ENGLISH
SEA TERMS AND PHRASES.

BY FLEET-PAYMASTER GRAHAM-HEWLETT.
"Most complete . . . useful . . we can heartily recommend it." Steamship.

In Crown 8vo. Handsome Cloth. Many Diagrams. 2s. 6d. net.

DEFINITIONS IN NAVIGATION & NAUTICAL
ASTRONOMY.

BY P GROYES-SHOWELL,
Head of the Navigation Department, L.C.C. School, Poplar.

CONTENTS. Definitions. General. Navigation . Nautical Astronomy.-
Time. Miscellaneous. Notes. Measurements. Mariner's Compass.
Chronometer. Azimuth Compass. Pelorus. Sextant. Vernier. Arti-
ficial Horizon. Soundiug Machine. Log. Station Pointer. Barometer.
Thermometer. Hygrometer. Hydrometer. Miscellaneous. Star Nomen-
clature. Greek Alphabet. Planetary Symbols. Weights and Measures.
Areas. Volumes. Useful Notes. INDEX.

"Mr. Groves-Showell writes with a full knowledge of his subject, and with admirable
clearness." Shipbuilder.

Attention is also drawn to the following:

HYDROGRAPHIC SURVEYING. By COMMANDER 8.

MESSUM, R.N. [See page 16.

THEODOLITE SURVEYING. By Professor JAMES PARK.
[See page 41.

THE FORCE OF THE WIND. By HERBKRT CHATLEY, B.Sc.

[See i>nge 24.

THE EARTH'S ATMOSPHERE. By Dr. T. L. PHIPSON.

[See page 46.

WIRELESS TELEGRAPHY. By GUSTAVE EICHHORN, PH.D.

[See page 30.
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SIR CLEMENT LE NEVE FOSTER, D.Sc., F.R.S.

SIXTH EDITION. With Frontispiece and 712 Illustrations. Price 28s. net.

ORE & STONE MINING.
Bv SIR C. LE NEVE FOSTER, D.Sc., F.R.S.,

LATE PROFESSOR OK MINING, ROYAL COLLEGE OF SCIENCE.

REVISED, AND BROUGHT UP-TO-DATE

BY PROF. S. H. COX, Assoc.R.S.M.,
PROFESSOR OF MINING, ROYAL COLLEGE OF SCIENCE.

GENERAL CONTENTS.
INTRODUCTION. Mode of Occurrence of Minerals.-Prospeeting.-Boring.

Breaking Ground. Supporting Excavations. Exploitation. Haulage or
Transport.-Hoisting or Winding. - Drainage. Ventilation. Lighting.-
Descent and Ascent. Dressing Principles of Employment of Mining Labour.

Legislation affecting Mines and Quarries. Condition of the Miner.
Accidents. Index

"We have seldom had the pleasure to review a work so thorough and complete as-

the present one. Both in manner and in matter it is FAR SUPERIOR TO ANYTHING ON
ITS SPECIAL SUBJECT HITHERTO PUBLISHED IN ENGLAND." Athenceum.

" Not only is this work the acknowledged text-book on metal mining in Great Britain

aad the Colonies, but that it is so regarded in the United States of America is evidenced

by the fact that it is the book on that subject recommended to the students in most of

the mining schools of that country." The Times.

SECOND EDITION, Revised. In Crown 8vo. Handsome Cloth.

With nearly 300 Illustrations. Price 7s. 6d. net.

THE ELEMENTS OF MINING AND QUARRYING.
An Introductory Text-Booh for Mining Students,

BY SIR C. LE NEVE FOSTER, D.Sc., F.R.S.,
Late Professor of Mining at the Royal College of Science.

Revised by Prof. S. H. Cox, A.R.S.M., &c.

GENERAL CONTENTS. INTRODUCTION. Occurrence of Minerals. Pro-

specting. Boring. Breaking Ground. Supporting Excavations. Exploita-
tion. Haulage or Transport. Hoisting or Winding. Drainage. Ventilation-

Lighting. Descent and Ascent. Dressing, &c. INDEX.
11 A remarkably clear survey of the whole field of mining operations." Engineer.
"
Rarely does it fall to the lot of a reviewer to have to accord such unqualified praise as

this book deserves. . . . The profession generally have every reason to be grateful to
Sir C. Le Neve Foster for having enriched educational literature with so admirable an

elementary Text-book." Mining Journal.

In Crown 8vo. Handsome Cloth. Illustrated, 5s. net.THODS OF AIR ANAL
BY J. S, HAL DANE, M.D., LL.D., F.R.S.,

Reader in Physiology and Fellow of New College, Oxford.

An Account of Methods of Air Analysis suitable for work in Physiology,
Hygiene, Investigations of Mine Air, Flue Gases, Exhaust Gases from
Engines, &c.

In Crown 8vo. Handsome Cloth. Illustrated.TME AIR OF MHSTES.
BY JOHN CADMAN, D.Sc., Prof, of Mining, University of Birmingham,.

AND J. S. HALDANE, M.D., LL.D., F.R.S.

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND-
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WORKS ON COAL-MI MING.

FIFTH EDITION, Revised and Greatly Enlarged. With 4 Plates and
690 Illustrations. Price 24s. net.

A TEXT-BOOK OF COAL-MINING:
FOR THE USE OF COLLIERY MANAGERS AND OTHERS

ENGAGED IN COAL-MINING.

BY HERBERT WILLIAM HUGHES, F.G.S.,
Assoc. Royal School of Mines, General Manager of Sandwell Park Colliery.

GENERAL CONTENTS. Geology. Search for Coal. Breaking Ground.
Sinking. Preliminary Operations. Methods of Working. Haulage.
Winding. Pumping. Ventilation. Lighting. Works at Surface. Pre-

paration of Coal for Market. INDEX.
"
Quite THB BEST BOOK of its kind . . . as PRACTICAL in aim as a book can be . . . The

illustrations are EXCELLENT." Athenaeum.

"We cordially recommend the work." Colliery Guardian.
" Will soon come to be regarded as the STANDARD WORK of its kind." Birmingham Daily Gazette.

FIFTH EDITION, Thoroughly Revised and Greatly Enlarged. Re-set

throughout, Large Crown 8vo. Handsome Cloth.

PRACTICAL COAL-MINING:
A. MANUAL FOR MANAGERS, TINDER-MANAGERS,

COLLIERY ENGINEERS, AND OTHERS.
With Worked-out Problems on Haulage, Pumping, Ventilation, efec.

BY GEORGE L. KERR, M.E., M.IxsT.M.E.

CONTENTS. The Sources and Nature of Coal. The Search for Coal-
Sinking. Explosives. Mechanical Wedges. Rock Drills and Coal-cutting
Machines. Coal-cutting by Machinery. Transmission of Power. Modes 01

Working. Timbers. Roadways. Winding Coal. Haulage.- Pumping.
Ventilation. Safety Lamps. Surface Arrangements, Surveying, Levelling,
Ac.

"An ESSENTIALLY PRACTICAL WORK, and can be confidently recommended. No department
of Goal-Mining has been overlooked." Engineers' Gazette.

THIRD EDITION, Revised. In Crown 8vo. Handsome Cloth.

ELEMENTARY COAL-MINING:
FOR THE USE OF STUDENTS, MINERS, AND OTHERS

PREPARING FOR EXAMINATIONS.

BY GEORGE L. KERR, M.E.,

CONTENTS. Sources and Nature of Coal. Exploration and Boring for
Coal. Breaking Ground. Explosives, Blasting, &c. Sinking and Fitting
of Shafts. Modes of Working. Timbering Roadways. Winding and
Drawing. Haulage. Pumping and Drainage. Ventilation. Cleaning and
Sorting Coal. Surveying, &c.

"An abundance of information conveyed in a popular and attractive form. . . . Will b
of great use to all who are in any way interested in coal raining." Scottish Critic.
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FOURTEENTH EDITION, Revised. With Numerous Diagrams.
Cloth. 6s. net.

A TREATISE ON MINE-SURVEYING:
For the use of Managers of Mines and Collieries, Students

at the Royal Scl oof of Mines, Ac.

BY BENNETT H. B R O U G H, Assoc.R.S.M., F.G.S.

Revised by S. WARREN PRICK, Professor of Mine Surveying in

University College of South Wales and Monmouthshire.

CONTENTS. General Explanations. Measurement of Distances. Miners
Dial. Variation of the Magnetic Needle. Surveying with the Magnetic Needle-
in the Presence of Iron. Surveying with the Fixed Needle. The German Dial.

The Theodolite. Traversing Underground. Surface Surveys with the Theodo-
lite. Plotting the Survey. Calculation of Areas. Levelling. Connection of the

Underground and Surface Surveys. Measuring Distances by Telescope. Setting-
out. Mine-Surveying Problems. Mine Plans. Application of the Magnetic
Needle in Mining. Photographic Surveys. APPENDICES, INDEX.
"Its CLEARNESS of STYLE, LUCIDITY of DESCRIPTION, and FULNESS of DETAIL have long ago won

for it a place unique in the literature of this branch of mining engineering, and the present edition fully
maintains the high standard of its predecessors. To the student, and to the mining engineer alike, ITS-
VALUE is inestimable. The illustrations are excellent." The Mining Journal.

In Crown 8vo. Handsome Cloth. Fully Illustrated. 7s. 6d. net.

A HANDBOOK ON

THEODOLITE SURVEYING AND LEVELLING.
For the use of Students in Land and Mine Surveying.

BY PROFESSOR JAMES PARK, F.G.S.

CONTENTS. The Scope and Object of Surveying. Land Surveying.
The Theodolite. Chains and Steel Bands. Obstacles to Allignment.
Meridian and Bearings. The Theodolite Traverse. Co-ordinates of a
Station. Calculation of Omitted or Connecting Line in a Traverse.
Calculation of Areas. Subdivision of Land. Triangulation. Determina-
tion of True Meridian, Latitude and Time. Levelling. Railway Curves.
Mine Surveying. Surveying Boreholes. INDEX.
"A book which should prove as useful to the professional surveyor as to the-

student." Nature.

SECOND EDITION, Revised. Crown 8vo. Handsome Cloth. Illustrated.

6s. net.

MINING GEOLOGY,
A TEXT-BOOK FOR MINING STUDENTS AND MINERS.

BY PROF. JAMES PARK, F.G.S., M.Inst.M.M.,
Professor of Mining and Director of the Otago University School of Mines ; late Director-

Thames School of Mines, and Geological Surveyor and Mining Geologist to the
Government or New Zealand

GENERAL CONTENTS. Introduction.- Classification of Mineral Deposits. Ore Veins,
their Filling, Age, and Structure. The Dynamics uf Lodes and Beds. -Ore Deposit!
Genetically Considered Ores and Minerals Considered Economically. Mine Sampling
and Ore Valuation. The Examination and Valuation of Mines. INDEX.

"A work which should find a place in the library of every mining engineer."
Mining World,

LONDON: CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAND.
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WORKS FOR FINANCIERS AND STUDENTS.

-JusT PUBLISHED. In Medium 8vo. Fully Illustrated. Pp. i-xi + 160.

10s. 6d. net.

MODERN MINE VALUATION.
BY M. HOWARD BURNHAM, B.Sc., M.A.I.M.E.,

Late H.M. Inspector of Mines for the Transvaal.

t CONTENTS. Preliminary Considerations. Block Calculations. Bases of Sound Valua-
tion. Sampling. Explanation of Sinking Fund Table (XXII). APPENDIX. INDEX.

In Crown 8vo, Handsome Cloth. 8s. 6d. net.

MINING LAW OF THE BRITISH EMPIRE.
BY CHARLES J. ALFORD, F.G.S., M.Inst.M.M.

CONTENTS. The Principles of Mining Law. The Mining Law of Great
Britain. British India. Ceylon. Burma. The Malay Peninsula British
North Borneo. Egypt. Cyprus. The Dominion of Canada. British
Guiana. The Gold Coast Colony and Ashanti. Cape of Good Hope.
Natal. Orange River Colony. Transvaal Colony. Rhodesia. The
Commonwealth of Australia. New Zealand, &c. INDEX.
" Cannot fail to be useful . . . we cordially recommend the book." Mining World.

SEVENTH EDITION. In Large Svo. Price 10s. 6rf.

MINE ACCOUNTS AND MINING BOOK-KEEPING.
FOP Students, Managers, Secretaries, and others.

With Examples taken from Actual Practice of Leading Companies.
BY JAMES GUNSON LAWN, A.R.S.M., A.M.Inst.C.E., F.G.S.,

Head of the Mining Department, Camborne School of Mines.

EDITED BY SIR C. LE NEVE FOSTER, D.Sc., F.R.S.
"

It seems IMPOSSIBLE to suggest how Mr. LAWN'S book could be made more COMPLETE or

more VALUABLE, careful, and exhaustive." Accountants' Magazine.

THIRD EDITION. In Pocket Size, Strongly Bound in Leather, 3s. 6d.

Provided with Detachable Blank Pages for MS.

THE MINING ENGINEERS' REPORT BOOK
AND DIRECTORS' AND SHAREHOLDERS' GUIDE TO MINING REPORTS.

BY EDWIN R. FIELD, M.INST.M.M.

With Notes on the Valuation of Property, and Tabulating Reports,
Useful Tables, and Examples of Calculations, &c.

"An ADMIRABLY compiled book which Mining Engineers and Managers will find

BXTRHMJLY USEFUL." Mining Journal.

In Crown Svo. Handsome Cloth. Illustrated. 10s. 6d. net.

A DICTIONARY OF

SPANISH-ENGLISH AND SPANISH-AMERICAN MINING,

METALLURGICAL, AND ALLIED TERMS.
To tukick some Portuguese and Portuguese-American (Brazilian) Terms art added.

BY EDWARD HALSE, A.R.S.M.,
Mem. Inst. Ming, and Metall., of the Eng. Inst. of Ming, and Metall. Engrs., &c., &c

" Will be Found of the greatest service to the mining profession." Mining Journal.

LONDON: CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAND.
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WORKS ON PROSPECTING, SINKING, EXPLOSIVES, &e.

In Pocket Size. Strongly Bound in Morocco Leather.

THE MINERALOGY OF THE RARER METALS.
A HANDBOOK FOR PROSPECTORS.

BY AND
EDWARD CAHEN, WILLIAM ORD WOOTTON,

A.R.C.E., F.I.C. A.R.C.S, B.Sc. (Lond.)

With Foreword by K W. HARBOUD, A.R.8.M., F.I.C.

In Medium 8vo, Handsome Cloth. With 18 Figures in the Text,
and 19 Folding Plates. 10*. 6d. net.

SHAFT-SINKING IN DIFFICULT CASES.
BY J. RIEMER,

TRANSLATED BY J. W. BROUGH, A.M.lNST.C.E.

CONTENTS. Shaft Sinking by Hand. Shaft Sinking by Boring. The

Freezing Method. The Sinking Drum Process. - BIBLIOGRAPHY. INDEX.

"The translator deserves the thanks of the raining community for placing this

valuable work before them. . . . The work is one which every mining engineer
should include in his library." Mining World.

SECOND EDITION, Revised In Large Svo, with Numerous Illustrations

and Folding Plates. 10s. 6d.

BLASTING : AND THE USE OF EXPLOSIVES.
BY OSCAR GUTTMANN, M.lNST.C.E., F.I.C., F.C.S.

"Should prove a vade-mecum to Mining Engineers and all engaged in practical work."
Iron and Coal Trades Review.

In Medium 8vo, Cloth. With any Illustrations in the Text.
Four Full Page Plates and Four rolding Tables. 6s. net.

NEW METHODS OF

TESTING EXPLOSIVES.
BY 0. E. BICHEL.

TRANSLATED AND EDITED BY ALEX. LARSEN, M.IssT.C.E.

CONTENTS. Introductory. Historical. Testing Stations. Power
Gauges. Products of Combustion. Rate of Detonation. Length and
Duration of Flame. After-Flame Ratio. Transmission of Explosion.
Conclusions. Efficiency.

"Its pages bristle with suggestions and actual experimental results to an extent
-seldom found in a volume of five times its size." Anns and Explosives.

THIRD EDITION. In Crown Svo. handsome Cloth. With 30 New
Illustrations. 7-s. Qd. net.

ELECTRICAL PRACTICE IN COLLIERIES.
BY PROF. D. BURNS, M.E., M.lNST.M.E.,

Professor of Mining and Geology to the Glasgow and West of Scotland Technical College.
" A clear and concise introduction to electrical practice in collieries." Mining

Journal.

(See also page 32.)

CONDON: CHARLES GRIFFIN & CO.. LIMITED. EXETER STREET. STRAND
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SECOND EDITION, Revised Throughout. In Medium Svo. With
Numerous Plates, Maps, and Illustrations. 21s. net.

CYANIDING GOLD & SILVER ORES.
A Practical Treatise on the Cyanide Process

; its Application,
Methods of Working, Design and Construction of

Plant, and Costs.

BY H. FORBES JULIAN,
Mining and Metallurgical Engineer; Specialist in Gold : Late Technical Adviser or the

Deutsche Gold und Silber Scheide Anstalt, Frankfort-on-Maine.

AND EDGAR SMART, A.M.I.O.E.,.
Civil and Metallurgical Engineer." A handsome volume of 400 pages which will be a valuable book of reference for all

associated with the process." Mining Journal.
"The authors are to be congratulated upon the production of what should prove to be
standard work." Page's Magazine.

In Large Grown 8vo. With 13 Plates and many Illustrations in the Text.
Handsome Cloth. Is. Qd. net.

THE CYANIDE PROCESS OF GOLD EXTRACTION.
A Text-Book for the Use of Metallurgists and Students at

Schools of Mines, Ac.

BY JAMES PARK, F.G.S., M.lNST.M.M.,
Professor of Mining and Director of the Otago University School of Mines

; late Director
Thames School of Mines, and Geological Surveyor and Mining Geologist

to the Government of New Zealand.

FOURTH ENGLISH EDITION. Thoroughly Revised and Greatly Enlarged.
With additional details concerning the Siemens-Halske and other
recent processes.

"Deserves to be ranked as amongst the BEST OF EXISTING TREATISES." Mining Journal.

THIRD EDITION, Revised. With Plates and Illustrations. Cloth, 3s. 6d.

GETTING GOLD :

A GOLD-MINING HANDBOOK FOR PRACTICAL MEN.
BY J. 0. F. JOHNSON, F.G.S., A.I.M.E.,

Life Member Australasian Mine-Managers' Association.

GENERAL CONTENTS. Introductory : Prospecting (Alluvial and General)
Lode or Beef Prospecting Genesiology of Gold Auriferous Lodes Drifts

Gold Extraction Lixiviation Calcination Motor Power and its Transmission

Company Formation Mining Appliances and Methods Australasian

Mining Regulations." PRACTICAL from beginning to end . . . deals thoroughly with the Prospecting,
Sinking, Crushing, and Extraction of gold." Brit. Australasian.

In Crown Svo. Illustrated. Fancy Cloth Boards. 4s. od.

GOLD SEEKING IN SOUTH AFRICA;
A Handbook of Hints for intending Explorers, Prospectors.

and Settlers.

BY THEO KASSNER,
Mine Manager, Author of the Geological Sketch Map of the De Kaap Gold Fields.

With a Chapter on the Agricultural Prospects of South Africa.
"As fascinating as anything ever penned.by Jules Verne." African Commerce.

LONDON : CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET. STRAND.
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GRIFFIN'S "NEW LAND" SERIES.

Practical Hand-Books for the Use of Prospectors, Explorers^

Settlers, Colonists, and all Interested in the opening
up and Development of New Lands.

EDITED BY GRENVILLE A. J. COLE, M.R.I.A., F.G.S.,
Professor of Geology in the Royal College of Science for Ireland, and Examiner ID

the University of London.

In Crown 8vo. Handsome Cioth. 5s.

With Numet ous Maps Specially Draivn and Executed for this Work.

NEW LANDS;
THEIR RESOURCES AND PROSPECTIVE

ADVANTAGES.
BY HUGH ROBERT MILL, D.Sc., LL.D., F.R.S.E.,

"A want admirably supplied. . . . Has the advantage of being written by a pro-
eased Geographer." Geographical Journal.

With many Engravings and Photographs. Handsome Cloth, 4s. 6d.FOOD STIFFLY.
BY ROBERT BRUOE,

Agricultural Superintendent to the Royal Dublin Society.

With Appendix on Preserved Foods by C. A. MITCHELL, B.A., F.I.C.

" The work is one which will appeal to those intending to become farmers at home
or in the Colonies, and who desire to obtain a general idea of the true principles of

farming in ALL ITS BRANCHES." Journal of the Royal Colonial Inst.

SIXTH EDITION. With Illustrations. Handsome Cloth, 5s.

PROSPECTING FOR MINERALS.
A Practical Handbook for Prospectors, Explorers, Settlers, and alt

interested in the Opening up and Development of New Lands.

BY S. HERBERT COX, Assoc.R.S.M., M.Inst.M.M., F.G.S.,
Professor of Mining at the Royal School of Mines.

GENERAL CONTENTS. Introduction and Hints on Geology The Determina-
tion of Minerals : Use of the Blow-pipe, &c. Rock-forming Minerals and Non-
Metallic Minerals of Commercial Value : Rock Salt, Borax, Marbles, Litho-

graphic Stone, Quartz and Opal, &c., &c. Precious Stones and Gems Stratified

Deposits: Coal and Ores Mineral Veins and Lodes Irregular Deposits
Dynamics of Lodes : Faults, &c. Alluvial Deposits Noble Metals : Gold,
Platinum, Silver, &c. Lead Mercury Copper Tin Zinc Iron Nickel,
&c. Sulphur, Antimony, Arsenic, &c. Combustible Minerals Petroleum-
General Hints on Prospecting Glossary Index.

" This ADMIRABLE LITTLE WORK . . . written with SCIENTIFIC ACCURACY In a
CLEAR and LUCID style. ... An IMPORTANT ADDITION to technical literature . . .

Mining Journal.

LONDON? CHARGES GRIFHN & CO,, LIMITED, EXETER STREET, 8TRANC

3



46 CHARLES GRIFFIN <k GO:S PUBLICATIONS.

Demy 8vo, Handsome cloth, 34s.

Stratigraphical Geology & Palaeontology,
ON THE BASIS OF PHILLIPS.

BY R O B E R T E T H E R I D G E, F. R. S.,
OF THE NATURAL HIST. DEPARTMENT, BRITISH MUSEUM, LATE PALEONTOLOGIST TO THE

GEOLOGICAL SURVEY OF GREAT BRITAIN, PAST PRESIDENT OF THE
GEOLOGICAL SOCIETY, ETC.

Witb /foap, numerous Gables, an& 3birtg*fg plates*
. . MllSt take HIGH RANK AMONG WORKS OF RBFERKNCH." AtheilOtum.

In Crown Svo. Fully Illustrated. Cloth. 10s. Gd. net.GEOLOGY FOR E 1* G I 1ST E E I* S.
BY LIEUT. -COL. SORSBIE, R.E.

CONTENTS. Dynamical and Structural Geology. Rocks and Minerals. Historical
Geology. Geological Observation. Practical Geology. Coast Erosion. INDEX.

"Should be in the possession of every engineer." Mining World.

In Crown Svo. Handsome Cloth. 3s. net.

A BIBLIOGRAPHY OF THE
MINERAL WEALTH AND GEOLOGY OF CHINA.

By C. Y. WANG, M. A.
, B. Sc.

,
M. Am. Inst. Min. Eng. , M. Iron & Steel Inst

SIXTH EDITION, Thoroughly Revised. With Illustrations. Cloth. los. 6d.

j^IDS IN
PRACTICAL GEOLOGY;

WITH A SECTION ON PALMONTOLOGY.
BY PROFESSOR GRENVILLE COLE, M.R.I.A., F.G.S.

GENERAL CONTENTS.
Part I. Sampling of Earth's Crust. I Part III. Examination of Rocks.
Part II. Examination of Minerals.

|
Part IV. Examination of Fossils.

"That the work deserves its title, that it is lull of
'

AIDS,' and in the highest degree
'

PRACTICAL,' will be the verdict of all who use it." Nature.

3TUOIES I1NT

BY PROF. G. COLE. [See p. 73.

In Crown Svo. Handsome Cloth. 2s. 6d.

RESEARCHES on the PAST and PRESENT HISTORY of

THE EARTH'S ATMOSPHERE.
Including the latest Discoveries and their Practical Applications.

BY DR. THOMAS LAMB PHIPSON.
H The book should prove of interest to general readers, as well as to meteorologists and

other students of science." Nature.

IOKDON: CHARLES GRIFFIN t CO., LIMJED, EXETER STREET, STRAND,
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(Sriffm s l^isllwrital &exieg.

STANDARD WORKS OF REFERENCE
FOR

Metallurgists, Mine-Owners, Assayers, Manufacturers,
and all interested in the development of

the Metallurgical Industries.

EDITED BY

Sir W. ROBERTS-AUSTEN, K.C.B., D.C.L, F.R.S,
In Large 8ve, Handsome Cloth. With Illustrations.

INTRODUCTION to the STUDY of METALLURGY,
By the EDITOR. SIXTH EDITION. (See p. 48.)

GOLD (The Metallurgy of). By THOS. KIRKE ROSE,
D.Sc., Assoc. R.S.M., F.C.S., Chemist and Assayer of the Royal
Mint. FIFTH EDITION. 2is. (See p. 48.)

LEAD (The Metallurgy of). By H. F. COLLINS, Assoc.

R.S.M;, M.Inst.M.M. SECOND EDITION. (Seep. 49.)

SILVER (The Metallurgy of). By H. F. COLLINS, A.R.S.M.,
M.Inst.M.M. SECOND EDITION. (Seep. 49.)

IRON (The Metallurgy of). By T. TURNER, A.R.S.M.,
F.I.C., F.C.S. THIRD EDITION, Revised, i6s.net. (Seep. 50.)

STEEL (The Metallurgy of). By F. W. HARBORD,
Assoc. R.S.M., F.I.C., and J. W. HALL, A.M.Inst.C.E. FOURTH
EDITION. In Two Volumes. Profusely Illustrated. (See p. 50.)

ALLOYS. By EDWARD F. LAW, AssocR.S.M. With Frontis-

piece in Colours, and Fine Series of Micro-photographs. I2s. 6d. net.

(Seep. 49.)

ANTIMONY. By C. Y. WANG, M.A., B.Sc. Fully Illustrated.

I2s. 6d. net. (See p. 50.)

Will be Published at Short Intervals.

METALLURGICAL MACHINERY : the Application of

Engineering to Metallurgical Problems. By HENRY CHARLES JENKINS,
Wh.Sc., Assoc. R.S.M.

COPPER (The Metallurgy of). By THOS. C. CLOUD, Assoc.
R.S.M.

%* Other Volumes in Preparation.

LONDON: CHARLES GRIFFIN & CO,. LIMITED EXETER STREET, STRAND.
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GRIFFIN'S METALLURGICAL SERIES.

SIXTH EDITION, thoroughly Revised and considerably Enlarged. Large
8vo, Pp. i-xv + 478. With numerous Illustrations and Micro -

Photographic Plates of different varieties of Steel. 18s. net.

An Introduction to the Study of

TV/TTT11""!""1 A T T "TT HP ^H."^7P"

Jj/J-Jrij JL >* (j .tCvjzr JL .

BY

Sir W. ROBERTS-AUSTEN, K.C.B., D.C.L., F.R.S., A.R.S.M.,
Late Chemist and Assayer of the Royal Mint, and Professor of Metallurgy

in the Royal College of Science.

Revised throughout by F. W. HARBORD, A.R.S.M., F.I.C.

GENERAL CONTENTS. The Relation of Metallurgy to Chemistry. Physical Properties
of Metals. Alloys. The Thermal Treatment of Metals. Fuel and Thermal Measurements.

Materials and Products of Metallurgical Processes. Furnaces. Means of Supplying Ail
to Furnaces. Thermo- Chemistry. Typical Metallurgical Processes. The Micro-Structure
of Metals and Alloys. Economic Considerations.

" No English text-book at all approaches this in the COMPLETENESS with
which the most modern views on the subject are dealt with. Professor Austen's
volume will be INVALUABLE, not only to the student, but also to those whose
knowledge of the art is far advanced." Chemical News.

FIFTH EDITION, Revised, Considerably Enlarged, and in part Re-written.

With Frontispiece and numerous Illustrations. 21s.

THE METALLURGY OF GOLD.
BY

T. KIRKE ROSE, D.Sc.Lond, Assoc.R.S.M.
Chemist and Assayer of the Royal Mint.

GENERAL CONTENTS. The Properties of Gold and its Alloys. Chemistry of the
Compounds of Gold. Mode of Occurrence and Distribution of Gold. Shallow Plaeer

Deposits. Deep Placer Deposits. Quartz Crushing in the Stamp Battery. Amalgam-
ation in the Stamp Battery. Other Forms of Crushing and Amalgamating Machinery.
Concentration in Gold Mills. Dry Crushing. He-grinding. Roasting. Chlorination :

The Plattner Process, The Barrel Process, The Vat-Solution Process. The Cyanide
Process. Chemistry of the Cyanide Process. Refining and Parting of Gold Bullion.

Assay of Gold Ores. Assay of Gold Bullion. Statistics of Gold Production. Biblio-

graphy. INDEX.
" A COMPREHENSIVE PRACTICAL TRKATisK on this important subject." The Times.

"The MOST COMPLETE description of the CHLOKINATION PROCESS which has yet been pnb-
liBhed." Mining Journal.

"Adapted for all who are interested in the Gold Mining Industry, being free from tech-
nicalities as far as possible, but is more particularly of value to those engaged in the

industry." Ctape Times.

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND.
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GRIFFIN'S METALLURGICAL SERIES.
EDITED BY SIR W. ROBERTS-AUSTEN, K.C.B., F.R.S., D.C.L.

In Large 8vo. Handsome Cloth. With Illustrations.

SECOND EDITION, Revised Throughout and Enlarged. Pp. i-xx + 538.
With 314 Illustrations, including 12 Folding Plates. 21s. net.

THE METALLURGY OF LEAD.
By H. F. COLLINS, Assoc.E.S.M., M.lNST.M.M.

Contents. INTRODUCTORY. --The Properties of Lead and its Principal Compounds.
Lead Ores. LEAD SMELTING in Reverberatories. Lead Smelting in Hearths.

Boasting Lead and Silver Ores. Blast-Roasting of Lead Ores. Blast-Furnace Lead
Smelting : Principles, Plant, Practice, Products, Examples, Costs and Losses, Ore

Purchasing. Flue-Dust: Composition, Collection, and Treatment. DESILVERISATION.
Softening and Refining for Market. Pattinson Process. Parkes Process. Cupella-

tion and Refining. Electrolytic Refining. SUPPLEMENTARY : Works Assaying and
Analytical Methods. Zinc-Lead Sulphides. Flotation Processes. INDEX.

"A THOROUGHLY SOUND and useful digest. May with EVERY CONFIDENCE be
recommended." Mining Journal.

SECOND EDITION, Revised Throughout and Enlarged. In Preparation.

THE METALLURGY OF SILVER.
BY H. P. COLLINS, Assoc.RS.M., M.lNST.M.M.

Comprising Details regarding the Sources and Treatment of Silver

Ores, together with Descriptions of Plant, Machinery, and Processes of

Manufacture, Refining of Bullion, Cost of Working, &c.

" The author has focussed A LARGE AMOUNT OF VALUABLE INFORMATION Into a
convenient form. . . . The author has evidently considerable practical experience,
and describes the various processes clearly and well." Mining Journal.

Frontispiece in Colours, and Beautiful Series of Photo-micrographs.
12s. 6d. net.

.A. L L O 3T S
AND THEIR INDUSTRIAL APPLICATIONS.

By EDWARD F. LAW, A.R.S.M.

CONTENTS. Introduction. Properties of Alloys. Methods of Investigation.
Constitution. Influence of Temperature on Properties. Corrosion of Alloys. Copper
Alloys, Brass, Bronzes. Special Brasses and Bronzes. German Silver and Miscellaneous
Copper Alloys. White Metal Alloys. Anti-Friction Alloys. Aluminium Alloys.
Silver and Gold Alloys. Iron Alloys. Miscellaneous Alloys (Amalgams, &c.). INDEX.

"Concise and practical ... a valuable amount of information that will be
.appreciated by student and manufacturer alike." Foundry Trades' Journal.

LONDON: CHARLES GRIFFIN & CO., LIM.TED, EXETER STREET, STRAMft
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OBIFFIN'S METALLURGICAL SERIES.

FOURTH EDITION, Thoroughly Revised Throughout. With Numerous
Illustrations. Large 8vo. Two Volumes,

jj
Handsome Cloth. 36s. net.

With Additional Chapter on The Electric Smelting of Steel.

THE METALLDRGY OF STEEL.
BY F. W. HARBORD, Assoc.R.S.M., F.I.C.,

AND J. W. HALL, A.M.lNST.C.E.

Vol. I.-Metallurgy.
Vol. II. Mechanical Treatment.

(N.B. These Volumes are not Sold Separately.)

ABRIDGED CONTENTS. The Plant, Machinery, Methods and Chemistry of the Bessemer
and of the Open Hearth Processes (Acid and Basic). The influence of Metalloids, Heat
Treatment, Special Steels, Microstructure, Testing, and Specifications. The Mechanical
Treatment of Steel comprising Mill Practice, Plant and Machinery.
The Engineer says, at the conclusion of a review of this book :

" We cannot conclude without
earnestly recommending all who may be interested as makers or users of steel, which practically
means the whole of the engineering profession, to make themselves acquainted with it as speedily
as possible, and this may be the more easily done aa the published price, considering the size-
of the book, is extremely moderate."

THIRD EDITION, Revised and Enlarged. With many new Plates.
16s. net.

THE METALLDRGY OF IRON.
BY THOMAS TURNER, Assoc.R.S.M., F.I.C.,

Professor of Metallurgy in the University of Birmingham.
Qtneral Contents. Early History of Iron. Modern History of Iron. The Age of Steel

Chief Iron Ores. Preparation of Iron Ores. The Blast Furnace. The Air used in the
Blast Furnace. Eeactions of the Blast Furnace. The Gaseous Products of the Blast
Furnace The Fuel used in the Blast Furnace. Slags and Fuxes of Iron Smelting
Properties of Cast Iron. Foundry Practice. Wrought Iron. Indirect Production of
Wrought Iron. The Puddling Process. Further Treatment of Wrought Iron. Corrosion
of Iron and Steel.

"A THOROUGHLY USEFUL BOOK, which brings the subject UP TO DATE. OF
OBKAT VALUE to those engaged in the iron industry." Mining Journal.

** For Professor Turner's Lectures on Iron-Founding, see page 53.

In Large 8vo. Handsome Cloth. Fully Illustrated. 12s. 6d. net.ANTIMONY:
Its History, Chemistry, Mineralogy, Geology, Metallurgy, Uses and

Preparation, Analysis, Production and Valuation.

BY C. Y. WANG, M.A., B.Sc.,
Mem. Am. Inst. Mining Eng. ; Mem. Iron and Steel Institute ; Geologist for the

Qnang Si Province, China, &c., &c.

"A book which stands alone, inasmuch as there is not, to our knowledge, any other
complete treatise on antimony arnone aii the Ens-ash text-books." Iron and Coat
Trades' Review.

CONDON: CHARLES GRimM A CO.. LIMITED, EXETER 8TREEL 8TRAMQ.
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In Medium 8vo. Handsome Cloth. Profusely Illustrated. 10s. 6d. net.

LECTURES ON
IVIOOERN COPPE2R SMELTING

BY DONALD M. LEVY, M.Sc.. A.R.S.M.,
Assistant Lecturer in Metallurgy University of Birmingham.

ABRIDGED CONTHNTS. Historical. Price and Cost of Production and Statistic*.
Uses of Copper as Metal and Alloy. Effect of Impurities. Compounds. Ores. Pre-
liminary Treatment. Sintering. Reverberatory Smelting Practice. Blast Furnace
Practice. Bessemerising of Copper Mattes. Purification and Refining of Crude Copper.
INDEX.

"A welcome addition to existing literature on the subject." Chemical Trade Journal*

In Medium 8vo. Handsome Cloth. With Illustrations. 10s. 6d. net.CAST X RON
IN THE LIGHT OF RECENT RESEARCH.

BY W. H. HATFIELD, B.Met., A.M.I.Mech.E.

CONTENTS. INTRODUCTION. Cast Iron from the Standpoint of the Equilibrium.
Diagram of the Non-carbon System. Influence of Silicon. Of Phosphorus. Of Sulphur.

Of Manganese. Of Other Elements. Of Casting Temperature. Shrinkage anc Con-
traction. Growth of Cast Iron under Repeated Heatings. Effect of Superheated Steam.

Malleable Cast Iron. Heat Treatment of Cast Iron. Decarburisation of White Cast-
iron Castings. Mechanical Properties of Cast and Malleable Cast Iron. Slags.
APPENDICES. INDEX.

"A valuable addition to Griffin's noted metallurgical publications." Mining
Magazine,

TWELFTH EDITION. With Tables and Illustrations. Cloth, IDS. 6d.

A TEXT-BOOK OF ASSAYING:
For the use of Students, Mine Managers, Assayers, do.

BY J. J. BERINGER, F.I.C.. F.C.S.,
Public Analyst for, and Lecturer to the Mining Association of, Cornwall.

AND C. BERINGER, F.C.S.,
Late Chief Assayer to the Rio Tinto Copper Company, London,

GENERAL CONTENTS. PART I. INTRODUCTORY ; MANIPULATION : Sampling ;

Drying ; Calculation of Results Laboratory-books and Reports. METHODS : Dry Gravi-
metric; Wet Gravimetric Volumetric Assays: Titrometnc, Colorimetric, Gasometric

Weighing and Measuring Reagents Formulae, Equations, &c. Specific Gravity.
PART II. METALS: Detection and Assay of Silver, Gold, Platinum, Mercury, Copper,

Lead, Thallium, Bismuth, Antimony, Iron, Nickel, Cobalt, Zinc, Cadmium, Tin, Tungsten,
Titanium, Manganese, Chromium, &c. Earths, Alkalies.

PART III. NON-METALS: Oxygen and Oxides; The Halogens Sulphur and Sul-

phates Arsenic, Phosphorus, Nitrogen Silicon, Carbon, Boron Useful Tables.

"A REALLY MERITORIOUS WORK, that may be safely depended upon either for systematic
instruction or for reference." Nature.

Large 8vo. Cloth. With Illustrations. 12s. 6d. net.

METALLURGICAL ANALYSIS & ASSAYING :

A THREE YEARS' COURSE FOR STUDENTS OF SCHOOLS OF MINES.

BY W. A. MACLEOD, B.A., B.Sc., AND CHAS. WALKER, F.C.S.

"The publication of this volume tends to prove that the teaching of metallurgical
analysis and assaying in Australia rests in competent hands." Mature.

IQNDOH: CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAMD,
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IN TWO VOLUMES, SOLD SEPARATELY.

In Handsome Cloth, Leather Back. Price 21s. net.

RAND METALLURGICAL PRACTICE.
VOLUME I,, pp. i-xix + 486, contains

Introduction by RALPH STOKES. Breaking and Sorting Sand Treatment,

by J. E. THOMAS, A.I.M.M., &c. Stamp Milling, by G. 0. SMART,
A.I.M.M., &c. Tube Milling: Slime Treatment, by W. R. BOWLING,
M.I.M.M., &c. Slime Treatment, by H. A. WHITE, Mem. Council
of C.M. and M.Soc.S.A. Precipitation: Clean-up and Smelting, by
E. H. JOHNSON, M.I.M.M., &c. Chemistry of Banket Ore Treatment,
by VV. A. CALDECOTT, D.Sc., F.C.S., F.R.S., &c. Assaying, Testing,

by A. M A. JOHNSTON, M.A., M.T.M.M., F.C.S., &c.

In Handsome Cloth, Leather Back. Price 21s. net.

RAND METALLURGICAL PRACTICE.
VOLUME II., pp. i-xxii + 438, contains-

Design and Construction of Plant, Transport of Materials, by C. 6.

SCHMITT, M.I.MM., Member Council of Transvaal Institution of

Mechanical Engineers.

"Without doubt one of the most important books on metallurgical practice ever

published." Mining Magazine.
"Invaluable. . . . We have only words of the highest praise for the work."

Mining World.

In Crown 8vo. Handsome Cloth. Fully Illustrated. 3s. net.

AN INTRODUCTION TO

PRACTICAL METALLURGY.
BY PEOF. THOMAS TURNER, A.R.S.M., F.I.O.

"It is an excellent and handy book for its purpose, and will have a far wider range
of usefulness than for class work alone." Practical Engine r.

FOURTH EDITION, Revised. With Numerous Illustrations. 68.

A TEXT-BOOK OP

ELEMENTARY METALLURGY.
Including the Author's PRACTICAL LABORATORY COURSE.

BY A. HUMBOLDT SEXTON, F.I.C., F.O.S.
"Just the kind of work for Students COMMENCING the study of Metallurgy, or for ENGINEERING

Students." Practical Engineer.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND.
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SECOND EDITION. In Crown 8vo. Handsome Cloth. Thoroughly
Revised and very greatly Enlarged.

A HANDBOOK ONMETALLIC ALLOYS:
Their Structure and Constitution.

BY GILBERT H. GULLIVER, B.Sc., F.R.S.E.
"A valuable addition to existing literature on alloys." Foundry Trades' Journal.

In Large 8vo. Handsome Cloth. Price 4s.

QUANTITATIVE METALLURGICAL ANALYSIS.
TABLES FOR LABORATORY USE.

ON THE PRINCIPLE OF "GROUP" SEPARATIONS.

BY J. JAMES MORGAN, F.O.S., M.S.O.T.
"The Author may be CONGRATULATED on the way his work has been carried out.

"

The Engineer.

THIRD SEDITION. In Handsome Cloth. Kevised, Enlarged, and
Re-written, Pp. i-xv + 425. Fully Illustrated. 12s.6d.net.

A TREATISE ON

ELECTRO -METALLURGY:
Embracing the Application of Electrolysis to the Plating, Depositing,

Smelting, and Refining of various Metals, and to the Repro-
duction of Printing Surfaces and Art-Work, &c.

BY W. G. M'MILLAN, F.I.C., AND W. R. COOPER. M.A., B.Sc.

"CONTENTS. Introductory and Historical. Theoretical and General. Sources of
Current. General Conditions to be Observed in Electro-Plating. Plating Adjuncts and
Deposition of Plant. The Cleansing and Preparation of Work for the Depositing-Vat,
and subsequent Plating of Plated Goods. The Electro-deposition of Copper. Electro-

typing. The Electro-deposition of Silver, Gold, Nickel and Cobalt, Iron, Platinum,
Zinc, Chromium, Cadmium, Tin, Lead, Antimony, Bismuth, and Palladium ; Electro-

chromy. The Electro-deposition of Alloys. Electro-metallurgical Extraction and
Refining Processes. The Recovery of certain Metals from their Solutions or from Waste
Substances. The Determination of the Proportion of Metal in certain Depositing
Solutions. Power required for Electrolytic Work. Modern Theories of Electrolysis.
Glossary. Addenda. INDEX.

" A most valuable cyclopsedia as well as a guiding text-book . . . gives a
wonderful amount of information." Metal Industry.

SECOND EDITION, Thoroughly Revised and Enlarged. In large 8vo.

With Numerous Illustrations and Three Folding-Plates. 21s. net.

ELECTRIC SMELTIM & EEHKIft:
A Practical Manual of the Extraction and Treatment

of Metals by Electrical Methods.

Being the " ELEKTRO-METALLURGIE "
of DR. W. BORCHERS.

Translated from the Latest German Edition by WALTER G. M'MILLAN,
F.I.C., F.C.S.

" COMPREHENSIVE and AUTHORITATIVE . . . not only FULL of VALUABLE INFOR-
MATION, but gives evidence of a THOROUGH INSIGHT into the technical VALUE and
POSSIBILITIES of all the methods discussed." The Electrician.

LONDON: CHARLES GRIFFIN & CO., LIMITED EXETER STREET, STRAND.
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SECOND EDITION, Thoroughly Revised. In Medium 8vo. Fully
Illustrated. 15s net.

GENERAL FOUNDRY PRACTICE:
A Practical Handbook for Iron, Steel and Brass Founders,

Metallurgists, and Students of Metallurgy.

BY A. MCWILLIAM, A.R.S.M., AND PERCY LONGMUIR.
" The student of foundry work . . . needs no other text-book. . . . The book

contains a tremendous amount of information, and is well written." Engineering Times.

SECOND EDITION. Extra Crown 8vo. With many Illustrations.

3s. 6d. net.

LECTURES ON IRON-FOUNDING.
BY THOMAS TURNER, M.Sc., A.R.S.M., F.I.C.,

Professor of Metallurgy in the University of Birmingham.

CONTENTS. Varieties of Iron and Steel. Application of Cast Iron. History. Pro-
duction. Iron Ores. Composition. The Blast Furnace. Materials. Reactions.

Grading Pig Iron. Carbon, Silicon, Sulphur, Phosphorus, Manganese, Aluminium,
Arsenic, Copper, and Titanium. The Foundry. General Arrangement. Re-melting
Cast Iron. The Cupola. Fuel Used. Changes due to Re-melting. Moulds and
Moulding. Foundry Ladles. Pouring and Pouring Temperature. Common Troiibles.
Influence of Shape and Size on Strength of Castings. Tests.
" Ironfounders will find much information in the book." Iron Trade Circular

Ryland's).

In Crown 8vo. Handsome Cloth. Is. 6d. net.

BLAST FURNACE PRACTICE.
BY J. JAMES MORGAN, F.C.S., M.S.C.L,

Author of "Quantitative Metallurgical Tables," &c.

"Excellent ,
. . It is essentially suitable for the practical man, and to the

beginner particularly it should prove valuable." Iron and Coal Trades Record.

In Crown 8vo. Handsome Cloth. 2s. 6d. net.

NOTES ON FOUNDRY PRACTICE.
BY J. JAMES MORGAN, F.C.S., M.S. C.I.

SECOND EDITION, Itevise.d. In Demy 8vo. With 14*5 Illustrations

and 12 new Plates. 7s. 6d. net.

THE ART OF THE GOLDSMITH AND JEWELLER.
A Manual on the Manipulation of Gold and the

Manufacture of Personal Ornaments.

BY THOS. B. WIGLEY,
Headmaster of the Jewellers and Silversmiths' Assoc. Tech. School, Birmingham.

ASSISTED BY J. H. STANSBIE, B.Sc. (LOND.), F.I.O.,
Lecturer at the Birmingham Municipal Techr.ical School.

" A recognised standard work." Jeweller? and Watchmakers' Trade Advertiser.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND,
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THIRD EDITION, Thoroughly Revised, Enlarged, and Re-set Throughout..
Three Volumes, ivith Valuable Bibliography, New Maps, Illustrations, <kc.

IN TWO VOLUIVTES.
A T R E A TISE ON

:P:ET:R,O:IL:H]TJ:M:.
BY SIR BOVERTON REDWOOD,

D.Sc., F.B.S.E., ASSOO.INST.C.E , F.I.O.

CONTENTS. SECTION I. : Historical Account of the Petroleum Industry. SECTION II. :

Geological and Geographical Distribution of Petroleum and Natural Gas. SECTION III.:

The Chemical and Physical Properties of Petroleum and Natural Gas. -SECTION IV.:
The Origin of Petroleum and Natural Gas. SECTION V.: The Production of Petroleum,
Natural Gas, and Ozokerite. SECTION VI.: The Refining of Petroleum. SECTION VII.:
The Shale Oil and Allied Industries. SECTION VIII.: The Transport, Storage, and Dis-
tribution of Petroleum. SECTION IX. : The Testing of Crude Petroleum, Petroleum and
Shale Oil Products, Ozokerite, and Asphalt. SECTION X : The Uses of Petroleum and
its Products. SECTION XI. : Statutory, Municipal, and other Regulations relating to
the Testing, Storage, Transport, and Use of Petroleum and its Products. BIBLIO-
GRAPHY. APPENDICES. INDEX.

"It is indisputably the most comprehensive and complete treatise on petroleum, and this-

statement is true, no matter on what branch of the industry a test of its merits is made. It is

the only book in existence which gives the oil man a clear and reliable outline of the growth and
present-day condition of the entire petroleum world. . . . There is a wonderfully complete
collection of plates and illustrations. -Petroleum World.

SECOND EDITION, Revised. With Illustrations. Price 8s. Qd. net.

A HANDBOOK ON PETROLEUM.
FOR INSPECTORS UNDER THE PETROLEUM ACTS,

And for those engaged in the Storage, Transport, Distribution, and Industrial"
Use of Petroleum and its Products, and of Calcium Carbide. With

suggestions on the Construction and Use of Mineral Oil Lamps.
BY CAPTAIN J. H. THOMSON,

H.M. Chief Inspector of Explosives,

AND SIR BOVERTON REDWOOD,
Author of "A Treatise on Petroleum."

"A volume that will enrich the world's petroleum literature, and render a service to the
British branch of the industry. . . . Reliable, indispensable, a brilliant contribution."
Petroleum.

SECOND EDITION, Revised. In Crown 8vo. Fully Illustrated.

THE LABORATORY BOOK OF MINERAL OIL TESTING.
BY J. A. HICKS,

Chemist to Sir Boverton lledwood
Should be on the shelves of every analytical chemist in practice." Chemical Trade Journal.

SECOND EDITION. In Large Crown 8vo, Cloth. Fully Illustrated 6s. net.OIL FUEL:
ITS SUPPLY, COMPOSITION, AND APPLICATION.

BY SIDNEY H. NORTH,
THOROUGHLY REVISED AND ENLARGED BY ED. BUTLER. M.I.MECH.E.

CONTENTS. The Sources of Supply. Economic Aspect of Liquid Fuel. Chemical
Composition of Fuel Oils. Conditions of Combustion in Oil Fuel Furnaces. Early
Methods and Experiments. Modern Burners and Methods. Oil Fuel for Marine Pur-
poses. For Naval Purposes. On Locomotives. For Metallurgical and other Purposes.
Appendices. -INDEX."

Everyone interested in this important question will welcome Mr. North's excellent
text-book." Nature.

THE PETROLEUM LAMP: Its Choice and Use. A Guide
to the Safe Employment of the Paraffin Lamp. By CAPT. J. H,
THOMSON and Sir BOVERTON REDWOOD. Illustrated. 1 s. net.

"A work which will meet every purpose for which it has been written."- Petroleum.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND
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In Two Vols., Large 8vo. With Illustrations. Sold Separately,

CHEMISTRY FOR ENGINEERS
AND MANUFACTURERS.

BY

BERTRAM BLOUNT, F.I.C., & A. G. BLOXAM, F.I.O.

VOLUME I. Chemistry of Engineering, Building, and Metallurgy. General
Contents. INTRODUCTION. Chemistry of the Chief Materials of Construction.
Sources of Energy. Chemistry of Steam-raising. Chemistry of Lubrication and
Lubricants. Metallurgical Processes used in the Winning and Manufacture of

Metals. SECOND EDITION. 14s.

VOLUME II. The Chemistry of Manufacturing Processes. General Content*.

Sulphuric Acid Manufacture. Alkali, &c. Destructive Distillation. Artificial

Manure. Petroleum. Lime and Cement Clay and Glass. Sugar and Starch.

Brewing and Distilling. Oils, Resins, and Varnishes. Soap and Candles. Textiles
and Bleaching. Colouring Matters, Dyeing and Printing. Paper and Pasteboard.

Pigments and Paints. Leather, Glue, and Size. Explosives and Matches. Minor
Manufactures. SECOND EDITION, Reprinted. Illustrated. 16s.

SECOND EDITION. In Large 8vo. Handsome Cloth. With 800 pages
and 154 Illustrations. 255. net.

OILS, FATS, BUTTERS, AND WAXES :

THEIR PREPARATION AND PROPERTIES, AND MANUFACTURE THERE-
FROM OF CANDLES, SOAPS, AND OTHER PRODUCTS.

BY C. R. ALDER WRIGHT, D.Sc., F.R.S.,
Late Lecturer on Chemistry, St. Mary's Hospital Medical School ; Examiner

in "Soap" to the City and Guilds of London Institute.

Thoroughly Revised, Enlarged, and in Part Rewritten

BY C. AINSWORTH MITCHELL, B.A., F.I.C., F.C.S.

"Will be found ABSOLUTELY INDISPENSABLE.' The Analyst.
"Will rank as the STANDARD ENGLISH AUTHORITY on OILS and FATS for many

fears to come." Industries and Iron.

In Two Volumes, Half Morocco, each complete in itself.

PHYSICO-CHEMICAL TABLES
For the Use of Analysts, Physicists, Chemical Manufacturers and

Scientific Chemists.

Volume I. Chemical Engineering, Physical Chemistry.
Pp. i-xxxii + 548. 24s. net.

Volume II. Chemical Physics, Pure and Analytical Chemistry.
Pp. i-xiv + 549 to 1235. With Index to the two Volumes. 36s. net.

BY JOHN CASTELL-EVANS, F.I.C., F.C.S.

The Work comprehends as far as possible ALL RULES AND TABLES required by the

Analyst, Brewer, Distiller, Acid- and Alkali-Manufacturer, &c., &c. ; and also the prin-

cipal data in THBRMO-CHEMISTRY, ELECTRO-CHEMISTRY, and the various branches of

CHEMICAL PHYSICS. Every possible care has been taken to ensure perfect accuracy, and
to include the results of the most recent investigations.

IONDON: CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAHBl
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SIXTH EDITION, Thoroughly Revised. Fully Illustrated. 21s.

FOODS : THEIR COMPOSITION AND ANALYSIS.

BY A. WYNTER BLYTH, M.R.C.S., F.I.O., F.O.S.,
Barrister-at-Law, Public Analyst for the County of Devon, and

Medical Officer of Health for St. Marylebone.

AND M. WYNTER BLYTH, B.A., B.Sc., F.C.S.

GENERAL CONTENTS. History of Adulteration. Legislation. Apparatus. "Ash."
Sugar. Confectionery. Honey. Treacle. Jams and Preserved Fruits. Starches.
Wheaten-Flour. Bread. Oats. Barley. Bye. Rice. Maize. Millet. Potatoes.
Peas. Lentils. Beans Milk. Cream. Butter. Oleo-Margariue. Cheese. Lard.
Tea. Coffee. Cocoa and Chocolate. Alcohol. Brandy. Rum. Whisky. Gin.
Arrack. Liqueurs. Absinthe. Yeast. Beer. Wine. Vinegar. Lemon and Lime
Juice. Mustard. Pepper. Sweet and Bitter Almonds. Annatto. Oilve Oil. Water
Analysis. Appendix : Adulteration Acts, &c,

" A new edition of Mr. Wynter Blyth's Standard work, ENRICHED WITH ALL THE KECEVT
DISCOVERIES AND IMPROVEMENTS, will be accepted as a boon." Chemical Newt.

FOUBTH EDITION, Thoroughly Revised. In Large 8vo, Cloth, with
Tables and Illustrations. 21s. net.

POISONS : THEIR EFFECTS AND DETECTION.

BY A. WYNTER BLYTH, M.R.C.S., F.I.C., F.O.S.,
BarriBter-at-Law, Public Analyst for the County of Devon, and

Medical Officer of Health for St. Marylebone.

GENERAL CONTENTS. I. Historical Introduction. II. Classification Statistics-
Connection between Toxic Action and Chemical Composition Life Tests General
Method of Procedure The Spectroscope Examination of Blood and Blood Stains.
III. Poisonous Gases. IV. Acids and Alkalies. V. More or less Volatile Poisonous
Substances. VI. Alkaloids and Poisonous Vegetable Principles. VII. Poisons derived
from Living or Dead Animal Substances. VIII. The Oxalic Acid Group. IX.
Inorganic Poisons. Appendix: Treatment, by Antidotes or otherwise, of Cases of
Poisoning.

"
Undoubtedly THB MOST COMPLETE WORK on Toxicology in our language."The Analyst.

"* As a PRACTICAL GUIDE, we know NO BETTER work." The Lancet (on the Third Edition).

Crown 8vo, Handsome Cloth. Fully Illustrated. los. 6d.

FLESH FOODS:
With Methods for their Chemical, Microscopical, and Bacterio-

logical Examination.

A Practical Handbook for Medical Men, Analysts, Inspectors and others.

BY C. AINSWORTH MITCHELL, B.A., F.I.C., F.C.S.
" A compilation which will be most useful for the class for whom it is intended." Athenaum.

IONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET. STRAND.
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SECOND EDITION. With Numerous Tables, Fully Illustrated.

DAIRY CHEMISTRY
FOR DAIRY MANAGERS, CHEMISTS, AND ANALYSTS

A Practical Handbook for Dairy Chemists and others

having Control of Dairies.

BY H. DROOP RICHMOND, F.I.C.,
CHEMIST TO THE AYLESBURY DAIRY COMPANY.

"... In our opinion the book is the BEST CONTRIBUTION CN THE SUBJECT THAT
VHAS YET APPEARED in the English language." Lancet (on the First Edition).

In Crown 8vo, Fully Illustrated. 2s. 6d. net.

THE LABORATORY BOOK OF

DAIRY ANALYSIS.
BY H. DROOP RICHMOND, F.I.C.

" Without doubt the best contribution to the literature of its subject that has ever been
written." Medical Times,

^Illustrated. With Photographs of Various Breeds of Cattle, &c. 6s. net.

MILK: ITS PRODUCTION & USES.
With Chapters on Dairy Farming, The Diseases of Cattle, and on the

Hygiene and Control of Supplies.

BY EDWARD F. WILLOUGHBY, M.D., D.P.H.
"We cordially recommend it to everyone who has anything at all to do with milk."

*Dairy World.

In Crown 8vo. Handsome Cloth. Fully Illustrated.

A MANUAL, OF
PRACTICAL AGRICULTURAL BACTERIOLOGY.

BY PROF. DK. F. LOHNIS.
Translated by W. STEVENSON, of the West of Scotland Agricultural College, and

J. HUNTER SMITH, B.Sc., Assistant in the Laboratory of Dr. F. Lohnis.

In Large Crown 8vo. Cloth. Fully Illustrated. 4s. 6d. net.

ELEMENTARY AGRICULTURAL CHEMISTRY.
BY HERBERT INGLE, B.Sc., F.I.C., F.C.S.

CONTENTS. Introduction. The Atmosphere. The Soil. Natural Wr
aters. The

"Plant. Manures. Crops. The Animal. Foods and Feeding. The Dairy. Miscel-
laneous. INDEX.

FIFTH EDITION. In Demy 8vo. Kevised Throughout. Pp. i xi + 489.
With 101 Illustrations. In Cloth. 15s. net.

MICRO-ORGANISMS AND FERMENTATION.
BY ALFRED JORGENSEN.

TRANSLATED BY SAMUEL H. DAVIES, M.Sc.
" The student taking up this subject would do well to work through this book first

,and then take Lafar's." Breiving Trade Review.

LONDON : CHARLES iRLFFIN & CO., LIMITED, EXETER STREET, 8TRANDI
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THIRD EDITION. In Handsome Cloth. Fully Illustrated. 21s. net.

PRINCIPLES AND PRACTICE OF BREWING.
FOR THE USE OF STUDENTS AND PRACTICAL MEN.

BY WALTER J. SYKES.

REVISED BY ARTHUR R. LING, F.I.C., F.C.S.,
Editor of the Journal of the Institute of Brewing.

CONTENTS. Physical Principles Involved. The Chemistry of Brewing. The
Microscope. Vegetable Biology. Fermentation. Water. Barley and Malting.
Arrangement of Brewery Plant. Quantities of Materials. Fermentation. Antiseptics.

Finings. Characteristics of Beer. Diseases of Beer. INDEX.
" A thorough and comprehensive text-book . . . up-to-date . . . a standard

text-book." Brewers' Journal.

In Large 8vo. Complete in Two Volumes.

Each Volume Complete In Itself, and Sold Separately.

TECHNICAL MYCOLOGY:
The Utilisation of Micro-organisms in the Arts and Manufactures.

BY DR. FRANZ LAFAR,
Prof, of Fermentation-Physiology and Bacteriology in the Technical High School, Vienna.

TRANSLATED BY CHARLES T. C. SALTER.

Vol. I.-SCHIZOMYCBTIC FERMENTATION. 15s. net.

Vol. II.-EUMYCETIC FERMENTATION. 24s. net,

NOTE. Part I. of Vol. II. was issued separately at 7s. 6d. Copies of Part II.,
Vol. II., have, therefore, been bound up to enable those possessing Part I. to complete
their copies. The price of Vol. II., Part II., is 18s. net.

"The tirst work of the kind which can lay claim to completeness in the treatment of
a fascinating subject. The plan is admirable, the classification simple, the style is good,
and the tendency of the whole volume is to convey sure information to the reader."
Lancet.

Crown 8vo, Handsome Cloth. With Diagrams. 7s. 6d. net.

[Companion Volume to "FERMENTS," by the same Author.]

TOXINES AND ANTITOXINES.
BY OARL OPPENHEIMER, PH.D., M.D.,

Of the Physiological Institute at Erlangen.

TRANSLATED FROM THE GERMAN BY

C. AINSWORTH MITCHELL, B.A., F.I.C., F.C.S.
With Notes, and Additions by the Author, since the publication of the German Edition.

"For wealth of detail, we have no small work on Toxines which equals the one
under review." Medical Times

In Crown 8vo, Handsome Cloth. Price 7s. 6d. net.

FERMENTS : AND THEIR ACTIONS.
A Text-booh on the Chemistry and Physics of Fermentative Changes.

BY CARL OPPENHEIMER, PH.D., M.D.
TRANSLATED BY C. AINSWORTH MITCHELL, B.A., F.I.C., F.C.S.
" Such a veritable niultnm in parro has never yet appeared." Brewers' Journal.

LONDON : CHARLES GRIFFIN & CO., LIMITED. EXETER STREET, STRAND
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In Crown 8vo. Handsome Cloth. Pp. i-vi+H4. 35. 6d. net.

THE CHEMISTRY OF THE COLLOIDS
TRANSLATED FROM THE GERMAN OF DR. VICTOR POSCHL

BY DR. H. H. HODGSON.
"An excellent little summary of the subject

' Chemical Neivs.

In Medium 8vo. Handsome Cloth. With Plates and Illustrations.

.A. T :R,:E .A. T i s IE o icsr

CHEMICAL ANALYSIS,
With Special Reference to Clays, Glasses, Minerals, and the

Silicate Industries.

BY J. W. MELLOR, Sc.D.

In Medium Svo. Handsome Cloth. Illustrated. Pp. i-xix + 359. 25s.net

CELLULOID,
ITS MANUFACTURE, APPLICATIONS, AND SUBSTITUTES.

Translated from the French of MASSELOX, ROBERTS, and CILLARD.

BY H. H. HODGSON, M.A.(Camb.), B.Sc.(Lond.), Ph.D. (Heidelberg).

In Crown Svo. Fully Illustrated. 4s. 6d. net.

WATER ANALYSIS,
FOR SANITARY AND TECHNICAL PURPOSES.

BY HERBERT B. STOCKS, F.I.C., F.C.S.

CONTENTS. Physical Examination, including Colour, Odour, Taste, &c.

Sanitary Analysis, including Estimation of Total Solids, Free and
Albuminoid Ammonia, Organic Carbon and Nitrogen, Nitrogen as Nitrates
and Nitrites, Chlorine, Oxygen Absorbed, Hardness, &c. Mineral Ana-

lysis, Estimation of Bases and Acids and Calculation of Results. Gases
Dissolved in Water. APPENDIX. TABLES. INDEX.

" Conciseness in detail of this important subject makes this a useful book for those

engaged in sanitary water analysis." Chemical Trade Journal.

SECOND EDITION, Revised. In Medium Svo, Cloth. Illustrated.

I2s. 6d. net.

PAPER TECHNOLOGY:
AN ELEMENTARY MANUAL ON THE MANUFACTURE, PHYSICAL QUALITIES,

AND CHEMICAL CONSTITUENTS OF PAPER AND OF
PAPERMAKING FIBRES.

With Selected Tables for Stationers, Publishers, and Others.

BY R. W. SINDALL, F.C.S.
"
Exceedingly instructive and particularly useful." Paper Makers Monthly Journal.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND.
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In Crown 8vo. Handsome Cloth. Fully Illustrated. 6s. net.

PEAT: Its Use and manufacture.
BY PHILIP R. BJORLING AND FREDERICK T. GISSING.

GENERAL CONTENTS. Introduction. The Formation of Peat. Area and Depth of Bogs in

Principal Countries. Manufacture of Peat Fuel, <Vc. Cut Peat, Dredged Peat, and Manufactured
Peat. Machinery employed in the Manufacture ofPeat Fuel. Peat Moss Litter, and the Machinery
employed in its Manufacture. Peat Charcoal and its Manufacture Cost of making Peat Fuel and
Charcoal. Other Productions derived from Peat, such as Tar, Manure, Candles, Dyes, Paper, &c.
BIBLIOGRAPHY. INDEX.

"The treatment throughout is clear and interesting . . . excellent plates." Engineering.

Companion Volume to the above. In Crown 8vo. Cloth. Fully Illustrated. 6s. net.

COMMERCIAL PEAT:
Its Uses and Its Possibilities.

BY F. T. GISSING.
"A useful and instructive epitome of the development of the industry." Mechanical

Engineer.

In Crown Svo. Pp. i-xi + 451. Price 7s. 6d. net.

British Clays, Shales & Sands
Bv A. B. SEARLE, CANTOR LECTURER, ON BRICKMAKING.

SECOND EDITION, Thoroughly Revised. In Crown Svo. Handsome Cloth. 6s. net.

THE CLAYWORKER'S HANDBOOK.
A Manual for all engaged in the Manufacture of Articles from Clay,

BY ALKRIvD B. SEARLE, Cantor Lecturer on Brickmaking.
GENERAL CONTENTS. Materials used in Clayworking ; Clays, Engobes, Glazes, Colours,

Water, Fuel, Oils, and Lubricants. The Preparation of the Clay, Mining and Quarrying,
Weathering, Washing, Grinding Tempering, and Pugging. Machinery ; Boilers, Engines, Genera!
Machinery, >ieves, Mix'

"
. ixing Machinery, Presses, <fec. Dryers and Drying. Engobing and Glazing.

Setting or Charging, Transport. Kilns.-Firing. Discharging, Sorting, and Packing. Defects
and Waste.Tests, Analysis and Control. BIBLIO ;RAPHY. TABLES.- INDEX.

"We can thoroughly recommend this handy little book to aU our readers." -Brick and
Pottery Trades' Journal.

In Imperial Svo. Strongly and Elegantly Bound in Half Leather.
Enclosed in Case. Pp. i-xviii + 660. 2 2s. net.

CERAMIC LITERATURE.
Compiled, Classified, and Described by M. L. SOLON,

President of the English Ceramic Society.

An Analytical Index to the Works Published in all Languages on the History and
the Technology of the Ceramic Art ; also to the Catalogues of Public Museums, Private
Collections, and of Auction Sales in which the Description of Ceramic Objects occupy
an important place ; and to the most important Price Lists of the Ancient and Modern
Manufactories of Pottery and Porcelain.

"A work of inestimable value to all serious study of Ceramics." Burlington
Magazine.

iOMDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND
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In Medium 8vo. Cloth. Pp. i-xiii + 350. With Tables, Illustrations
in the Text, and 36 Plates. 21s. net.

MODERN METHODS OFSEWAGE ^XJJRIJPICAXION.
BY G. BERTRAM KEliSHAW,

Engineer to the Royal Commission on .Sewage Disposal." A large and comprehensive work . . . replete with information." -Journal
Royal Sanitary Institute.

In Large 8vo. Cloth. With 147 Illustrations. 15s. net.

A MANUAL OF

THE PRINCIPLES OF SEWAGE TREATMENT.
BY PROF. DUNBAR,

Director of the Institute of State Hygiene, Hamburg.

ENGLISH EDITION BY HARRY T. (JALVKRT, M.Sc., PH.D., F.I.C.,
Chief Chemical Assistant, West Riding of Yorkshire Rivers Board.

" We heartily commend the book as a peculiarly fair and impartial statement of the

present position of the sewage problem." Lancet.

In Medium 8vo. Handsome Cloth. With Plates and Numerous other Illustrations.

A TEXT - BOOHL O 1ST

TRADE WASTE WATERS,
THEIR NATURE AND DISPOSAL.
Br AND

H MACLEAN WILSON, H. T. GALVERT,
M.D., B.Sc., M.Sc., Ph.D., F.I. C.,

Chief Inspector, West Riding of Yorkshire Chief Chemical Assistant to the West
Rivers Board. Riding of Yorkshire Rivers Board.

Beautifully Illustrated, witk Numerous Plates, Diagrams, and

Figures in the Text. 21s. net.

T R A D E S' WASTE:
ITS TREATMENT AND UTILISATION.

BY W. NAY LOR, F.O.S., A.M.lNST.C.E.,
Chief Inspector of Rivers, Kibble Joint Committee.

"There is probably no person in England to-day better fitted to deal rationally with

uch a subject." British Sanitarian.

SECOND EDITION. In Medium 8vo. Thoroughly Revised and Re-Written.

155. net,

CALCAREOUS CEMENTS:
THEIR NATURE, PREPARATION, AND USES.

Witn some R@ma.xlcs upon. Cement Testing.
BY GILBERT R. REDGRAVE Assoc. INST. C.E.,

Assistant Secretary for Technology, Board of Education, South Kensington,

AND CHARLES SPACKMAN, F.C.S.
"We can thoroughly recommend it as a first-class investment." Practical Enginetr.

In Handsome Cloth. 5s. net.

A HANDBOOK FOR CEMENT WORKS' CHEMISTS.
BY FRANK B. GATEHOUSE, F.C.S.

"Concise . . excellent . . . a useful addition to Cement Literature."- Concrete.

LONDON : CHARLES GRIFFIN & P.O., LIMITED, EXETER STREET, STRAND.
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In Large Crown 8vo. Fully Illustrated. In Two Volumes.

VOLUME I. FOURTH EDITION. Price 7s. 6d. net.
,. II. THIRD EDITION. READY SHORTLY.

THE CHEMISTRY OF

GAS JVEANTUFACTURE :

A Hand-Book on the Production, Purification, and Testing of Illuminating
Gas, and the Assay of the Bye-Products of Gas Manufacture.

BY W. J. ATKINSON BUTTERFIELD, M.A., F.I.C., F.O.S.,
Formerly Head Chemist. Gas Works, Beckton, London. E.

" The BEST WORK of its kind which we have ever had the pleasure of re-

viewing." Journal of Gas Lighting.

In Large Crown 8vo. Handsome Cloth. Illustrated. 6s net.

THE CALORIFIC POWER OF GAS.
BY J. H. COSTE, F.I.C., F.C.S.

CONTENTS. Historical. Calorific Standards. Constituents of Coal Gas and Similar
Gaseous Mixtures. Their Thermal Properties. Calorimetry. Appendix. INDEX.

"Briefly, we have traced the evolution of gas testing as set out so admirably by Mr.
Coste ... An Appendix, with some valuable and practical tables, completes this

admirable book." Gas hngineers' Magazine.

SECOND EDITION, Rewritten. Illustrated. 8s. 6d. net.ACETYLENE:
THE PRINCIPLES OP ITS GENERATION AND USE.

BY F. H. LEEDS, F.I.O., F.C.S.,
AND W. J. ATKINSON BUTTE11FIELD, M.A., F.I.C., F.C.S.,

Consulting Chemist, Author of "The Chemistry of Gas Manufacture."

"We can thoroughly recommend the book to the manufacturer as a reliable work
of reference, to the user as supplying valuable hints on apparatus and methods of

procedure, and to the student as a safe and certain guide." Acetylene.

Large 8vo. Handsome Cloth. Price 16s. net.

FIRE AND EXPLOSION RISKS!
A Handbook of the Detection, Inuestigation, and Prevention of Fires and Explosions.

BY DR. YON SCHWAKTZ.
Translated from the Revised German Edition by C. T. C. SALTER.
ABBRIPGED GENERAL CONTENTS. Fires and Explosions of a General Character

Dangers arising from Sources of Light and Heat. Dangerous Gases. Risks Attending
Special Industries. Materials Employed. Agricultural Products. Fats, Oils, and
Resins. Mineral Oils and Tar. Alcohol, dec. Metals, Oxides, Acids, Ac. Lightning
Ignition Appliances, Fireworks.
" The work affords a wealth of information on the chemistry of fire and kindred

topics." Fire and Water.

In Handsome Cloth. With 59 Illustrations. 6s. net.

SMOKE ABATEMENT.
A Manual for the Use of Manufacturers, Inspectors, Medical Officers of

Health, Engineers, and Others.

BY WILLIAM NICHOLSON,
Chief Smoke Inspector to the Sheffield Corporation.

" We welcome such an adequate statement on an important subject." Britith
Medical Journal.

"LONDON; CHARLES GRIFFIN & co,, LIMITED, EXETER STREET. STRANO.



GHARLJSS GKIFFIN * CO.'8 PUBLICATIONS.

SIXTEENTH EDITION, Thoroughly Revised. Price 6s.

PRACTICAL SANITATION:
A HAND-BOOK FOR SANITARY INSPECTORS AND OTHERS

INTERESTED IN SANITATION.

By GEORGE REID, M.D., D.P.H.,
Ptltow, Mem. Council, and Examiner, Sanitary Institute of Great Britain,

and Medical Officer to the Staffordshire County Council

Witb an BppenOtj on Sanitary Haw,
By HERBERT MANLEY, M.A., M.B. D.P.H.,

Barrister-at-Law.
" A VERY USEFUL HANDBOOK, with a very useful Appendix. We recommend it not only to SANITARY

INSPECTORS, but to HOUSEHOLDEKS and ALL interested in Sanitary Matters.'' Sanitary Record.

In Handsome Cloth. With 53 Illustrations. 33. 6d. net.

LESSONS ON SANITATION.
BY JOHN WM. HARRISON, M.R.SAN.L,

Mem. ncor. Assoc. Mun. and County Engineers ; Surveyor, Wombwell, Yorks.

"Accurate, reliable, and compiled with conciseness and care." Sanitary Kecord.

SECOND EDITION, Revised. In Crown 8vo. Handsome Cloth. Profusely
Illustrated. 8s. 6d. net.

SANITARY ENGINEERING :

A Practical Manual of Town Drainage and Sewage and Refuse Disposal,
For Sanitary Authorities, Engineers, Inspectors, Architects,

Contractors, and Students.

BY FRANCIS WOOD, A.M.INSI .C.E., F.G.S.,
Borough Engineer and Surveyor, Fulham ; late Borough Engineer, Bacup, Lanes.

" The volume bristles with information which will bt greedily read by those in need of assistance. The
book ts one that ought to be on the bookshelves of EVERY PRACTICAL ENGINEER. 'Sanitary Journal.

A MANUAL OF CIVIL ENGINEERING PRACTICE.
BY F. NOEL TAYLOK, CIVIL ENGINEER. [See p. 18.

ALSO

THE MAIN DRAINAGE OF TOWNS.
BY THE SAME AUTHOR. [See p. 18,

In Medium 8vo. Handsome Cloth. Profusely Illustrated. Los. net,

Modern Destructor Practice.
BY W. FRANCIS GOODRICH, Assoc. Inst.C.E., F.I.San.Engrs., &c.

(See page 18.)

With Four Folding Plates and Numerous Illustrations. Large 8vo.

8s. 6d. net.WATER SXJII>IL,Y:
A Practical Treatise on the Selection of Sources and the Distribution of Water.

BY REGINALD E. MIDDLETON, M.lNST.C.E., M.INST.MKOH.K, F.S.I.

"As a companion for the student, and a constant reference for the technical man, we
anticipate it will take an important position on the bookshelf." Practical Engineer.

LONDON: CHARLES GRIFFIM A CO., LIMITED, EXETER STREET, STRAND.
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SECOND EDITION. In Large Svo. Handsome Cloth. Beautifully
Illustrated. With Plates and Figures in the Text. 21s. net.

ROAD MAKING AND MAINTENANCE:
A Practical Treatise for Engineers, Surveyors, and Others.

BY THOS. AITKEN, Assoc.M.lNST.O.E.
Member of the Asso'cLttion of Municipal and County Engineers; Member of the Sanitary

Inst. ; Surveyor to the County Council of Fife Cupar Division.

WITH NUMEROUS PLATES, DIAGRAMS, AND ILLUSTRATIONS.

CONTENTS. Historical Sketch. Resistance of Traction. Laying out New Roads.
Earthworks, Drainage, and Retaining Walls. Road Materials, or Metal. Quarrying.
Stone Breaking and Haulage. Road-Rolling and Scarifying. The Construction of

New, and the Maintenance of existing Roads. Carriage Ways and Foot Ways.
"The Literary style is EXCELLENT. . . . A COMPBBHENSIVE and EXCELLENT Modern Book, an

UP-TO-DATE work. . . . Should be on the reference shelf of every Municipal and County
Engineer or Surveyor in the United Kingdom, and of every Colonial Engineer." The Surveyor.

In Handsome Cloth. Fully Illustrated. 10. 6d. net.

STLESS ROADS.
TAR MACADAM.

BY J. WALKER SMITH,
City Engineer, Edinburgh.

CONTENTS. Necessity for Improved and Standard Road Construction. Tar. Standardisation
of Matrix. Aggregate for Macadam -Different Modes of Preparing and Laying. Mechanical
Mixinir. Effects of Wear, Density, Porosity, Distribution of Weight. Scavenging; Watering and
Maintenance. Camber ; Gradient, Noiselessness, Hygienic Advantages. Rolling. Tractive
Effort. Statistics, Tar Spraying on Ordinary Macadam Surfaces. APPENDICES. INDEX.

"The book is in every respect up-to-date and very suggestive. It is practical in
the best sense of the term." County and Municipal Record.

In Crown 8vo. Cloth. Pp. i-xi + 137. With 25 Illustrations, Coloured Map, and a
Chart. 4s. 6d. net.

MODERN ROAD CONSTRUCTION.
A Practical Treatise for the Use of Engineers, Students,

Members of Local Authorities, &e.

BY FRANCIS WOOD, M.Inst.C.E., F.G.S.

In Demy Svo. Handsome Cloth. With Many Tables. 6s. net.

THE THEORY AND PRACTICE OF

ENAMELLING ON IRON AND STEEL.
BY JULIUS GRUNWALD,

Technical Chemist and Works' Manager.
CONTENTS. Introduction. The Raw Materials. The Mixing, Dissolving, and Appli-

cation of Enamel Heating and Pickling Goods in the Rough. Correct laying on.

Baking Enamelled Ware. Decoration of Enamelled Objects. Photo-Ceramics in their

Application to Enamels. General and Statistical Chapter. The History of Enamels
and their Uses. INDEX.

"Combines the theory and practice of enamelling in a most effective manner." Iron and Steel

Trade's' Journal.

In Demy 8vo. Uniform with the above. 6s. net.

THE TECHNOLOGY OF
IRON ENAMELLING AND TINNING.

BY JULIUS GRUNWALD.
Translated by Dr. H. H. HODGSON.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAHD,
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In Large 8vo. Handsome Cloth. Profusely Illustrated. 30s. net.

A TREATISE ON
COLOUR MANUFACTURE,

A Guide to the Preparation, Examination, and Application of all the
Pigment Colours in Practical Use.

BY GEORGE ZEREl AND DR. R. RtfBENCAMP.
AUTHORISED ENGLISH TRANSLATION BY DR. C. MAYER, OF BURQDORF.

'This comprehensive guide . . . useful and interesting." Oil and Colour Trades
Journal.

In Medium 8vo. Handsome Cloth. Pp. i-xii + 230. Price 10s. 6d. net.

TESTS FOR COAL-TAR COLOURS IN ANILINE LAKES.
BY GEORGE ZERR.

TRANSLATED BY DR. C. MAYER OF BURGDORF.

ABSTRACT OF CONTENTS. Introductory. Reactions of Aniline Lakes. Classification
of the Coal-Tar Colour Lakes according to Solubility. INDEX.
"Of the highest scientific accuracy . . . leaves nothing to be desired in clearness."

Dtcorator.

FIFTH EDITION, Revised and Enlarged throughout. With Illustrations.

PAINTERS' COLOURS, OILS, AND VARNISHES:
A PRACTICAL MANUAL.

BY GEORGE H. HURST, F.C.S.

REVISED BY NOEL HEATON, B.Sc., F.C.S.

" A THOROUGHLY PRACTICAL book. . . . Satisfactorily treats of the manufacture of

oils, colours, and pigments." Chemical Trades' Journal.

In Crown 8vo. Handsome Cloth. With Illustrations. 53.

THE PAINTER'S LABORATORY GUIDE.
A Student's Handbook of Paints, Colours, and Varnishes.

BY GEORGE H. HURST, F.C.S.
"This excellent handbook, . . . the model of what a handbook should be." Oilt

Colfurs, and Drysalteries.

THIRD EDITION, Revised. In Crown 8vo. extra. With Numerous Illustra-

tions and Plates (some iu Colours), including Original Designs. 12s. 6d.

Painting
1 and Decorating:

A Complete^ Practical Manual for House
Painters and Decorators.

BY WALTER JOHN PEARCE,
IJSCTCRKK AT THE MANCTKSTKR TECHNICAL SCHOOL FOR HOUSK-PAINTING AND DECORATING.
" A THOROUGHLY USEFUL BOOK . . . GOOD, SOUND, PRACTICAL INFOR-

MATION in a CLEAR and CONCISE FORM." Plumber and Decorator.

IONDON : CHARLES 6RIFFIN A M., LIMITED, EXETER STREET, STRAND.
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THIRD EDITION. In Large 8vo. Handsome Cloth. With 4 Plates
and Several Illustrations. i6s. net.

THE CHEMISTRY OF INDIA RUBBER.
Treatise on the Nature of India Rubber, its Chemical and Physical Examina-
tion, and the Determination and Valuation of India Rubber Substitutes.

Including the Outlines of a Theory on Vulcanisation.

BY CARL OTTO WEBER, PH.D.
"
Replete with scientific and also with technical interest. . . . The section on physical

properties is a complete resume of every thing known on the subject." India-rubber Journal.

In Handsome Cloth. Fully Illustrated. IDS. 6d. net.

THE MANUFACTURE OF RUBBER GOODS.
BY ADOLF HEIL AND DR. W. ESCH.

TRANSLATED BY EDWARD W. LEWIS, A.C G.I., F.C.S.,
Chemist to Messrs. J. G. INGRAM & SON, London.

GKNBRAL CONTENTS Raw Material and its Preparation. Vulcanisation. Rubber
Mixings. Manufacture of >oft Rubber Goods. Manufacture of Hard Rubber Goods.
Regeneration of Waste Rubber. Specific Gravity 01 Rubber Goods. INDEX.
" Can be recommended as a very practical and useful work." Nature.

In Large Crown 8vo. Fully Illustrated. 55. net.

G JL, XJ E, GELATINE,
AND THEIR ALLIED PRODUCTS,

A Practical Handbook for the Manufacturer, Agriculturist, and Student of Technology.

BY THOiMAS LAMBERT,
Analytical and Technical Chemist.

CONTENTS. Historical. ILUK.GHLATINE. Size and Isinglass. Treatment of Efflu-
ents produced in Glue and Gelatine Making. Liquid and other Glues, Cements, &c. Uses
of Glue and Gelatine. Residual Products. Analysis of Raw and Finished Products.
APPENDIX. INI >HX.
"A sufficient account of modern methods of working, chiefly from a practical standpoint.

A book . . . of real value." Chemical News.

In Large 8vo. Handsome Cloth. Fully Illustrated. 153. net.

r^EATiaEDR TRADES' CMEMISTJRY.
A Practical Manual on the Analysis of Materials and Finished Products.

Bv S. R. TROTMAN, M.A., F.I.C.,
Public Analyst for the City of Nottingham, Member of the Internationa Association

of Leather Trades' Chemists.

SYNOPSIS OF CONTENTS. Standard Solutions. Acids, Alkalies, &c. Water. Depilation
and Deli'mn?. Fleshings, &c. Glue. Spent Liquors. Mineral and Vegetable Tanning
Agents. ( His. Soaps. Varnishes. Skin. Leather. Dyestuflfs. Degreasing Agents.
Effluents. GLOSSARY. IND- x.

*' Mr. Trotma" has admirably succeeded in his aim. . . . Practically every section of

the leather trade chemistry is gone into." Leather Trades' Revievi.

In Large 8vo. Handsome Cloth. With Plates and Illustrations. 75. 6d. net.

THE MANUFACTURE OF INK,
Handbook of the Production and Properties of Printing, Writing, and Copying Inks

BY C. A. MITCHELL, B.A., F.I.C., F.C.S., & T. C. HEPWORTH
"Thoroughly well arranged . . . and of a genuinely practical order." British Printer

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND.
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TMJE
SECOND EDITION, Thoroughly Revised I'krouyhout. In Two Large

Volumes. Handsome Cloth. 45s.

A MANUAL OF DYEING:
fOfi THE USE OF PRACTICAL DYERS, MANUFACTURERS, STUDENTS,

AND ALL INTERESTED IN THE ART OF DYEING.

BY
E. KNECHT, Ph.D., F.I.C., CHR. RAWSON, F.I.C., F.C.S.,

tle*d of the Chemiatry and Dyeing Department of Late Head of the Chemistry and Dyeing Department
the Technical School, Manchester; Editor of "The of the Technical College, Bradford ; Member
Journal of the Society of Dyers and Cokmriste

;

"
Council of the Society of Dyers and ColouriaU ;

And RICHARD LOEWENTHAL, Ph.D.
GENERAL CONTENTS. Chemical Technology of the Textile Fabrics

Water Washing and Bleaching Acids, Alkalies, Mordants Natural

Colouring Matters Artificial Organic Colouring Matters Mineral Colours

Machinery used in Dyeing Tinctorial Properties of Colouring Matters-

Analysis and Valuation of Materials used in Dyeing, <fec., &c.
" This authoritative and exhaustive work ... the MOST COMPLETE we have yet seen

on the subject." Textile Manufacturer.

In Large 8vo, Handsome Cloth. Pp. i-xv + 405. 16s. net.

THE SYNTHETIC DYESTUFFS,
AND

THE INTERMEDIATE PRODUCTS FROM WHICH THEY ARE DERIVED.

BY JOHN CANNELL CAIN, D.Sc. (MANCHESTER AND TUBINGEN),
Technical Chemist,

AND JOCELYN FIELD THORPE, PH.D. (HEIDELBERG), F.R.S.,
Lecturer on Colouring Matters in the Victoria University of Manchester.

Part I. Theoretical. Part II. Practical. Part III. Analytical.
" We have no hesitation in describing this treatise as one of the most valuable books

that has appeared. . . . Will give an impetus to the study of Organic Chemistry
generally." Chemical Trade Journal.

Companion Volume to Knecht <fc Rawson's "Dyeing." In Large 8vo.

Handsome Cloth, Library Style. 16s. net.

A DICTIONARY OF

DYES, MORDANTS, & OTHER COMPOUNDS
USED IN DYEING AND CALICO PRINTING.

With Formulae, Properties, and Applications of the various substances described
and concise directions for their Commercial Valuation,

and for the Detection of Adulterants.

BY CHRISTOPHER RAWSON, F.I.C., F.C.S.,
Consulting Chemist to the Behar Indigo Planters' Association ; Co-Author of " A Manual

of Dyeing ;

"

WALTER M. GARDNER, F.C.S.,
Head of the Department of Chemistry and Dyeing, Bradford Municipal Technical College ;

Editor of the " Journ. Soc. Dyers and Colouriste ;

"

AND W. F. LAYCOCK, Ph.D., F.O.S.,
Analytical and Consulting Chemist.

"Turn to the book as one may on any subject, or any substance in connection with the

trade, and a reference is sure to be found The authors have apparently left nothing out.
"

Texti'e Mercury.

lONDuN: CHARLES GRIFFIN & CO,, LIMITED. EXETER STREET, STRAND.



THE TUXT1LK INDUSTRIES. 69

In Crown 8vo. Cloth. With Numerous Illustrations. 6s. net.

THE COTTON WEAVERS' HANDBOOK.
A Practical Guide to the Construction and Costing of Cotton Fabrics,

with Studies in Design.

BY HENRY B. HEYLIN,
Of the Royal Technical Institute, Salford.

"Mr. Heylin's text-book is a very reliable one. It is difficult to mark out any special
pointa among so much excellent mutter."- Dyer and Calico Printer.

In Medium 8vo. Handsome Cloth. With very Numerous Tables.

A HANDBOOK FOR
BUYERS AND SELl ERS IN THE COTTON TRADE.

BY HENRY BROUGHAM HEYLIN.

Large 8vo. Profusely Illustrated with Plates and Figures in the Text.
16s. net.

THE SPINNING AND TWISTING OF LONG
VEGETABLE FIBRES

(FLAX, HEMP, JUTE, TOW, & RAMIE).
A Practical Manual of the most Modern Methods as applied to the Hackling, Carding

Preparing, Spinning, and Twisting of the Long Vegetable Fibres of Commerce.

BY HERBERT R. CARTER, Belfast and Lille.
" We must highly commend the work as representing up-to-date practice." Mature.

In Medium 8vo. Handsome Cloth. With 615 Pages, Patterns being
Inset in the Text.

The PRINCIPLES & PRACTICE of TEXTILE PRINTING
BY E. KNECHT, PH.D., AND J. B. FOTHERGILL.

CONTENTS. Part I. Introduction. Part II. Methods of Printing. Part III. Pre-

paration of Cloth for Printin .'.Part IV. Preparation of Printing Colours. Part T.
Treatment of Goods after Printing. Part VI. Mordants. Part VII. Styles of Printing:
<o) Direct; (&) Dyed; (c) Insoluble Azo-Colour ; (rf) Discharge; (e) Resist or Reserve;
(/) Raised; (g) Printing of Linings; (h) Metal Printing; (i) Crepon or "Crimp."
Part VIII. Finishing of Printed Calicoes. -Part IX. Wool and Half Wool Printing.
Part X. Silk and Half Silk Printing. INDEX.

In Medium 8vo. Handsome Cloth. Fully Illustrated. 16s. net.

THE BLEACHING AND FINISHING OF COTTON.
BY S. R. TROTMAN, M.A., F.I.C., AND K. L. THORP, M.l.MECH.E.
CONTENTS. Structure of Cotton Fibre. Constituents of Cotton Fibre. Cotton Testing.
Carbohydrates. Water. Bacteria in Bleaching. Cotton Piece Goods. Steeping.

Transmission of Cloth. Alkali Boiling Soap. Soap Making. Organic Solvents.
Keira. Washing Machines. Bleaching and Bleaching Powder. Bleaching and Souring
Apparatus. Sodium Hypochlorite and Electrolytic Bleaching Solutions. Other Bleach-

ing Agents. Souring Acids and Souring Apparatus. Processes. Coloured fiooda.

Stains and Discolourations.- -Kinishing and Materials Used. Mangling, Drying, and
Conditioning. Stiffening and Mangles. Auxiliary Machines arid Processes. Ster.terr.

Beetling.---Calendering. Finishing Processes. INDEX.

"Deserves the attention of practical bleachers, and we can recommend it to them
with confidence." Textile Mercury.

LONDON : CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAND.
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In Large 8vo t Handsome Cloth, ivith Numerous Illustration, 9s. net.

TEXTILE FIBRES OF COMMERCE.
A HANDBOOK OF

The Occurrence, Distribution, Preparation, and Industrial Uses of the

Animal, Vegetable, and Mineral Products used in Spinning and Weaving,

BY WILLIAM 1. HANNAN,
Lecturer on Botnnyatthe Ashton Municipal Technical School, Lecturer on CottOL.

Spinning at the Chorley Science and Art School, Ac.
" USHFUI, INFORMATION. . . . ADMIRABLE ILLUSTRATIONS. . . ." textile Recorder.

In Large 8vo, with Illustrations and Printed Patterns. Price 2 Is.TEXTILE PRINTING*
A PRACTICAL MANUAL.

Including the Processes Used in the Printing ol

COTTON, WOOLLEN, SILK, and HALF-
SILK FABRICS.

BY 0. P. SEYMOUR ROTHWELL, F.C.S.,
Item. Soc. of Chem. Ind. ; (ate Lecturer at the Munic. Tech. School. Manchester,

" BT FAR THE BKST and MOHT PRACTICAL BOOK on TEXTILE PRINTING which has yet beett

bronght out, and will long remain the standard work on the subject." Te.rtiJe Mercury.

Large 8vo. Handsome Cloth. 12s. 6d.

BLEACHING & CALICO-PRINTING.
A Short Manual for Students and Practical Men.

BY GEORGE DUERR,
Director of the Bleaching, Dyeing, and Printing Department at the Accringtou and Bcui>

Technical Schools ; Chemist and Colourist at the Irwell Print Works

ASSISTED BY WILLIAM TURNBULL
(of Turnbull & Stockdale, Limited).

With Illustrations and upwards of One Hundred Dyed and Printed Patterns

designed specially to show various Stages of the Processes described.

"Mr. DUBRR'S WORK will be found MOST USBPUL. . , . The information given is of ORKAT
TAIO. . . . The Recipes are THOROUGHLY PRACTICAL." Textile Manufacturer.

THIRD EDITION. New Appendix. Cloth. 76 Illustrations. 5s. net.

DYEING AND CLEANING.
BY FRANK J. FARRELL, M.Sc., &c.

GENERAL CONTENTS. Technology of the Textile Fibres. Dry
Cleaning. Wet Cleaning. Dyeing. Dry Dyeing. Special Methods,
Cleaning and Dyeing Skin Rugs, Feathers, and Hats. Finishing.
APPKNDIC KS. INDEX.
"
Timely and valuable . . . well got up in every way." Dyer and Calico Printer.

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREdT. STRAND.
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THIRD EDITION, Revised, Enlarged, and Re-issued. Price 6s. net.

A SHORT MANUAL OP

INORGANIC CHEMISTRY.
BY A. DUPRE, Ph.D., F.R.S,,

AND WILSON HAKE, Ph D., .1.0., F.C.S.,
Of the Westminster Hospital Medical School

"AN KXAMPLK OF THE ADVANTAGES OF THE SYSTEMATIC TREATMENT of a ScieuCC
over the fragmentary style so generally followed. BY A LONG WAY THE BEST of the small
Manuals for Students." Analyst.

SECOND EDITION. In Handsome Cloth. Thoroughly Revised.

THE ELEMENTS OF CHEMICAL ENGINEERING.
BY J. GBOSSMANN, M.A., PH.D., F.I.C.

WITH A PREFACE BY

SIR WILLIAM RAMSAY, K.C.B., F.R.S.
CONTKNT8. The Beaker and its Technical Equivalents. Distilling Flasks, Liebig'u

Condensers. Fractionating Tubes and their Technical Equivalents. The Air-Bath and
its Technical Equivalents. The Blowpipe and Crucible and their Technical Equivalents.
The Steam Boiler and other Sources of Power. General Remarks on the Applicatioo

of Heat in Chemical Engineering. The Funnel and its Technical Equivalents. The
Mortar and its Technical Equivalents. Measuring Instruments and their Technical

Equivalents. Materials Used in Chemical Engineering and their Mode of Application.
Technical Research and the Designing of Plant. Conclusion. Chemicals and Materials.
INDEX.
11 Excellent. . . . Every student of chemistry attending a technical course should

obtain a copy. 'Chemical News.

LABORATORY HANDBOOKS BY A. HUMBOLDT SEXTON,
Professor of Metallurgy in the Glasgow and West of Scotland Technical College.

OUTLINES OF QUANTITATIVE ANALYSIS.
FOR THE USE OF STUDENTS.

With Illustrations. FIFTH EDITION. Crown 8vo, Cloth, 3s.

** A COMPACT LABORATORY GUIDE for beginners was wanted, and the want has-

been WKL.L. SUPPL.IKD. ... A good and useful book." Lancet.

OUTLINES OF QUALITATIVE ANALYSIS.
FOR THE USE OF STUDENTS.

With Illustrations. FOURTH EDITION, Revised. Crown 8vo, Cloth, 3s. 6d,

" The work of a thoroughly practical chemist." British Medical Journal.
"
Compiled with great care, and will supply a want." Journal of Education.

ELEMENTARY METALLURGY:
Including the Author's Practical Laboratory Course.

[See p. 52.
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THIRD EDITION, Revised and Enlarged. Large Crown 8vo, with numerous
Illustrations. 35. 6d.

THE FLOWERING PLANT,
WITH A SUPPLEMENTARY CHAPTER ON FERNS AND MOSSES,

As Illustrating the First Principles of Botany.

BY J. R. AINSWORTH DAVIS, M.A., F.Z.S.,
Prof, of Bioloev, University College, Aberystwyth ; Examiner in Zoology,

University of Aberdeen.

1 1 would be hard to find a Text-book which would better guide the student to an accurate

knowledge of modern discoveries in Botany. . . . The SCIENTIFIC ACCURACY of statement,
and the concise exposition of FIRST PRINCIPLES make it valuable for educational purposes. In

the chapter on the Physiology of Flowers, an admirable resume, drawn from Darwin, Hermann
Mtiller, Kerner, and Lubbock, of what is known of the Fertilization of Flowers, is given

"-

youmal of Boianv.

POPULAR WORKS ON BOTANY BY MRS. HUGHES-GIBB.

With Illustrations. Crowu 8vo. Cloth. 2s. 6d

HOW PLANTS LIVE AND WORK:
A Simple Introduction to Real Life in the Plant-world, Based on Lessons

originally given to Country Children.

BY ELEANOR HUGHES-GIBB.
** The attention of all interested in the Scientific Training of the Young is requested to this

DBLI6HTP0LLY FEBSH and CHARMING LITTLE BOOK. It ought to be in the hands of every Mother
and Teacher throughout the land.
" The child's attention is first secured, and then, in language SIMPLK, YET SCIENTIFICALLY

iCCURATB.the first lessons in plant-life are set before it." Natural Science.
" In every way well calculated to make the study of Botany ATTRACTIVB to the young."

Scotsman.

With Illustrations. Crown 8vo. Gilt 2s. tJd.

THE MAKING OP A DAISY;
14 WHEAT OUT OF LILIES ;"

And other Studies from the Plant World.

A Popular Introduction to Botany.

BY ELEANOR HUGHES-GIBB,
Author of How Plants Live and Work.

"
A. BRIGHT little introduction to the study of Flowers." Journal of botany." The book will afford real assistance to those who can derive oleasure from the study of

Nature in the open. . . . The literary style is commen .aiiie 'Knowledge.

UMDOfl: CHARLES GRIFFIN & CO, LIM.IE& 6XiR STREET, STRAND.
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"Boys COULD NOT HAVE A MORE ALLURING INTRODUCTION to scientific pursuit*
than these charming-looking volumes." Letter to the Publishers from the Head-
master of one of our great Public Schools.

SECOND EDITION, Revised. Handsome Cloth. 6s. net.

STUDIES Ifl BOTANY:
SKETCHES OP BRITISH WILD FLOWERS

IN THEIR HOMES.

BY R. LLOYD PRAEGER, B.A., M.R.I.A.

Illustrated by Drawings from Nature by S. Rosamond Praeger,
and Photographs by R. Welch.

GENERAL CONTENTS. A Daisy-Starred Pasture Under the Hawthorne
By the River Along the Shingle A Fragrant Hedgerow A Connemara

Bog Where the Samphire grows A Flowery Meadow Among the Corn
(a Study in Weeds) In the Home of the Alpines A City Rubbish-Heap
Glossary.

"A FRESH AND STIMULATING book . . . should take a high place . . . The
Illustrations are drawn with much skill." The Times.

" BEAUTIFULLY ILLUSTRATED. . . . One of the MOST ACCURATE as well as
INTERESTING books of the kind we have seen." Athenaeum.

"Tledolent with the scent of woodland and meadow." The Standard.

With 12 Full-Page Illustrations from Photographs. Cloth.

Second Edition, Reuised. 88. 6d.

STUDIES Ifl GEOLOGY:
An Introduction to Geology Out-of-doors.

BY GRENVILLE A. J. COLE, F.G.S., M.R.I.A.,
Professor of Geology in the Royal College of Science for Ireland,

and Examiner in the University of London.

GENERAL CONTENTS. The Materials of the Earth A Mountain Hollow
Down the Valley Along the Shore Across the Plains Dead Volcanoes
A Granite Highland The Annals of the Earth The Surrey Hills The

Voids of the Mountains.
"The FASCINATING ' OPEN-AIR STUDIES* Of PROF. OOLE give the Subject a GLOW OF

ANIMATION . . . cannot fail to arouse keen interest in geology." Geological Magazine.
"A CHARMING BOOK, beautifully illustrated "-Athenaeum.

Beautifully Illustrated. With a Frontispiece in Colours, and Numerous

Specially Drawn Plates by Charles Whymper. 7s. 6d.

STUDIES I#
SKETCHES OF BRITISH BIRDS IN THEIR HAUNTS.

BY CHARLES DIXON.
The Spacious Air. The Open Fields and Downs. In the Hedgerows. On

Open Heath and Moor. On the Mountains. Amongst the Evergreens.

Copse and Woodland. By Stream and Pool The Sandy Wastes and Mud-
flats. Sea laved Rooks. Birds of the Cities. INDEX.
"Enriched with excellent illustrations. A welcome addition to all libraries." West-

minster Revieiv.

LONDON : CHARLES GRIFFIN & CO,, LIMITED, EXETER STREET, STRAND.
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AN ELEflENTARY TEXT -BOOK OF PHYSICS.
BY R. WALLACE STEWART, D.Sc. (LOND.)

In Four Volumes. Grown 8uo. Cloth. Each Fully Illustrated.

Sold Separately.

VOL. I. Pp. i-vii + 414. With 187 Illustrations. 4s. 6d. net.

PHYSICS.
CONTENTS. Introductory. Scalar and Vector Quantities. Measurement of Length,

Area, and Volume. Measurement of Time. Measurement of Mass. Velocity.
Acceleration. Circular Motion and Simple Harmonic Motion. Force. Work and
Energy. Composition and Resolution of Forces. Centre of Gravity. Equilibrium
of Forces. Friction. The Balance. General Properties of Matter. Properties of

Sjlids. Hydrostatics. Experimental Determination of Specific Gravity and Density.
Properties of Liquids. Properties of Liquids (contimied). Properties of Gases.

INDEX

VOL. II. Pp. i-vii+141. Profusely Illustrated. 2s. 6d.net.SOUND.
CONTENTS. Simple Harmonic Vibration. Production of Sound.

Wave Motion. Propagation of Sound. Characteristics of Sound. Re-
flection and Refraction of Sound. Velocity of Sound in Air and Water.
Transverse Vibration of Strings. Longitudinal Vibration of Rods and
Columns of Air. INDEX.

" Should supply the much-felt need of an elementary treatment of this subject
distinctly good." Mature.

VOL. III. Pp. i-vii + 219. With 142 Illustrations. 3s. 6d. net.LIGHT.
CONTENTS. Introductory. Rectilinear Propagation of Light.

Photometry. Reflection at Plane Surfaces. Reflection at Spherical
Surfaces. Refraction. Refraction through Lenses. Dispersion. INDEX.

" This elementary treatise resembles Part II. (>omid) in its attractiveness . . . the
treatment is good . . . excellent diagrams . . . very clear."--Journ. of Inst. nf

Teachers in Technical Institutes.

VOL. IV. Pp. i-v + 242. With 84 Illustrations. 3s. 6d. net.HEAT.
CONTENTS. Introductory. Thermometry. Expansion of Solids.

Expansion of Liquids. Expansion of Gases. Calorimetry. Specific
Heat. Liquefaction and Solidification. Vaporisation and Condensation.

Conduction of Heat. Convection. Mechanical Equivalent of Heat.
Radiation. IND FX.

In Large 8vo. With Bibliography, Illustrations in the Text, and
Seven Plates. 12s. 6d.

THE MEAN DENSITY OF THE EARTH.
An Essay to which the Adams Prize was Adjudged in 1893 in the University of Cambridge

BY J. H. POYNTING, Sc.D., F.R.S.

"Cannot fail to be of great and general interest." Athenaeum.

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET. STRAND.
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Dr. STEWART'S ELEMENTARY TEXT-BOOK OF PHYSICS
was designed as an introduction to the following:

A TEXT-BOOK OF PHYSICS.
By J. H. POYNTING, Sc.D., F.R.S.,

Professor of Physics, Birmingham University,

And Sir J. J. THOMSON, M.A., P.R.S.,
Professor of Experimental Physics in the University of Cambridge.

In Five Volumes. Large 8vo. Sold Separately.

INTRODUCTORY VOLUME. FIFTH EDITION, Revised. Fully Illustrated.

10s. 6d.

[PROPERTIES OF MATTER.
CONTENTS. Gravitation. The Acceleration of Gravity. Elasticity. Stresses ami

Strains. Torsion. Bending of Hods. Spiral Springs Collision. Compressibility of

Liquids. Pressures and Voiunrs of Gases.- Thermal Effects Accompanying Strain.

Capillarity. Sur ace Tension. Laplace's Theory of Capil.arity. biffnsion of Liquids
Diffusion of Gases. Viscosity of Liquids. INDEX.

" We regard this book as quite indispensable not merely to teachers but to physicist* of very
4frade above the lowest." University Correspondent.

VOLUME II. FIFTH EDITION. Fully Illustrated. Price 8s. 6d.SOUND.
CONTENTS. The Nature of Sound and ite chief Characteristics. The Velocity of Sound

ID Air and other Media. Refl< c ion and R fraction of Sound. Frequency and Pitch of
Notes. Resonance and Forced Oscillations. Analysis of Vibrations. The Transverse
Vibrations of Stretched Strings or Wires - Pipes and other Air Cavities. Rods. Plates.
Membranes. Vibiation* maintained by Heat. Sensitive Flames and Jets. Musical

Sand. The Superposition of Waves. INDKX.

" The work . . . may bo recommended to anyone desirous of possessing an JUBT
CP-TO-DATE STANDARD TREATISE on Acoustics." Literature.

VOLUME III. FOURTH EDITION, Revised. Fully Illustrated. Price 15s.HEAT.
CONTKNTS. Temperature. Expansion of Solids Liquids. Gases. Circulation

and Convection. Quantity of Heat; Specific Heat. Conductivity. Forms of Energy;
Conservation; Mechanical Equivalent of Heat. The Kinetic Theory Change of State ;

Liquid, Vapour. Critical Points Solids and Liquids. Atmospheric Conditions.
Radiation Theory of Exchanges. Radiation and Temperature. Thermodynamics.
Isothermal and Adiabatic- Changes. Thermodynamics of Changes of State, and Solu-
tions. Thermodynamics of Radiation. INDEX

"Well up-to-date, and extremely clear and exact throughout. ... As clear as

"t would be possible to make such a text-book "A'ature.

A NEW VOLUME.
ELECTRICITY & MAGNETISM.

BY PROF. J. H. POYNTING, F.R.S., AND
SIR J. J. THOMSON, F.K.S.

LN Two PARTS. Medium 8vo. Cloth. Each complete in itself and
sol1 separately. Fully Illustrated, and uniform with the above.

LONDON: CHARLES GRlFFlN & CO., LIMITED, tXETtR STREET, SFRAND.
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SECOND EDITION, Revised. In Crown 8vo. With Diagrams. Cloth.

10s. 6d. net.

AN INTRODUCTION TO

THE THEORY OF STATISTICS.
BY G. UDNY YULE,

Honorary Secretary of the Royal Statistical Society of London, &c.

CONTENTS. Introduction. Part I. The Theory of Attributes. Notation and

Terminology. Consistence. Association. Partial Association. Manifold Classifica-

tion. Part II. The Theory of Variables. Frequency Distribution. Averages.
Measures of Dispersion, &c. Correlation. Do., Practical Applications and Methods.
Miscellaneous Theorems Involving the use of the Correlation Coefficient. Partial

Correlation. Part III. Theory of Sampling. Simple Sampling of Attributes.

Effects of Removing the Limitations of Simple Sampling. The Binomial Distribution

and the Normal Curve. Normal Correlation. The Simpler Cases of Sampling for

Variables. Percentiles and M'ean.

"Well calculated to hold the attention of the student or teacher of economic

subjects." Statist.

Twenty-ninth Annual Issue. Handsome cloth, 7s. 6d.

(To Subscribers, 6s.).

THE OFFICIAL YEAR-BOOK
OP THB

SCIENTIFIC AND LEARNED SOCIETIES OF GREAT BRITAIN
AND IRELAND.

COMPILED FROM OFFICIAL, SOURCES.

Comp ising (together with other Official Information) LISTS of the

PAPERS read during the Session 1911-1912 before all the LEADING
SOCIETIES throughout the Kingdom engaged in the following Depart-
ments of Research :

Science Generally : i.e., Societies occupy-
ing themselves with several Branches of

Science, or with Science and Literature

jointly.
Mathematiathematics and Physics.

iagjr.
nd An-

thropology.

5 6. Economic Science and Statistics.

} 7. Mechanical Science, Engineering, and
Architecture

8. Naval and Military Science.
{ 9. Agriculture and Horticulture.

10. Law.
5 n. Literature

5 12. Psychology.
5i3. Archaeology.

14. MKDICINK.

"FILLS A VERY REAL WANT." Engineering." INDISPENSABLE to any one who may wish to keep himself abreast of the scientific
work of the day." Edinburgh Medical Journal.

"It goes almost without saying that a Handbook of this subject will be in time
one of the most generally useful works for the library or the desk." The Times.

Copies of the FIRST ISSUE, giving an Account of the History,
Organization, and Conditions of Membership of the various

Societies, and forming the groundwork of the Series, may still be
had, price 7/6. Also Copies of the Issues following.

CONDON: CHARLES GRIFFIN A CO., LIMITED, EXETER STREET. STRAND.
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