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t" l purer metal of the outer 
which is sandwiched ~et¡een 

th
e ci:r~:~~;::Itre This general formation 

~alis a_ndedt~e ctohmpfi.arusr.ath1;¡ fafi~~:~utside and cent~e being the purest, with is retam m e , 

a b;~d º~~i,:t:5:e:~~;!r:se~::~:~eral structure of the ingot tnd :~~ 
fi.nis~;J·rails, andan analysis taken from the out~r envelop~, the dar seºIe 
gated ring and the central portion gave the followmg results .-

Outer Envelope. 1 Darker Riug. Central Portioo, 

c. 
1 

s. P. Mn. l_:_l_s._ ~~~¡_s._~ Mn. 

Average, 10·6210·053 0·029 i°'7410·6910·077 0·035 0·78 0·48 O·OU 0·022 0·72 

D d ther mechanical tests made on a number of these _rails gave 
rop :in ° excellent results. From a theoretical stan_d-

point, 11, raíl which h~s t~e normal material 
as cast on the outs1de, m the centre arela
tively soft c~re, and ~ardest and most 
impure material sandwiched between the 
two, might be expec~ed to pr_oduce a toug~er 
rail than one in wh1ch the 1mpure ID:ater1al 
is concentrated in the centre as m the 
ordinary rail. . 

The carrying out of the process m prac
tice presents certain di:ffi.culties, and whether 
it will be possible to control the_ temperature 
within such limits that there lS no danger, 
on the one hand, of the ingots. b~ing too 
hot and the liquid Stl,;,aregate sqwrting out, 
and on the other, being too cold so that the 
pipe is not completely closed up, c_an only 
be settled by working a plant ~ontmuously 
on a large sea.le. Mr. ~albot ~orms me, 
however, that his experiments w1th a large 
number of ingots since he wrote the paper 
ha.ve demonstrated to his satisfac~ion th~t 
the margin of temperature availa~le lS 
ample for ali practica! purposes to msure 
regular results. The de~ils of the ~lant for 
oarrying out the mechamcal squeezing have 
been largely worked ou~. Mr. T~lbot hopes 

. shortly a plant will be m operat1on to pro-
'Fig. 

25
Se. duce rails on a commercial scale. Should 

tlús roces.s be a · success, the saving in scrap will be a very important 
matt!, as the yíeld of sound rails will ~e inc~eased from 8 to 10 per cent. 
Qompared with those rollad from the ~rdina~ mgots. . 

Cracks.-The cracks in ingots whi?h ~lSe from unequal contract1on of the 
ingot in the moulds, may be either long1tud!nal or transversa. If through care
less teeming, or any irregularity in the surface of the mould, the molten steel 
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" seizes on " at difierent levels, this will probably produce transverse cracks, 
as the inaot itself is contracting and the mould is expanding, and hence 
the tende~cy is to tear th~ surface. If _the ~xterior or _shell of th~ ingot is 

. also cooled much more rap1dly than the mtenor, the rap1d contract1on of the 
steel is liable to cause cracks on the surface. As rapid cooling of the outside 
of an inaot may be the cause of cracks, so if a cold ingot is placed in a hot 
:lurnace the rapid expansio;11 of the exterior com.l:lared _to t~e ~terior may 
cause interna! cracks, and m some cases mgots w1ll split quite m two from 
this cause. It is therefore desirable, whenever possiblc, to charge the ingots 
while hot into the furnace, or, in cases where it is necessary to charge them 
cold, the furnace should be at as low a temperatura as possible, and be gradu
ally he..'!ted up ; this is especially important with high Carbon steel. 

CHAPTER XVII. 

SPECIAL STEELS OR STEEL ALLOYS. 

HITHERTO we have considered steel as consisting almost entirely of iron 
combined with more or less Carbon, and containing a certain proportion of 
Manaanese. W e will now consider shortly the properties of certain special 
steel:, that is of steels which result from mixing with iron other metals with 
or without Carbon. · 

Iron alloys readily with most metals, so that the number of steels of this 
nature which can be produced is n~cessarily lar~e, more?ver it has b~en 
found that in many cases a comparatively small difference m the proport1on 
of the added metal makes a very considerable difference in the pro_{lerties of 
the resulting special steel. Hence it is easy to see that the fi.eld lS a very 
large one, and one that has not yet been fully developed. 

ín the following pages we shall deal only with the better known of these 
alloys, some of which are already of the very greatest commercial importance, 
and with others which are evidently destined to become so as our methods 
oi manufacturing them improve. 

The metals which chiefiy mfluence the properties of steel, when admixed 
with it, may be arranged in a descending scale, as follows :-1\Ianganese, 
Nickel, Chromium, Titanium, Tungsten, Aluminium, Vanadium, Boron, 
·Uranium, Copper, Tin, Zinc, Bismuth, Lead. Other metals, such as those 
of the Cerium group, the heavy Platinum metals, etc., doubtless have a vcry 
marked effect upon steel when properly introduced into it, but in most cases 
the field is at present entirely une:xplored, or the cost of the added metal 
renders the resulting alloy too expensive for commercial use. 

In this chapter we have taken the alloys formed by steel with other metals 
in alphabetical order as being most convenient for reference. Copper, tin, 
zinc, and bismuth are dealt with in the previous chapter, as they are never 
p~osely added, but only occur accidentally as impurities. 

Aluminium is usually added to steel, not with the object of forming 
&n alloy, but because of the specifi.c action which the metal has been found 
to exert on mo!ten cast steel. Ali steel when in a m.olten state may be con
sidered to be more or less oxidised, and to contain a greater or less amount 
of dissolved !ron Oxide, which diminishes both its fhúdity and its strength. 
As this oxidited metal cools, the Oxide, under the action of Oarbon, is partially 
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reduced, giving rise to the formation of Carbon )lonoxide gas. The gas so 
evolved causes a more or less violent ebullition in the molten metal, giving 
rise to unsound ingots containing the well-known " blowholes." The addi
tion of very small amounts of metallic Aluminium to such metal is found 
to greatly facilitate the flow of the molten metal from the ladle, to stop the 
violent evolution of gas, and to allow of t_he production of sound ingots without 
blowholes. The explanation of this action appears to be that Aluminium 
has a far greater affinity for Oxygen at high temperatures than iron has, 
~he Iron Oxide being consequently reduced, while the Alumina formed passes 
out of the metal as slag. 

A small addition of Aluminium is found to stop, not only the evolution 
of Car bon Monoxide from molten steel, but also the evolution of other occluded 
gases, Nitrogen and Hydrogen. The cause of this action is a little uncertain, 
but it is supposed that the de-oxidation of the molten metal increases its 
power of retaining occluded gases, and that when the Iron Oxide is reduced 
by the addition of the Aluminium, the metal is able to reta.in in solution 
gases that would otherwise be expelled. 

Aluminium is almost always added to the metal when it is being tapped 
from the furnace or converter, and is usually thrown into the ladle. The 
amount added is small, in the case of open hearth steel from 2 to 5 ozs. per 
ton, and in the case of Bessemer steel some 6 to 8 ozs. When Aluminium 
has been added the surface of the ingot or casting is found to be smoother. 

Aluminium steel has been thoroughly investigated by Sir Robert Hadfield, 
to whose indefatigable labours we are so largely indebted for our knowledge 
of the alloys of steel with other metals. The student will do well to consult 
his original paper read before the Iron and Steel Institute in 1890.* According 
to this investigator it is doubtful whether Aluminium increases the :fl.uidity 
of properly made steel. lf it does indeed do so the increased :fl.uidity is pro
bably not dueto real lowering of the melting point, but to the removal of the 
Oxide of Iron. 

Aluminium above about ·5 per cent. causes the metal to become quite 
thick and '· creamy " and to set quickly, an effect probably due largely to 
the entanglement of Alumina in the metal as slag. 

Hadfield's results show that up to about ·85 per cent. Aluminium, the 
cast annealed samples bent double, cold ; unannealed tests did not give so 
good a result. Increased percentages of Aluminium distinctly reduced the 
toughness, both in the annealed and unannealed samples. With two excep
tions ali specimens were sound but not more so than Silicon steel of corre· 
sponding percentages. 

The addition of successive amounts of Aluminium to iron does not materi
ally affect the hardness, the effect of Aluminium in this respect resembling 
that of Silicon. As regards fracture, Aluminium in the • case of cast 
specimens opens the grain-i.e., increases the size and coarseness of the 
crystals. In 5 per cent. alloys and upwards the crystals become very large. 
and cleave somewhat after the nature of Spiegeleisen. 

The forged specimens of Aluminium steel, prepared by Hadfield, gave 
the following results :-

As much as 5·6 per cent. Aluminium may be present before malleability 
practically cea.ses : about the same limit as was also found in the case of 
Silicon steels. The specimens examined were low in Manganese. In Table 
lx.xiii. will be found the chief resulta obtained from the specimens examined 

* lron and Steel Inst. Journ., 1890, vol. ii., p. 161. 
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3 TABLE LXXIII -ALUMINIUM STEEL-HADFIELD'B RESULTB, 
(To /aa '(!tf!Jfl 394. 

:l 
TENB!LE TESTS OF ANNRALED AND U NANNEALEO BARS j ALBO, SPEOIFIC GRAVITY, FoRmNo, WELDINtt1 AND BENDING TESTS, 

AN.UY818 PRR CBNT. 
Dreaking Amonnt Length "=" or°' 

!1 
Whether Tested Orlglnal Original Llmttor 

or Btretch Load in In Bendlng Teats or Drilllnf;! Elaatlcity 1'ons pe1• Total Reduetion Calculated Los, Speclflc taken How tn9ot lt\ Aunenled Dlametcr Area In Tou, In Sq. lnch Inches Extenalou of Area 
Appearance of Fracture AllllUIIJO!pt!Bu Annealed forged Bani Weldlng 

(Approi.) Oravlty. Forge . or Unannenled In In hlchea on whtch or Test 80.1._ flam wbtcb tt inch wltle by REMAR.ñ.8. 
PhOI• Man- Aln• Per• from pe, º" per cent. per cent. Tests. Carboo. SUlcon. Sulphur. pboru,. ruinium. centage óf per cent. Condltlon. Inchea, Inchea. Sq. lnch. tlt Elastic Original .Ei:tenslon flllBuwu lnch thlck. 

;¡ 
gancse. Alu- of AIU• Limit. A.ren. Measured. i'npued, 

mlnluru. minium. 

---
·22 ·09 ·07 •J5 ·25 ·JO Ingnt. Very well. Unannealed. ·7979 ·50 21·00 29·00 2 36-70 62·90 Granular; v:{ dark; & 

º\ little roak ; smooth 
on outside. 

o\ Annoaled. ·7979 ·50 20·00 25·00 2 41·30 63·82 Da.rk granular; a. little Cl011 fine ¡raoular. Bent double cold. l. These tests wero 

g! roaked; smooth on madewith n Whit-
outside. worth machine. h 

p ·15 ·18 •JO '04 ·18 ·38 ·50 ·12 Ingot. Fairly well. Unannealed, ·7979 ·50 23·00 30·00 2 37·85 58·18 Dark granular. 
b 

Annealed. ·7979 ·50 20-00 26·00 2 40·35 60·74 Dark granular; smooth • " " " g on outeide. 

[í -20 ·12 ·11 ·61 ·75 ·14 7'781 Ingot. Ra.tber shclly. Unannealed. ·7979 ·50 21·50 28-00 2 38'40 54·50 Dark ~ular; sever&l \Vould not 
apee sin body. weld. a Annealed. ·7979 ·50 18·00 25·50 2 40·50 61·98 Dark granular; rough Fine aba ce u lar; " " t on outside. nmoh r be-

hl Ion 1Dnealing. 
·18 '16 -09 ·03 ·14 ·66 1 ·oo ·34 Ingot. Very well. U nannealed. ·7979 ·50 20·50 29·00 2 33·35 49 ·86 Dark granular; eeveral 

long apecke in body. 
Annealed ·7979 ·50 18·00 27'00 2 33·00 52'14 Dark granular ; rough Fintpiu. " " on outside. 

·17 ·10 ·J8 ·72 1·25 '53 7'755 Ingot. Very well. Una.nnea.lcd. ·7979 ·50 22·00 28·00 2 40·00 60·74 Dark granular. 
" 

Annealed. ·7979 ·50 18·00 25·00 2 47·10 64·86 Dark granular; emooth Fint olole ~¡ " " on outside. muob olooor be-
Ion umeoling. 

'26 ·ló ·08 '°' ,¡¡ J-16 1·50 ·34 Ingot. Very well. Unannealed. ·7979 ·50 23·00 33·00 2 a2·05 51 ·46 Da.rk fine granular ; 
emooth on outside. 

t Annen]ed. ·7979 ·50 21 -00 29·00 2 34·40 53·02 Dark granular; smootb Fintpiu. " " t on outside. 

·21 ·18 '18 1·60 2·00 ·40 7·flB'I Ingot. Ratber sbelly. Una.nnea.led. ·7979 ·60 20·00 31·00 2 32-70 52·14 Dark granular ; rougb 
on outside. 

g Annealed. ·7979 ·50 13·00 26·00 2 36·35 67·06 Da.rk granular; rough eo ..... " " t on outeide. 

t 21 ·18 '()9 -03 ·18 2·20 2·50 ·30 Ingnt. Fairly ■ound. Una.nnea.led. ·7979 ·50 21·00 ·0080 3l·OO 2 22·75 27·80 Cryetalline; m.ther " s ooa.ree. 
Annealed. ·7979 ·óO 19'00 ·0095 28·00 2 34·87 47·12 Da.rk granular; fibrous; • " " • veryrough on outside . , 

t ·24 ·18 ·32 2-24 3·50 J ·26 7'56' Ingot. Fairly well. Una.nnealed. ·7979 ·50 21·60 -0085 32·50 2 20·67 24·64 80 per cent. outer 
8 cirole, crysta.lline; 20 
e li: cent. inner circle, 
a er orysta.lline; 

r&ther coa.rae. 
Annealed. 

t 
·7979 ·50 18·50 ·0133 28·50 2 33·02 48·62 Dark granular; fibrous. 

~ " " 
'22 '20 ·OS -03 ·22 5·60 6·00 ·40 Ingot. Very ahelly. Unannoaled. 1979 ·50 None 38·00 2 3·67 3·96 CrfusW.lline ; lustrous ; 

visible. roke in radius. 
16º Broken. Annealed, ·7979 •óO 27·00 ·0050 36·00 2 6-45 6·16 Crystalline; lustrous; Coaa s broke in radius. 

l 
·26 ·33 ·08 -03 '25 9·14 10·00 ·86 6·6'128 Ingot, No test; bar roa.de would not forge. 
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and in Ta.ble lxxiv. the sa.me compared with similar specimens of Silicon steel. 
lt will be seen that up to 2·24 per cent. the annealed samples "bend double 
cold, but upon reaching 5 per cent. a great diminution of strenath takes 
place, and annealing practically produces no effect. The tensile ':trength is 
found not to be increased so much by Aluminium as by Silicon. The increase 
in the elasticity is slight, if any, and it will be seen from Table lxxiv. that 
Aluminium does not raise the elastir limit so much as Silicon. Generally, 
Aluminium and Silicon are found to stiffen iron but little (as might be expected 
from their properties), whilst Carbon, Ch.romium, Tungsten, Manganese, 
and Nickel increase rigidity, as their properties might also lead us to expect. 
Hardness also is not increased in the forged state, any more than in the cast. 
Forged material containing 5 per cent. Aluminium is very soU, and easily 
drilled or filed. The action of Aluminium may, therefore, be classed along 
with that of Silicon, Sulphlll', Phosphorus, Arsenic, and Copper as giving 
no increase of hardness to iron, in contradistinction to Carbon, ufanganese, 
Chromium, Tungsten, and Nickel. Water quenching upon either forged or 
cast Aluminium steel (in which Carbon is practically absent) seems to produce 
no effect, the samples when dipped, at even a welding heat, being almost 
unchanged. When Carbon is present the ordinary hardening action occurs. 
The we1ding properties of the Aluminium specimens examined (from ·61 to 
2·2 per cent. Aluminium) were very poor. 

Aluminium, like Silicon, appears to cause a precipitation of Graphite-thus 
Hadfield found when adding between 3 and 4 per cent. of Aluminium to 
ordinary Spiegel, that the well-known Spiegel fracture was entireiy changed 
to one resembling ordinary close No. 3 grey pig iron. 

Guillet finds that the presence of Aluminium prevents the Pearlite from 
assuming its ordinary forms, there being a tendency for the formation of little 
nodules, which are more easily coloured by picric acid. 

TABLE LXXIV.-CoMPARATIVE TABLE OF FonGED S1L1coN A:.D 
ALUMINIUM STEEL, DOTB MATERIALS BAVING BEEN ANNEALED. 

. 1 •-· ¡-- Bending Teste Llmit or Ult,mate Stress slon per tion of 

~"~- Tensile ¡ cent. Area of Annealed Elnsticlty. Strengtb. on 2". p. cent. Forged Bars. 
- ----

Tons 
Tous 1 1 1 1 Pe1· Per Per per Lbs,per per Lbs. per 

Si, Steel A, 
cent cent. cent. sq. in. sq. in. sq. In. sq. in. 
·H- '24 ... 15·17 34,000 25·0 56,000 37'55 60·74 Bentdouble 

cold. Al, 
" " ·15 ... ·38 20·0 45,800 26·0 58,24G 40·35 60·74 

" Si, 
" B, ·IS ·73 ... 19·0 42,560 29·5 66,024 34·02 52·66 

" Al. 
" e, ·IS ... ·66 18·0 40,300 27·0 60,470 33·0 5'2-14 

" Si, 
" " 1 ·19 l ·60 ... 2ii·0 56,000 33·0 74,100 35·0 54·52 

" Al, ., F, '21 ... 1·60 13·0 29,100 26·0 58,246 36·35 67·0 
" Si, ., D, ·20 2·1S ... 25·5 57,120 34·0 76,200 36·50 59·96 , . Al, 

" B, '24 ... 2·24 18·5 41,«o 28·5 62,800 33·0 48·02 , . Si, 
" " ·26 5·53 ... 29·0 64,960 39·0 87,400 0·70 2·00 1 Would not 

Al, bend. 

" I, ·22 ... 5·60 27·0 60,470 36·0 180,600 6'45 6·16 116º broken. 

~s regards the application of Aluminium for alloying steel, Hadfield 
~ons1ders that it may find a use for certain special purposes with higher 
Carbon steels, where Silicon does not seem to act so powerfully in producing 
soundn~s as in the case of milder steels with Carbon ·5 per cent. and under. 
lts spec1al advantages seem to be th&t it combines in itself the advantages 
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oí Silicon and to some extent of Manganese, Lu~ as long as alloys containing 
these elements are so clleap, its extensive use seems ltar~ly pro~able. . 

Boron Steel.-Boron in steel seems to have rather mterestmg propert1es, 
although it is doubtful whether any commercial value will eve= be ~ttached 
to the alloys. Messrs. Moissan & Charpy prepared an alloy, oí wh1ch the~ 
give the following analysis :-

Boron, • 0·58 per cent. 
Carbon, . 0· 17 
Manganese, . . . . . . . 0·03 " 

Traces of Silicon, .Phosphorus, and Sulphur. . 

This material could be rolled out in the form of a cylindrical bar, and could 
be readily forged at a dull red heat, but cr~bled under the ha~er w~en 
heated too strongly. With such a steel there 1S a v_ery ~arked cnt~cal P,01nt 
at 1,14:0º C., equal in intensity to that correspondmg w1th the p_omt or re
calescence of hard steel. A rolled and annealed Boron steel wh1~h gave a 
tensile strength of 4:6 kilos. per square mm. and 11 p_er cent. eir:tens1on, gave, 
after hardening by heating to 1,100° C., and quenching, a tensile strengtb. of 
129·5 kilos. per square mm., with an_ extension of only 3 per cent. As rega~ds 
its increase of strength by quenchmg, therefore, ~oro1;1 steel beba.ves like 
high Carbon steel, whilst the diminution of extens10n lS less marke~ t~an 
with the latter. It is remarkable that the hardness of Boron steel (as d1Stmct 
from its tensile stress) increases but little on heating and quenching. Thus 
it was found that test pieces having a te~ile strength of _from 120 to 137 
kilos. per square mm. could be filed as easily as ~hose which had not beer 
heated and quenched. This differenti~tes the actio~ of Boron from that o. 
Carbon in steel on heating and quenching, as the act1on_ of Boron seems only 
to increase the tensile strength without actually harderung the ~eta!. 

Chromium.-Chromium is now used to a large exten~ m th~ manu
facture of steel, both for special qualities and for the product10n ~f tires 3:nd 
axles. Chromium is usually employed in the form of Fe~ro-chrorruu~, which 
is now a regular article of commerce, and can be obtamed of vary1ng :per
centages of Chromium up to ~s.high as 70 per cent. A refined F_erro-c~ommm 
is also on the market, contammg 65 to 70 per cent. _of Chrorruum, w!th only 
from •5 to 1 per cent. Carbon. The material is spec1ally us~~ for high-class 
tool steel. A still richer product is manufactured contallllllg from 96 to 
98 per cent. Chromium, 2 to 3 per cent. iron, ·75 to 1 ·25 per cent. Car~on, 
and •05 to •75 per cent. Sili~o_n, whilst :practically Carbon free Chrorruum 
may be obtained by the Alurrum~ reduc~10n process. . 

Chromium forms double Carb1des w1th Iron and Carbon, which ~~ve 
been examined by Arnold and Read.* In low Chr?mium st~e~ contammg 
0·85 Carbon and up to 3·5 Chromium a double Carb1~e. contairung FeaC and 
Cr e was found in medium Chromium steels contammg 0·85 Carbon and 
3.5 to 15 Chronrium a triple Carbide contai~~g Fe3C, Cr3C2, an~ Cr4C was 
found whilst in hiah Chromium steels contammg over 15 Chrorruum, CrsC2 
disappeared, and a 

0

double Carbide containing Fe3~ and Cr4C_ was found. 
The constitutional diagram of Chrome steels 1S shown m :6.g. 258f, after 

Guillet.t From this it is _seen_ that with 0·2 per cent. Carbon the steels are 
Pearlitic when the Chrorruum 1s less than 7 per cent. between 7 and ~5 p~r 
cent., the steels contain Martensite, and when over 15 per cent. Chrorruum 18 

present Carbide is found. . 
Steels containing 0·8 per cent. Carbon and up to 3 per cent. Chromrnm 
• Iron and Sltel lnat. Journ., No. 1, 1911, p. 249. • t Ibid., No. 2, 1906, P· 7. 
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are Pearlitic, and consist of Mart~nsite between 3 aud 12 per cent., Carbide 
being found when over 12 per cent. Chromium is present. 

The effect of Chromium on steel may be briefly summed up as follows. 
It does not confer soundness on steel, in this respect difiering from both 
Silicon and Aluminium. In small quantities it slightly raises the tensile 
strength of steel without seriously diminishing ductility ; when added in too 
large quantities it induces brittleness; both of these effects, however, are 
modi:6.ed by the percentage of Carbon present. Hadfield has shown that 
up to a certain percentage, say ·75, or even 1 per cent., Chromium does not 
materially affect the product, whether as regards yield, point, tensile strength, 
hardness test (Turner's), or hardening qualities by water quenching. Chromium 
does not materially harden iron, and, in the absence of Carbon, its addition 
up to 3 or 4: per cent. does not produce any greater hardness than do similar 
Silicon and Aluminium additions. Carbonless, or nearly Carbonless, Chrome 
J!teel does not harden when water quenched. 

Cr 20...----------------------18 

Carbide 

Pearhte ; 

0:5 I /-65 
l!' ig. 258/.-Constitutional Diagram of Chromium Steels. 

There was a remarkable series oí Chrome steels exhibited by MM. J. 
Holtzer & Cie. at the last París Exhibition. The mechanical properties of 
these steels are shown in the following table, the Carbon being constant 
at about ·4: per cent. :-

Chrom- Coudillon. BluUc Limlt. l Ult101ate Stress. ElongaJ Contrae-
luw. tlon. t:on.• 
-- - -· --

l'er Tonaper Lbs. per Tonsper Lba. per P<r 
ccut. aq. in. aq. in. sq. in. sq. in. c~ut. 

:;{ Annealed, . . . 17·8 39,872 31·8 53,760 24·0 0·240 
Hardened and tempered, 48·8 109,312 55·2 123,648 12·0 0·370 

10 \ Annealed, . . . 22·9 51,296 42'() 94,080 21·6 0·440 
l Hardened and terupered, 42·4 94,976 54·3 121,632 12·0 0·536 

16 l Annealed, . . . 25·4 66,896 45·3 101,472 18·6 0·500 
Hardened and tempered, 48·8 109,312 58·1 130,144 11·6 0·546 

20 l Annealed. . . . 21 ·2 47,488 36-1 80,864 21·5 0·465 
Hardened and tempered, 27·6 61,824 40·3 90,272 19·5 0·515 

25 l Annealed. • . . 29·8 66,762 42·2 94,526 18·0 0·621 
Hardened, . . 27'6 61,824 40·4 90,496 20·0 0·500 

ªº ¡ Annealed, . . 31 ·8 71,232 41·6 93,184 19·0 1 0·620 

J 
Hardcned, . . 2!3·8 6i,518 39·0 87,360 l9·0 0·f\50 

1 

The length on which the elongation waa measured is not stated, but probablv 2 inchea. 
• .Ratio o! !ractured to original sectlon. 
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the iron and partly present as double Carbides of Iron and Manganese_. The 
chemical relations of Iron Manganese, and Carbon have been stud1ed by 
Arnold and Read,* who showed that well annealed steels containing from 
0·-11 to 16·11 per cent. Manganese contained the double Carbides, Fe3C and 

~~ . . 
The constitutional diagram of Manganese steels 1s shown m fig. 258g, 

after Guillet.t 
From this it is seen that steels containing 0·2 per cent. Carbon and up 

to 6 per cent. Manganese are Pearlitic, between 6 and ~2 per cent. Manganese, 
consist of Martensite, and over 12 per cent. of Austerute. 

The effect of the ManO"anese varies with the amount of Carbon present, 
for with 0·8 per cent. ca:bon the steels are Pearlitic with Manganese up _to 
3 per cent., consist of Martensite between 3 and 7 per cent., and Austerute 
when the Manganese is over 7 per cent. . 

W e are chiefly indebted to Hadfield f~r. our kno~ledg~ of the propert1es 
of Manganese steel- that is, steel contammg • a farrly high percentage of 

Mn 15-------------------

Austen,te 

Cementite 

Pear/,te 

Fig. 268g.- Constitutional Diagram of :Manganeso Steels. 

Manganese as distinct from the small amoun~ present in ordinary steel. _Be
fore his investigations it was generally believed that steel beca.me br1ttle 
and comparatively worthless when the Manganese exceeded 2·76 per cent., 
and Hadfield found that, provided Carbon did not much exceed 1 per cent., 
when the Manganese present was increased to over 7 _per cent_. the result 
was, for all practica} purposes, a new metal, and one which has smce beco~e 
of great value. With from ~ ·76 . to_ 7 per cent. of Manganese the alloy ~s 
brittle but when the proport1on 1s mcreased to more than 7 and from th18 
minim'um up to about 20 per cent. the result is a metal possessing extra· 
ordinary strength and toughness. In ordinary steel it is found that_ as soon 
as the Manganese exceeds the usual ~ts of about ·5 p~r cent. for mil~ steel, 
the tensile strenoth increases apprec1ably, the elongat1on not decreas1ng so 
much in proportion as usually occurs in hard _Carb_on s~ee!, When _less than 
•2 per cent Manganese is added to decarbur1Sed iron 1t 1s very difficult to 
roll or forg~ the ingots, but above this they become malleable. Mild steel 

• Juum. IrO'TI aml Steel Imt., No. 1, 1910, p. 169. t !bid., No. 2, 1906, p. 6. 
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containing only ·2 per cent. Manganese is usually unsound and rises in the 
ingot moulds, the honeycombs, however, closing up more or less on the material 
being forged, rolled, or otherwise reduced. ~ the proportion of Manganesa 
increases, the material becomes sounder, but on exceeding 1 per cent. the 
presence of Manganese begins to be detrimental, the elongation is much 
reduced, and, in the case of steel castings, they become difficult to anneal. 
As before stated, the maximum amount which may be present in low-per
centage Manganese steel before the steel becomes absolutely brittle and 
rott~n seems to be 3:bout 2·5 per cent. 

In the cast state Manganese steel, with from 2·5 to 7·5 per cent. Man
ganese, is extremely brittle, so much so that it can be compared to glass in 
this respect. The extreme point of brittleness seems to occur at 4 to 5 per 
cent. ; after this a slight increase of strength takes place, but even with about 
6·5 per cent. it will only stand the same transverse test as cast iron. The 
Carbon in these britt.!e samples is only from ·3 to ·5 per cent. It has been 
noticed that the more purety the alloy consists of iron and Manganese the 
more brittle the product becomes. It is extremely hard, apprcaching dead
hardened steel, and no tool of any kind will touch it. Although so brittle 
in its cast state, a considerable increase in its strength takes place when ham
mered or forged, but it is still comparatively brittle and commercially useless. 

Above 7 ·5 per cent. of Manganese, brittleness and extreme hardness 
begin to disappear, and with forged steel of higher peryentages of Manganese, 
a metal possessing great hardness, and a very considerable elongation is 
obtained. Thus, Hadfield gives particulars of a specimen of forged material 
containing 13·75 per cent. of Manganese and ·85 per cent. of Carbon, which, 
when water-toughened, had a tensile strength of 65 tons per square inch with 
nearly 51 per cent. elmtgation, and another specimen with 69 tons tensile 
strength and 46 per cent. elongation. This alloy with about 13 per cent. of 
Manganese and ·8 per cent. of Carbon is the usual composition of the well
known Hadfield steel. 

Ah these Manganese alloys possess very peculiar hardness both in the 
cast and forged state, and it is scarcely possible to machine them in ordinary 
practice; the hardness varíes considerably, being greatest in cast state with 
5 to 6 per cent. of Manganese and ·3 to ·5 per cent. of Carbon, and gradually 
decreasing until 10 per cent. of Manganese is reached, which is the softest 
all~y. The hardness then increases up to 22 per cent. of Manganese, after 
wh1ch the material has more the properties of cast iron, about 2 per cent. of 
Carbon being present, which obscures the action of the Manganese. 

The following table (lxxv.) * gives sorne of Hadfield's results of the 
mechanical tests of forged Manganese steels, containing from ·83 to 21 ·69 
per cent. of Manganese. 

Ma~anese steel may be considered for practica! purposes wholly un
tnagneti.sable. 

Steel containing about 1 per cent. of combined Carbon and 14 per cent. 
of Manganese, is stated to have an electrical resista.neo thirty times that 
of copper, and eight times that of wrought iron. 

The following figures give the result of analysis made on drillings taken 
from a cast-steel wheel :-

Per cent. Per cent. Per cent. Per cent. Per cent, 
Combined C, 1-150; SI, 0·661 ; Mn, 13·733 ; S, 0·043 ; P, 0·091. 

• Mili. Proc. lnat. Oivil EngineerB, voL xcüi. 
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This steel was found. to be feebly magnetic. It was brittle to shock, 
and comparatively easily broken by a hammer, but exceedingly hard to drill. 
I t is not improbable that had the Silicon and Phosphorus been present in 
less quantities, the steel would haYe been stronger to resist shock. 

This Manganese steel possesses the peculiar advantage of being soítened 
and toughened by the following treatment :-A piece heated to about 990° 
to 1,090° C., on being plunged at this temperature into cold water, is appreci
ably soítened and its toughness is greatly increased. The nearer the above 
temperatures are approached and the colder the water the tougher will be 
the material. Hardness is then restored by reheating to a bright red and 
cooling in air. 

The use of Manganese steel is limited by the extreme difficulty experi
enced in machining it. For alloys from about 12 to 18 per cent. Manganese 
a great increase of strength and ductility is obtained by reheating nearly to 
whiteness and sudden cooling, both the tensile strength and elongati<>n being 
improved. With large forgings the improvement brought about by quenching 
is naturally somewhat counterbalanced by the tendency to crack, caused by 
interna) stresses. Heating and quenching, whilst increasing the tensile 
strength and elongation, ha.ve been found to lower the elastic limit. 

Molybdenum.-Molybdenum steels are very similar to Tungsten steels 
in mechanical properties ; Molybdenum, however, is said to be two or three 
times as powerful as Tungsten in its effect. Giesen * found that Molybdenum 
steels with O to 4 per cent. Molybdenum and 0·3 per cent. of Carbon, or O to 
2 per cent. Molybdenum and 0·95 per cent. Carbon, gave results approximating 
closely to those furnished by Tungsten steel in point of tensile strength, elastic 
limit, elongation, hardness, and brittleness, when the ratio of added Molyb· 
denum to added Tungsten was as 1 : 2·225. 

Guillet t states that steels containing 0·2 per cent. Carbon and less than 
2 per cent. Molybdenum are Pearlitic, and with more than 2 per cent. Molyb
denum contain Carbide, whilst with 0·8 per cent. Carbon they are Pearlitic, 
with less than 1 per cent. l\folybdenum, and contain Carbide with more than 
1 rer cent. . 

The Pearlitic steels have a high tensile strength and elastic limit, which 
increase regularly with the amount of l\folybdenum. The elongation and 
resistance to shock diminish a little, but continue to have high values. 

The Carbide steels have a tensile strength and elastic limit which increase 
with the percentage of Molybdenum; the elongation and reduction of area 
are low; brittleness increases with the percentage of Molybdenum and Car bon. 

:'.\Iolybdenum steels t have been used for tools, rifle barreis, large guns, 
propeller-shaft forgings, and wi.re drawing. 

Nickel.-The alloys of Nickel and Iron are very important, and are 
rapidly extending in use. Nickel in the pure state is a metal somewhat less 
white than Silver, with a melting point of 1,435° O. 

Nickel alloys with Iron in all proporti.ons at a temperature between 
1,50~º and 1,600° C., and a small proportion of Carbon is said to lower its 
meltmg point perceptibly ; it is harder than Copper or Iron, but will not 
take temper on sudden cooling. 

Comrnercial Nickel (from 98 to 99 per cent. Nickel) is not difficult to 
cast but is cold short. Cast bars are li.kely to be spongy, but after hammering 
are compact and tough. 

• fom and Steel Jn.at. Carnegie Schola.rsbip Memoirs, vol. i., 1909, p. 31. 
t lro11 and Steel lnat. Joorn., No. 2, 1906, p. ll. + Eng. Mag., vol. n:xiii., pp. 91-98 
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It has been found that the addition of a very small quantity of pure 
Magnesium removes from Nickel the occluded gases, and gives a m~ta.l 

· capa.ble of being drawn or rolled perfectly free from blowholes. l\fagnesm.m 
in Nickel, like Manganesa in ordinary steel, acts as a deoxidISing agent, and 
it improves the ductility and malleability of Nickel to such an extent that 
the metal may be rolled into thin sheets 3 feet in width. 

Aluminium may be used equally well, but if used in excess serves to 
make the Nickel very .much harder. Nickel will alloy with most of the useful 
metals, and generally increases their hardness, toughness, and ductility. 

To show the physical properties of almost pure Nickel in the cast and 
forged state, we give the following short table from Hadfield's paper on 
the " Alloys of Iron and Nickel " :- •:• 

TABLE LXXVI. 

Unaonealed. 
1 

Annealed. 

Mnterlal. Ooodltlon. 
Elastic Max \Elooge.-

Rednc- Elastlc Max. Etonga- Reduc-

Llmlt. Stress tlon in tion in Llmlt. •Streu. tion in tion in 
· 2Ina. Area. 2 loa. Are&. 

Per Tons Tona 

cent. 
per per Per Per 

Carbon, 0·08 • :} 
aq. in. aq. in. cent. cent. 

~ot obtained. Cast 14 20 16 34 
!ron, 99·80 . 

l0:

8

obL::. I 
Carbon, 0·08 • :} Forged 14 2-2 47 76 9 76 
!ron, 99·80 . 
Carbon, 0·16 . : } Caat ll 161 4½ 9! 
Nickel, 98·80 • 

1 
131 1 

1 

Carbon, 0·16 . :} Forged 14 321 45½ 57 7 54 52½ 
Niokel, 98·80 . 

It should be noted that whilst the elastic limit of Nickel is slightly less, 
its tenacity is nearly 50 per cent. greater than that of iron-vi.z., 3~ to)lj 
against 22 tons per square inch. 

The following results, kindly supplied by Mr. W. H. S. Shakell, g1ve 
some further particulars of the mechanical properties of Nickel in the cast, 
wrought, and rolled condition :-

TABLE LXXVII. 

Maximum 
Reduc-

Eloogation. tion of Remara. . Stress. Area • 

. Tona 
Lbs. ¡:_r per Per 
aq. aq. in. Per cent. cent. 

Rolled ple.te 8 ins., 67,760 30·25 31 ·4 in 8 ins. 31·5 
Ca.st ba.r untrea.ted, 30,985 13·84 6·5in2 ins. 6·5 

Casting, . 85,000 37·95 12 
" 

... 
Wrought from 2 x 4 ins. to 

Wrought niokel, . 96,000 42·86 14 
" í ½ in. squa.re. 

Wrought niokel } 95,000 42-41 23 
Wrought from 2 x 4 ina. to 

a.nnea.led, • . • 
,, ... ½ in. ~ua.re . 

Rolled niokel, • 78,000 34·82 10 ···{ 
Very ha. , not a.nnea.led a.tter 

" rolling from 2 ins. to ¼ in. 

• .Min. Proc. lnal. Civil Engineera, vol. ouxvi.ii. 
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A great deal of information has been published on the properties of Nickel 
ateel, Mr. J. F. Hall, of Sheffield, and ~Ir. J. Riley having been amoncrst the 
~rly ~orkers in this field. The matter has more recently been most thor~ughly 
mvest1gat~d ~y Hadfi~ld,*_ and it is to hi.m that we are chiefly indebted 
for the smentific exammat1on of the properties of steel containing varying 
percentages of Nickel. 

T~e following table gives the results he obtained on specimens of Nickel 
steel m the unannealed and in the annealed conditions, with Nickel varying 
from ·27 to 49·65 per cent., the Carbon being kept low and approximately 
equal in the whole series :-

TABLE LXXVIII. 

Analysls. Unannealed Test Bara. Annealed Test Ban. 

1 ~ -+i ~1-s~ º" 
Elaatlc Llmlt 

Tenalle Stresa § g g8 Elaatlc Limlt TeosUe StreliG g §! =8 
orMaximum ¡..; _ .. 

orMaxlmum ~ r x c. Mn. NI, per 
.,., per "., ., 

Stress ~r ~ """ St ress ¡:.r ~ii g. Square Inch. :, ., Square Incb. 
Square och. :g " 'ilf Square nch. o" .,, ~ _ .. 

iii~.~ r,:¡ 8. ~< 

Tona Lbs. Tona Lbs. Tona Lbs. Tons. Lbs. 
0·19 0·79 0·27 19 42,560 31 69,440 35 56 20 44,800 28 62,720 37 52 
0·14 0·75 0·51 20 44,800 30 67,200 36 62 21 47,040 27 60,540 41 63 
0·13 0·72 0·95 25 56,000 33 73,920 31 53 20 44,800 27 60,540 41 63 
0·14 0·72 1·92 26 58,240 3! 76,160 33 55 22 49,280 31 69,440 36 53 
0·19 0·65 3·82 28 62,720 37 82,880 30 54 25 56,000 33 73,920 35 55 
0·18 0·65 5·81 28 62,720 41 91,840 27 40 28 62,720 37 82,880 33 51 
0·17 0·68 7·65 31 69,440 49 109,760 26 42 30 67,200 45 100,800 26 41 
0·16 U·86 9·51 42 94,080 85 190,400 9 18 3Z 71,680 56 125,440 2 2 
0·18 0113 ll·39 65 145,600 94 210,560 12 24., 45 100,800 89 199,360 12 26 
0·23 0·93 15·48 55 123,200 94 210,560 3 2 ... ... 68 152,320 l 1 
0·19 0·93 19·64 47 105,280 91 203,840 7 6 45 100,800 87 194,880 5 4 
0·16 l ·00 24·51 32 71,680 77 172,480 13 14 25 56,000 78 174,720 14 8 
o·i. 0·86 29·07 25 56,000 38 85,120 33 44 16 35,840 37 82,880 48 , 51 
0·16 1·08 49·65 No test mlM.le. 15 33,600 36 80,640 411 53 

Below are given the mechanical tests of different Nickel steels made 
from com.mercial steel for comparison w1th the specially prepared bars of 
Hadfield's Nickel steel-combined Oarbon about ·2 per cent., and Nickel 
about 3·2 per cent. 

TABLE LXXIX. 

Maximum Strese. Elastlo L!mit. 
Eloogation 

ºº 8''. 
Cootraction 

ou Area. 

Lbs. per sq. in. Tons. Lbs. peraq. in. Tona. Per cent . Per cent . 
94,185 42·04 58,995 - 26·31 26·4 60·83 
94,245 42·07 60,770 27·12 25·5 68·58 
93,215 41·61 58,740 26·22 25·8 61 ·33 
93,730 41·84 60,770 27·12 25·8 59·81 
92,410 41·25 59,550 26·58 28·0 60·74 

. From these figures it will be noticed that the elastic limit of 3 per cent. 
N~ckel steel with ·2 Carbon is about equal to the tensik stre:tUjth of ordinar¡ 
nrild steel, while the elongation and oontraction of area are about the same. 

• Min. Proc. l nst. l'it;il Engimera, vol. cx:xxvüi. 
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Mr. Francis Sperry, Cleveland, Ohio, gives the following resul!~ obtained 
on testing transverse specimens taken from a complete set of Nickel steel 
gun forgings, made by the Bethlehem Iron Company for the Bureau of 
Ordnance :-

TABLE LXXX. 

1 l{aximam Stres,. 
1 

Elon:;3tlcn. 
1 

Elnstic Limit. l 1 

Lbs. per sq. in. Per cent. in 2 ins. Lbs. pcr •q. lo. 

1 

l'ube, 93,200 21 ·2 58,300 
Jacket, . 99,900 20·4 60,000 
Hoops, 99,100 20·5 68,200 

Tests ruade on 2 ins.; test pieces ½ in. clinructcr. 

Comparing these results with those usually obtaiD:~d in similar Naval 
gun forgings made froro ordina~y Car?on steel, the t~ns_ile_ strength shows an 
increase of about 10 per cent. with an increase of el,astic ~imit from 22 to ~8 per 
cent., while the contraction of area and elongat10n are but slightly 
re~~a .. 

The great excellence attained by the Greener Gun 1s attr1buted to the 
use of Nickel steel barreis containing about ·2 per cent. Carbon and 2·7~ per 
cent. Nickel, and the U.S. Bureau of Ordnance is said to have adopted Nickel 
steel for its small arm barreis. 

From Table lxxxi. it will be seen that the Nickel steel shows an average 
increase of about 31 per cent. in elastic limit, and an average i~cre~se of 
about 20 per cent. in tensile strength, wit~out any great ~lteratwn m tho 
ductility as shown by the percentage elongat10n and contract1on of area. . 

The aeneral effect of Nickel"upon iron, and the part played by Carbon m 
such alliys, have been well summed up by :Mr. M.C. _White, of the B~thlehem 
Iron and Steel Co., U.S.A., who has had large experience on a practica! scale 
with various special applications of Nickel steel, and whose remarks are 
quoted in Mr. Hadfield's paper already referred to. 

TABLE LXXXI.-CoMPARATIVE TESTS OF NICKEL STEEL AND BEST SoFT 
Fr,AXGE STEEL, SPECIMENS CuT FROM THE PLATES IN BoTH CAs&s. 

Tensile Streas Elonga- Con• 
or Elnst:c Limlt. tion in traction 

Maxlmum Stress. 8 lns. of Arel\. 

-· 
Lbs. per Tonsper Lbs. per Tonspcr Per cent. Pcr cent. 
sq. in. sq. in. sq. in sq. iu. 

1. Niekol ,i,.1 oo,i.;ru,g { 64,080 28·60 47,100 21·02 23·25 53·0 
66,370 29·62 44,700 19·95 26·00 53'3 

Per cent. l'er cent. 66,000 29-46 47,400 21'16 25·00 56·3 
C, O·OS S, 0·038 67,100 29•95 47,300 21·11 24·50 45·1 
Ni, 2·69 P, 0·045 64,800 28·92 ... ... 26·00 5i•4 
Mn,0·36 66,200 29·55 48,900 21·38 '23·75 49·7 

{ 
55,500 24·77 35,700 15·93 26·00 45·6 

2. Soft steel containing 54,500 24·33 35,500 15·84 26'()() 45·8 
53,900 24·06 32,800 14·62 27'50 52·9 

Per cent Per cent. ~,500 23'43 34,060 15·20 32·00 61 ·8 
e, O·IO s. 0·039 53,700 23·97 34,500 15·40 27'()0 63·0 
Mn,0·27 P, 0·040 56,500 25·22 36,900 16'47 26·00 63·0 

1 
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" The tensil~ slrength and el.astic limit of Nickel iron alloys and Nickcl 
steel rise with increasing proportions of Nickel, reaching a maximum at 
about 20 per cent. Passing this they begin to fall, and elongation increases 
abnormally up to about 30 per cent. The ratio of el.astic lirnit to tensile strength 
increases with increasing Nickel, at :6.rst slowly up to about 10 per cent., 
when it makes a sharp rise, and then continues gradually up to 20 per cent., 
after which the ratio falls away rapidly. 

" The hardening effect of quenching ceases when about 10 per cent. of 
Nickel is present, but is quite marked in the lower percentages. In this 
case the elfect is heightened by the Manganese, but with ·06 per cent. Man
ganese it is still decided. Between 10 and 20 pcr cent. Nickel, neither quenching 
nor annealing exerts any decided effect. Above 20 per cent., quenching 
produces a softening effect, which is decided at 30 per cent. Perhaps it would 
be better to call it a iceakening effect, as the tensile strength and elastic limit 
are much lowered, the elongation increased, but the cutting properties shown 
by turning in a lathe are not perceptibly changed. 

" These results refer to alloys of Kickel and iron containing Carbon from 
·06 to ·l per cent., or practically Carbonless alloys. The l\langanese ranged 
between ·06 and · l per cent. 

'' Nickel tends to check segregation, due probably to the fact that it 
raises the melting point of the Carbides or cementing material, and cause3 
the whole mass to set more nearly together. This is evidenced by the finer 
grain of Nickel steel ingots. Nickel does not prevent blowholes, and great 
care is required in the manufacture to avoid them, as they weld up less easily 
than in other steels. 

"There are many diffi.culties to be overcome in the handliug of Nickel 
steel as commercially made, where the Carbon ranges from ·15 to ·9 per 
cent., the Manganese from ·3 to ·9 per cent., and the Nickel from 3 to 30 per 
cent. It is very susceptible to changes of temperature when containing 
the usual amounts of Carbon and l\fanganese, requiring considerable care 
in heating and working to bring out its best qualities, which are certainly 
worth all the labour bestowed upon it. 

" The fact that Nickel raises the elastic limit of steel is clearly shown by 
Mr. Hadfield's results, but to give a reason for this effect, which can be 
definitely proved, would be diffi.cul . Tbe best explanation is that it 
strengthens the cementing material up to a certain point (20 per cent. Nickel), 
and holds in a more rigid matrix the iron c!'ystals which in Nickel steel exist 
in smaller aggregations. Beyond this the cementing material is not so much 
strengthened as it is toughened, which accounts for the abnormal increase 
in elongation." 

According to Guillet,* steels containing 0·12 per cent. Carbon and up 
to 10 per cent. Nickel are Pearlitic, between 10 and 27 per cent. Nickel are 
Martensitic, and with over 27 per cent. Nickel consist of Austenite ; whilst 
steels containing 0·8 per cent. Carbon are Pearlitic up to 5 per cent. Nickel, 
l\Iartensitic between 5 and 15 per cent. Nickel, and consist of Austenite wben 
?ver 15 per cent. Nickel is present. The constitutional diagram being given 
In fig. 258h. 

In the Pearlitic steels the tensile strength and elastic limit are higher the 
larger ~he percentage of Nickel present, and at the same time the elongation, 
redu~t1on of area, and resistance to shock are not diminished by the presence 
of Nickel, the hardness, however, is slightly increased. 

* !ron and Steel l n8t. Journ., N'o. 2, 1906, p 4. 



{08 )IETALLURGY OF STEEL. 

The llartensitic steels possess very high tensile strength, very high elastic 
limit~, and low elongations. They are brittl~ and exc_eedingly hard. 

1'he steels containing -y-iron possess medium teOS1le str~ngth, u~ually low 
elastic limits, extraordinary high elongations and contractlons, a remarkable 
de"ree of resistance to shock, and medium (Brinell) hardne.-;s. . 

"'\rnold and Read * have studied Nickel steels, and show that w1th steels 
fa.irly high in Car bon, and containing up to 8 :per cent. of ~ ickcl, the Carbide, 
.Ni3C, exists only in negligible propor~ions. W1th ~arbo~ ab?ut 0·8 pe~ cent., 
associated with 20 to 30 per cent.11ckel, the Carb1de, _N13C, 1~ present m con
siderable quantity. These author~. conclu~e that ID: ordinary _structu:al 
steels containin" up to 7 per cent. Nickel, thlS element lS not assoc1ated w1th 
Carbon, but is ~lloyed with _the iron a~d :\Iangan!:;e. They are a_lso of the 
opinion that there is a defimte a~loy ?f 1ron and Nic~el correspond1ng to the 
formula Fe7.Ni, and known as Nickehde of lron, wh1ch has very remarkablc 
properties. 

Austen,te 

Cement,te 

Pesrlite 

Fig. 25S/,.-Con,;titutíonal Diagram of !\ickel SteeL 

Nickel steel forms an admirable material for forgings for marine and 
general engineering purpo~es. ~roro its rel!fü~ly high t~nsile strength ~nd 
elastic Jimit, without any appre<;iable re~uction m_ elongati~n and co~traction 
of area (in comparison with ord1~~ m1ld st~el), 1t allows m many 1nstances 
a con~iderable margin for reductlon m the we1g~t of metal, and consequently 
s considerable saúug in ultimate cost of the forgmgs. . 

Weldi11g.-~ickel under 1 per cent. does not ap1iear to affect the 'Yeld1ng 
properties of steel, but above t~is percentage welding becomes _more d1fficult, 
though even with 3 per cent. mth care good results c~n be obtam~t~, a:; shown 
In' the following tests on welded an~ unwelded spec~ens _conta1!11°g ·26 per 
cént. of Carbon and 3 per cent. Nickel. The tenac1ty with wh1ch _the film 
of Oxide adheres to the surface of the metal does undoubtedly mtedere 
seriously with welding, and t~s difficulty ~creased wit~ the percentage of 
Nickel pre,;ent. It is not adv1Sable to use Ntckel steel mth over 1 per cent 
for general welding purposes. 

• Procudinga J11atituti(J11 o/ Mecl,a11ical E11(li1iUT~, 1014-, p. 248, 
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TABLE LXXXII.-CoMPARATtvr: STREXGT11 oF WRLDED AND 

ÜXWELVED XrcKEL l::iTEEL. 

1 
C3tboD. !ilckel. Maxlmum Streu. 1 

Elongatlon. 

1'0111 per aq. lo. Lb1. per aq. In. Per cent. 
~,ldOO, . 0·26 3'()() 35'2'2 78·904- 16 nwelded, . ... 

1 
.. . 35·10 78·622 24 

·-
Nickel Steel JVire.-Nickel steel containing as muchas 30 per cent. Xickel 

can be drawn into wire as easily as ordinary steel, and wire of this class con
tailll! sufficient Nickel to make the non-corroding qualitie.s of the metal 
pronunent, and is well adapted for hawsers and cable service in salt water. 
A sample of Nickel steel containing ·-1 per cent. Carbon and 27 ·8 per cent. 
Nickel, said to be used as torpedo defence netting by the U.S. :Xavy, gave 
the following physical test :-

Areaof 
Brealdr g Diameter Croea !terluce\l Contrnction Elonga\lon 8train. or Crou Sectiou. Reduced Area. or A rea. lo ZlUJ. Load Lbs. per Sectloo. Sq. In. Viam~ter, ~'J. In, Per cent, Percent. !n lbs. l<J. In. 

0·116 0·01057 0·100 0·0088 16-5 6·25 2,100 198,700 

The high tellllile strength of this wire, with the comparatively small reduc
tion in elongation and contraction of area, indicates extreme toughness, and 
at the same time the mat~rial is not acted upon, or but very slightly, by 
salt water. 

The 111ag11eJic properties of Nickel steel alloys show very marked peculi
arities. Thus, steel containing 25 per cent. Nickel is scarcely magnetic at 
ali until cooled to a temperature of - 40° C. After exposure to this low 
temperature, however, it remnins magnetisable at ordinary temperatures, 
and does not recover its original condition until heated to 600? C. 
. It has been shown by Guillr.üme that N ickel steel alloys may be clivided 
mto two classes as regards their magnetic prope.i. ties. The first or reversible 
class comprises those alloys which lose their magnetic properties on heatiug 
and recover them on cooling to the same temperature. The second or non
re~er:;ible class comprises tho:;e alloys which contain 25 per cent. or less of 
Nickel, and which have magnetic properties similar to those of the 25 per 
cent. alloy mentioned above. 

lt has been shown th"at an alloy with 35·7 per cent. Nickel, and con
ta_ining Chromium, lost its magnetism at 210° C., whereas a similar alloy 
without Chromium retained its magnetic properties up to 235° C. Chromium, 
therefo!e, seems to have the effect of lowering the temperature of trafü• 
format1on. 

T~e magnetic and electrical properties of iron-nickel alloys have been 
~xam1~~d hy C. F. Burge.~s and J. Aston * on a series of alloys in which the 
1mpur1ties have been kept down to the lowest possible point. The magnetic 
tests were made upon an Eaterline permeameter on the specimens containing 
from ~·27 to 75·06 per cent. Nickel in an unannealed state, and also after 
anneahng at 675° C. and 1,000' C., and quenching at 900? C. 

l~ the !lnnealed state, up to 1 ·93 per cent. Nickel the magnetic properties 
are. little ~nferior to electrolytic iron. Additions of Nickel cause a falling 
off in quahty until at 22·11 per cent. they are very poor, and with 25·20 per 
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