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It is developed and coloured by iodine and by nitric acid, the intensity VLI —Microstrgeture of

of the colour increasing with the percentage of Carbon in the steel. It ' P’“' 0°35 per cent. Carbon, 0°¢

is also developed by Liquorice infusion or Ammonium Nitrate. Martensite
with the maximum amount of Carbon is called Hardenite, so that a quenched
steel containing *9 per cent. of Carbon consists entirely of Hardenite.

Fig. 282 is a photograph of a Carbon steel under a high power and shows
the general appearance of Martensite.

Sorbite.—This is a transition product between Austenite and Pearlite,
or, to be more precise, between Troostite and Pearlite. It is obtained,
according to Osmond* by cooling sufficiently slowly to allow the trans-
formations to take place only partially, and yet with sufficient rapidity to
produce an imperfect separation of Ferrite and (ementite. In practice these
conditions are more or less fulfilled by cooling small samples in air, by quenching
in cold water towards the end of the recalescence, by quenching in lead, or
by reheating or tempering hardened steels at a temperature between 400°
and 700° C. It may almost be regarded as unsegregated Pearlite. Under
the microscope it is characterised by the absence of strie, and by the rapidity
with which it is coloured by * polish attack,” or by tincture of iodine and
pieric acid.

Troostite represents a transition Carbon condition between Austenite
and Sorbite. According fo Osmond, if 2 piece of steel containing about

085 per cent. of Carbon be
quenched in cold water during
the recalescence, the grains
which have undergone transition
consist of Pearlite, those un-
transformed of saturated Mar-
tensite, while between these two
all degrees of transformation can
be detected. Troostite may be
produced (1) by sudden cooling
of steel during the recalescence
period ; (2) by a mild quenching
of small pieces in oil or of large
pieces from a temperature higher
than that of the critical range;
or (3) by reheating hardened steel
to nearly 400° C.

Tig. 283.—Sample of Steel containing 16 per 4 OS[Illpn(.ilt:,ie.—Itha.sr%ently
cent. of Carbon,quenched in Ice Brine from i e d e Y9 nge t-he.uame
oS, The Tight ground mass is Aus. Osmondite for that stage in the | i< le

)

tenite, and the dark barh-like structure transformation of Austenite ab i i
Martensite or Hardenite. which the solubility in dilute Wi "’"'l%ﬂh‘

sulphuric acid reaches its maxi- ' ;
mum rapidity. It is arbitrarily taken as the boundary between Troostite
and Sorbite.

Austenite,—This is the Iron-Carbon solid solution as it exists above the
transformation range, or as preserved by rapid cooling or by the presence
of retarding elements such as Manganese and Nickel.

It follows from the foregoing defimitions that the proportion of Ferrite
to Pearlite, Cementite, and Martensite in any given sample of steel depends :

* Metallographist, vol. i., No. 2, p. 152, [ER Marensite [T Pearlite

lof Microstructure of Steel, quenched




PLATE XVIII.—Microstructure of Quenched Steel. (Mo face p. 464

Carbon, 0-09 per cent. Carbon, (0°21 per cent. Carbon, 035 per cent. Carbon, 0°80 per cent. Carbon, 120 per cent. Carbon, 250 per cent.

. Flﬁllﬁu mlj,']uﬂ 'li“"“lﬁ
“""""'u“dlﬁk"ﬁmfﬁﬁﬁﬂ-' auymgg
(I W@Mﬁnﬂﬂ jﬁl?“mml H

e "u"ﬁ'ﬁii':! el
I
|

i I

aﬁaﬁ!‘}!ﬁ!ﬁh

il
{lm .

s ||]||n,.um||[|||

Nl

lll .ililﬁ}%u""""’,““ﬂdllH\lliﬁll“'illl.ﬂﬁw
i1




MICROSTRUCTURAL COMPOSITION OF UNHARDENED STEELS. 465

upon the percentage of Carbon in the steel, and on the heat treatment. Thus,
a sample of steel containing about -9 per cent. of Carbon on slow cooling
consists almost, if not entirely, of Pearlite, but on rapid quenching in water
from a high temperature becomes wholly Martensife, and apy intermediate
treatment between thL}sc two extremes lu'nduce.s' a POl'l'es]mnnling alteration
in the structure and Carbon condition. Again, in normally cooled steels,
structurally free Cementite is never found in specimens containing less than
*9 per cent. of Carbon, but above this point it gradually increases with the
percentage of Carbon, provided the steel is unhardened, whereas, on hardening
by quenching, both the Cementite and Pearlite are largely converted into
Martensite. In unhardened pure Carbon steels containing from -1 to -9 per
cent. of Carbon the steel consists entirely of Ferrite and Pearlite, the Ferrite
decreasing and the Pearlite increasing with the percentage of Carbon. Above
9 per cent. of Carbon unhardened steels consist of varying mixtures of Pearlite
and free Cementite. From the composition of Cementite and Pearlite, Sauveur®
has calculated the proportions of Ferrite, Pearlite, and Cementite present in
unhardened steels, and the following table by him gives approximately the
proportions of these constituents in steels of different compositions :—

TABLE CII.—TrEoRETICAL MICROSTRUCTURAL COMPOSITION OF
UNHEARDENED (ARBON STEELS.

Microstructural Composition Microstructural Composition
Carbon per cent. Oarbon per cent,

1 C O
per cent. I | per cent.

Ferrite. | Cementite. ‘ Pearlite. Ferrite. | Cementite.

1 100 b 130 91
0°10 L B 88 | 1'40 90
wee | 25 | uwe B 150 88
030 | 37 63 | | 1'60 86
040 50 50 170 85
050 | 62 33 180 83
060 | 75 25 90 81
070 i 87 13 00 80
080 | 100+ 10 78
090 98 20 76
1:00 97 30 74
1'10 95 40 73
120 93 50 71

—

]

i
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These figures do not profess to an approach to absolute accuracy, but they are a
very useful guide, and will be found very nearly to agree with the results obtained on
the actual examination of samples.

Sauveur in the same paper published the results of a very complete series
of experiments on the influence of quenching from temperatures above and
below the critical points on the microstructure of Carbon steels, and the
following table, which is compiled from very careful measurements of the
areas of the different constituents, is a summary of the results obtained.
It will be seen that the temperature has a very marked effect upon the

*  Microstructure of Steel,” Amer. Inst. of Min. Eng., Sept. 1896,

+ The latest research has shown that -9 Carbon gives 100 per cent. Pearlite, and free
Cementite does not appear till this is exceeded.




METALLURGY OF STEEL.

structure. Steels containing from 21 to -8 per cent. of Carbon when quenched
above Ary, or between Ar, and Ar, consist of Martensite, but when quenched
below Ar, they contain a large proportion of Pearlite, in fact have the structure
of slowly cooled steels. This is what we should anticipate, as the change
from hafdening Carbon to Cement Carbon, or, in other words, from Martensite
to Pearlite, which are the structures which correspond to this Carbon change,
is complete when Ar, is reached ; rapid cooling below this temperature has
no influence either on the Carbon condition, or on the microstructure.

By the courtesy of Mr. Sauveur I am able to reproduce (fig. 284) diagram-
matic representations of the microsections from which the following table
was caleulated. These explain the changes taking place far more clearly
than any verbal description, and their careful study will well repay the

student.

TABLE CIIIL.—MicrosTRUCTURAL COMPOSITION OF SOME QUENCHED
(ARBON STEELS.

|

Quenched above | Quenched between Quenched between Quenphed below Ary,
Arg. Arg and Ars. Arsand Ar,, or Slowly Cooied.

Per cent. in Volume.| Per cent. in Volume.| Per cent, in Volume.| Per cent. in Volume.

Carhon |

per i T T 7

-l Ce- | Mar- f = \‘ Ce- | Mar- Ce- Ootitess

ten- f.‘"‘ men- | ten- }'<_er- men- | ten- men- |Pearlite Ferrite tite

site, | T | gite. | site. | T8 | tite. | site. " | tite. :

|

|
~ 27 | 78 ] SO 90

| 23

|
|

Quenched above Ar,. Per cent.
in Yolume,

Martensite. Ferrite. Cementite,

100 31 | 69
100 56 | 44

Quenched above Ary. Per cent. in Volume.

Martensite. Ferrite. Cementite.

100
94
80

Sampling for Micro Examination.—When a sample of steel is
being prepared for microscopical examination it is very important to cub
the specimens from the steel section, so that it shall be fairly representative
of the entire section. In many cases it may be necessary to out sections
from the outside, the centre, and intermediate between the centre and the
outside. When it is not possible to do this a section from between the centre
and the outside should, if possible, be taken. If the sample i8 taken from
the outside erroneous inferences may be drawn owing to local cooling of the
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surface, &e., while, if taken quite from the centre, other causes conduce
to error. In all cases where a complete examination is desired it is essential
to examine sections in three different planes—(1) a vertical transverse section ;
(2) vertical longitudinal section ; (3) horizontal longitudinal section. During
rolling or forging the grains of the steel are liable to be distorted and elongated
in the direction of rolling, and unless both transverse and longitudinal sections
are examined it is difficult to form a correct opinion as to the form of crystal-
lisation or size of grain; also intrusions of slag, sulphide of manganese, or other
foreign matter may either pass unnoticed or appear in an exaggerated form
according as the section is transverse or longitudinal. :

Before polishing samples which have been heated, either for annealing or
quenching, great care must be taken that the surface is filed or ground off
to an appreciable depth to make quite sure that all the oxidised surface is
removed, otherwise most misleading deductions may be drawn.

The general effect of annealing from high temperatures is to produce a

“geparation of the Peatlite into larger areas and more complete development

of this structure, but this is not so marked in the set of photographs given
later, as in some cases, since the bars were rolled at a fairly high temperature
and allowed to cool slowly in air.

Annealing for a short time at a moderate temperature, not exceeding
900° C., does not very largely increase the size of the grain, although it is
distinctly noticeable in most of the steels of which photographs are repro-
duced, but prolonged heating at low temperatures or comparatively short
heating at very high temperatures produces a very coarse grained structure.
The effect of prolonged heating on the size of grain is well shown in photos.
b4, 55, 56, and 57, the sample annealed in a slag ball being a very extreme
case. Such large grained structures usually denote excessive heating, either
for too long a time or at too high a temperature, but this is not always the

- case, such crystallisation sometimes being due to other causes, as in the case

of the structure of cast steel, which has not been forged or rolled (photo. 46).
A very marked case of coarse crystallisation, due to prolonged heating, has
recently been brought to my notice by Mr. Stead, who kindly sent me a
portion of a sample of 2-inch mild steel billet which was embedded in a furnace
bottom in such a position that the temperature did not exceed 700° C., and
was probably nearer 600° C.; on removal after one year the Ferrite grains
were over } inch in diameter, and the bar was excessively brittle. Such a
steel, however, by suitable annealing would be restored to its original condition.

Overheated steel must not be confused with what is known as burnt
steel—i.c., a steel which has been heated to a point near that of incipient
fusion, so that the crystals are actually separated from each other, thus
breaking up the continuity of the mass. According to Stansfield,* * burn-
ing " is a segregation of Carbide of iron or other fusible alloy of lower melting
point than the mass of the steel, to the intercrystalline joints, and this fusible
alloy is afterwards more or less expelled, either by gases imprisoned in the
steel, or by Carbon Monoxide formed by the Carbon in the steel, reacting
on the scale formed on the steel. The gases in escaping produce blisters,
and ultimately openings in the skin through which the fluid material at the
joints of the crystals is expelled, leaving flaws or cavities which afterwards
become more or léss oxidised. Such steel is brittle, and practically useless,
and its original mechanical properties cannot be restored by any subsequent
heat treatment.

* Tron and Steel Inst. Journ., 1903, vol. iis
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Figs. 285 and 286 show the general appearance of “ burnt steel” at a
ly high magnification. =

lowsa;)mfia:n Iggzrrg:go};’)ic examination has not enabled the percentages of Bilicon,
Sulphur, and Phosphorus in steel to be determined with any degree of accuracy,
when present in normal quantities. The presence of a considerable percentage
of Manganese may generally be detected by its affecting the general struéztu]ie
of the steel. In such steels the size of the grain is usually larger, and the
Pearlite tends to be granular rather than lanunated.‘ That Pl‘losprhoms.m
large quantities is easily detected has been shown by Stead in his exhaustgie
pa;er on “Iron and Phosphorus,” * but the microscope does not enable
us to form a reliable opinion as to the amount present in the small pr;)pm&
tions usually found in commercial steels. The heat-tinting, as deve O“PGI
by Stead, seems to offer the most promising results in this direction. mil -
phides of Iron and Manganese can often be detected in steels under {; e
microscope when present in small quantifies, and both Prof. Le Chatelier,

i 5 i i 30 diameters. Fig. 286.—Magnification, 250 diameters.
g I;?S;;;—;‘;T?;nizﬁ;?]:g]rl Liﬁgt,(\l;%lixéltltafass . Burnt Stcg]? same as No. 4569, showing
“ purnt in the furnace. The grains the grains tn'_blc r?(-_)lr\e or less sur-
are broken up, and junctions which rounded by Oxide of Iron.
appear as fine lines are shown under
a higher power to eontamn Oxide.

and Prof. Arnold have shown as regards some special high Sulphur alloys
that the Sulphide of Iron tends to form mesh-like structures round fhg grami
of iron, which structure is to a large extent broken up by the addition o
Manganese to form Sulphide of Manganese. Sulphide of E‘[angamesg in olrdflnary
steel usually appears as little greyish globules, or small elonggtecl g;ga};-
shaped patches, according as a transverse or longitudinal f:‘(z(:tl{)n_ othp IP;
forged sample is examined, and a general opinion as to the steel bemg‘ ig

or low in Sulphur can often be formed, but it is not possible to determine

: age.
thef‘; 2}1;2 5}?2‘;}22;;&{)}& given later the structures of most of the stee:ls, ?x}igpt
the oil quenched and oil tempered, are fairly distinctly shown. They .ulfe
been taken rapidly under the ordinary laboratory conditions, and are simply
* Tron and Steel Inat, Journ., 1900, vol. ii.
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intended to give the student a general idea of the microstructure of different
(arbon steels, such as he can observe himself. - In the case of the oil quenched
and oil tempered sections, it is most difficult to distinguish in a photograph
the Sorbite and Troostite structure, as in both cases they represent transition
Carbon conditions in varying degrees of transformation, and it often is only
by careful examination under the microscope and noting the effect of different
etching media that the particular condition can be determined. The photo-
graphs given so far as the author’s experience goes, are typical of the structures
of oil quenched and oil tempered steels, when such quenching has been carried
out with small samples under the conditions specified. Many of the
photographs at low power do not show any definite structure, but they
are purposely given to show that certain structures are not defined under
low power, and for comparison with the high power photographs. It is most
important that the student should bear in mind the influence of mass on the
microstructure of steel subjected to heat treatment, and he must not expect
to get identical, or in many cases similar, structures to those given when
treating 6-inch rounds, as it is clear that the rapidity of cooling of such a
large mass would be very different to the rate of cooling of a small piece
of §-inch round bar. Even the outside surface of such a large mass would
be comparatively slowly cooled, owing to the conduction of heat from the
centre, while the centre of the bar itself would be cooled still more slowly.
This difference in structure is shown in photographs 58, 59, and 60 of sections
taken from outside centre of an oil tempered axle.

The particular temperatures of oil quenching and oil tempering have
been selected because they are those which are frequently used in everyday
practice where oil tempering is employed on a large scale,
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TYPICAL STEEL PLANTS.

Prate XIX.—Plan of the North-Eastern Basic Bessemer Steel Plant.

Prate XX.—Plan of the Frodingham Basic Open Hearth Steel Works.

Prate XXI.—Plan of Gary New Steel Plant.

Prate XXIa.—Plan of the Normanby Park Steel Works.

The various appliances for the manufacture of steel having been described
in detail, the accompanying plans will enable the student to see how the
different parts of the plants are disposed relatively to each other, and to
trace the course of the metal through the various operations from the time
it leaves the mixer, cupola, or blast furnace until it,is ready to leave the works
in the condition of finished bars, rails, angles, &c. The first two plans are
typical of our average English works, which have been gradually altered
to meet modern conditions ; in neither case are they given as examples of
latest design, and in fact since the plans were prepared very considerable
alterations and improvements have been made in both works, with the object
of increasing the output and reducing the labour costs ; on the other hand,
even as shown on the plans, the works are not far behind in leading essentials,
g0 far as the converting and melting shops respectively are concerned, the
plants are fairly up to date.

The Gary plant-shows the arrangement of the largest and most mhodern
up-to-date plant in America, and the Normanby Park plant, now being
erected by Messrs. J. W. Lysaght, under the supervision of J. H. Darby, is
representative of a medium sized English works, designed to meet modern
requirements, :




This plant consists of four 15-ton basic Bessomier converters,
JJJJ, arranged in a line as shown, with an clevator track, Z, in
front for the hot metal ladle to travel on. Part cupola and patt
mixer metal is used, and the ladle comes from mixer, A, or cupolas,
D, along the railway shown to the lift, ¥, by which it is raised to
track, Z, The finished steel is poured from the converter into a
ladle on a receiving crane, of which there are two, each serving a
pair of converters. The receiving ladle full of metal is transférred
to the jib of the centre casting crane, and the ingots are cast in
the casting pit, K. The ingots are transferred from the casting pit
to the soaking pits, L, from which they are conveyed by live
rollers to the eogging mill, M, and then pass on to the roughing and
finishing mill, N. In case of billets, they are transferred by the

skid, W, to hot banks, Q, or in case of rails, to the straightening

presses; R R R, and finally reach the stock benches, S8S. The
entire works is encircled by several lines of rails communicabing
with the main line, so that raw material can he easily brought into,
and finished material readily removed from, the works,

The basic shop is behind the converters, and tracks from each
converter are connected with a large turntable, I, to facilitate the
removal of old, and the replacement of new, botlom sections on
the converter, and other repairs. There are three grinding ml:llﬂx
(G, for grinding the basic material, and a plug-ramming machine,
shown at H, for making the plugs for the bottom sections. Tle
other details of the works will be understood from the lettering on
the plate,

sz mmoon>

Metal Mixers,

. Laco.Skhed and Stores.

. Fitting and Smiths Shops.
- Metal Cupolas.

- OFfices.

Boilers.

Grmdm_g Pans for Dolomite.

P."ug Rammr'ng Hammer,
Tarntable.
Bessemer Converters.

CHOZO PO~

.

W.

Y.

- Cdsting Pit

X Saakmg Furnaces

- Cogging Mill.

K Raughmg & Fuishing Mills.
. Condenser House.

. Roll Lathe House.

Hot Banks.

- Rall Straightening Presses.

‘ Stock:‘ng Benches.

i We{ghﬂ'ng Machines.

s Hydraulic Power & Bessemer Blowing

E ngine House
Electrical Power House.
Billet Skid.
Hot Metal Lift.

2. Elevatog Railway Track infront
of Converters




poured into the furnaces, the ore and lime are put in by means
of & Wellman charger. On the tapping side there is also a ladle
road the full length of the shop, and sll the furnaces tap inta
ladles on carriages, and the metal is either cast in the straight
pit in front of furnaces or transferred to & centre casting crane,
end cast in the cireular casting pit controlled by bydraulic: radial
ranes, as shown in the plan. The ingots are then taken to the
soakers by steam travelling cranes, and from there to the live
roller gear of the cogging mill. This mill is driven by & pair of
eversing engines, geared 2 to 1 to the mill, and consists of one

air of rolls only, The piece travels through the eogging mill
to the hot shears, and afterwards to an electric charger, which
either puts it into the reheating furnace or transfers it fo the
finishing mill.

The finishing mill consists of three stands of housings, and i8
driven by a three-cylinder reversing engine; after leaving the
finishing mill the bar is carried forward to the hot saw, and thence
to the loading banks. The roller racks are driven by electrio
motors.

There is a range of fourteen Lancashire boilers mechanically
stoked. There are several more steel furnaces than are shown in
the plan, and, since the plan was prepared, one beyond furnace
B bas been dismantled to make way for the Talbot furnaces teferred
to.
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PHOTO-MICROGRAPHS.

PHOTO-MICROGRAPHS,
ExrPLANATORY REMARKS,

TuE following photographs, from 1 to 40, are from four steels containing
respectively ‘16, *47, 89, and 112 per cent. Carbon.

In each case photographs are given of the steels as annealed, water
quenched, water quenched and reheated, oil quenched, and oil quenched and
reheated, and in all cases both low and high power photographs are given.
In most cases the photographs of the rolled, reheated, and water quenched
are from the same section, it having been simply repolished and re-etched
affer each treatment. The ol quenched and oil tempered photographs are
also from one section cut from the same bar as the rolled section,

The other photographs are of a miscellaneous nature, and illustrate the
efiect of heat treatment, mechanical work, &c., particulars being given in

each case.

The magnification was 100 and 1,000 for low and high powers respec-

tively. All the photographs were taken with direct illumination,




