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cent., 26·4 per cent., and 28·42 per cent. Nickel they are non-magnetic. 
Further increases of Nickel, 35·09 per cent., 49·08 per cent., and 75·06 per 
cent., restored the magrietic properties very ~arkedly, 1:,he maxim1;1m values 
being obtained with 47·08 per_ cent. _Annealing 3:t 675 resul!ed m general 
in an improvement of magnet1c quaµty. ~ealing at 1,000. !or the bars 
with smaller Nickel content resulted m an mcrease of permeab1hty for lower 
magnetising forces, and bars containing 25·2 and 26·4 per cent. Nickel became 
appreciably magnetic. · . . .. 

Hysteresis cw·ves were taken on the _alloys showmg higher permeab1hty, 
and it was found that the 50 per cent. Nickel alloy had the lowest loss. The 
electrical resistance was also determined, and it was found that there was 
a aradual increase of resistance with increase of Nickel up to 22·11 per cent., 
aíter which there was a sudden rise at compositions corresponding to those 
of the non-magnetic alloys. _Beyond about 30 per cen~. Nickel a d~rease 
is noticed, giving a curve similar to t~at on th~ othe! s1de of the max1mum 
range. It is suggested that the maxmmm pomt nught correspond to the 
compound Fe2Ni. 

An alloy containing 35 to 36 per c~nt. Nickel is knowl?' to _have a dilata
tion ten times less than that of Platmum. The expans1on m the case of 
Nickel steels is said to be much more feeble in the magnetic than in the 
non-magnetic state. Again, it has been shown by Guillaume that a Nickel 
steel bar containing 15 per cent. Nickel, allowed to cool very slowly from 
200º C., contracted until the temperature _reac~ed 130° C., when the bar 
began to expand, and continued to do so until 60 C. If such a bar be heated 
when below 130º C. very slightly it expands like an ordinary metal, and on 
aaain coolina contracts correspondingly until the temperature at which the 
h~ating bega

0

n is reached, when ~he bar aga½i begins to expand. . 
As regards non-corrosion, Nickel steel g1ves far better results than e1ther 

wrought iron or ordinary mild steel. The ~ollowing tabl~ shows the r_elative 
corrosion of wrought iron, soft steel, and Nickel steel (takmg wrought iron as 
a standard), from experiments published in 1900 by Prof. Howe. The specimens 
treated were exposed for periods of about a year each :-

TABLE LXXXIII. 

-------------
Wrougbt iron, 
Soft steel, . . 
3 per cent. nickel steel, 

26 

1 Sea Watcr. \Fresh Water.¡ Weather. 

100 
114 
83 
32 

100 
94 
80 
32 

100 
103 

67 
30 

Average. 

100 
103 

77 
31 

Steel containing Nickel and Chromium has been found to give satis
factory results when used for armour plate and also for armour piercing 
shells, and plates of the following approxin1ate composition have been used :-

Per cent. Per cant. Per cent, 

Cpmbined e, 0·40 Cr, l·0 Ni, 2·0 

here the Nickel may be considerad as a toughening agent, and the Chromium 
and Carbon as hardening agents. 

Nickel-Chrome steel is also largely used on the Continent for manufacture 
of large guns and also to a more limited extent in this country. 
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Sorne interesting results upou alloys containing Nickel, Chromium, and 
Silicon made at the Imphy Works have been published by A. Abraham.* 
Steels of the following composition, 

Carbon, . •55 to ·80 
Silicon, , ·20 to ·50 
Man!::anese, ·30 to ·60 
Cbromium,• 2·00 to 3·00 
Nickel, 20·00 to 25·00 

tested _after forging without any special treatment, gave an elastic limit 
exceedmg 31 tons, with -an ultimate tensile resistance of 44½ tons, and an 

• ?longa~i~~ of 45 per cent. on 2 inches. . In this_ condition they were wanting 
m flex1bi11ty, and were better after berng subJected to water hardening at 
3: c~erry-red heat without fur~her tempering. After this they gave an elastic 
llllllt of from 19 to 22 tons, w1th an elongation of 60 per cent., the elongation 
taking place over the enti.re length of the test piece. Another class of steel 
made at Imphy with Nickel from 12 to 12·5 per cent. ; Chromium, ·75 to 1 
per cent.; Carbon, ·3 to ·!5 per cent., was found to be much harder, breakino 
almost without stretching in its natural state. After annealing in a wood 
fire 1t ga ve a material suitable for forgings requi.ring high tenacity aud elasticity 
the elastic limit exceeding 51 tons, with an ultimate strenath of 63¼ tons. ' 

Silicon.-See influence of Silicon on steels, p. 365a. 
0 

• 

Tantalum.-Comparatively little is known of the properties of Tantalurn 
steels, but from researches carried out by Guillet, t it would appear that the 
effect of Tantalum is too small to enable these steels to attain any special 
~echnical i~portance. Guillet prepared his steels from Tantalum-Iron made 
m the electr1c furnace. The steels examined had the following composition :-

TABLE LXXXIV. 

c. 1 

1 1 
1 Ta. Mn. SI. s. P. 
i 

0·12 0·0!J 0·19 0·12 trace trace 
0·17 0·15 0·15 0·19 .. .. 
0·18 

1 

0·60 0·22 0·24 .. .. 
0·16 1·05 0·23 0·16 .. .. 

The steels in the normal condition indicated the usual Pearlite structure 
with !er_rite,_ the greater the percentage of Tantalum, the more regular was 
the distr1butlon of the Pearlite. 

The following tables show the infl.uence of Tantalum on the physical 
properties, in normal and hardened condition :-

TABLE LXXXV.-NORMAL STEELS. 

Ta. Elastic Limit. l llaximum Elongation. Reductlon Brinell 
Stress. ol Area. Hard11ess. 

Kgs Kgs. 

0,()9 
per Se¡. )Jm. perSq.Mm. Per cent. No. 

z9·8 41·5 53 67-4 107 
0·15 30·4 42·6 31 68·8 107 
0·60 31-1 45·3 

1 

28 67-4 112 

1 
1-05 31·5 47·0 28 62·3 116 

• Annalu de8 Mines, vol. x1v., p. 228, 1898. t Comptes rendu&, vol. oxlv., p. 327, 
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It will be noticed from the above that the elastic limit and breaking 
strength are slightly increased, and the elongation and reduction of area 
are slightly decreased by the presence of Tantalum. 

TABLE LXXXVL-HARDENED S'rEELS. 

1 Elastic Llmit. Muimum Elongatiun Reduction of 
1 

Brinell 
Ta. Stress. Area. Hardness. 

1 -
K~'!. Kgs. 

No. per S<¡. )lm per&¡. ~hu. Per rent. 
0·09 46·2 65·0 14-5 71·0 ló9 
0·15 4ó·7 62-1 15·0 73·1 153 
0·60 46·6 65·8 13·0 74·9 155 
1·05 49·1 70·0 10·0 55·8 169 

The above tests of hardened steels were obtained from specimens hardened 
at 876° in water at 20º C. 

Titanium.-This can be obtained in grey cast iron when smelted from 
Titanic ores with considerable ease, but it is very difficult to introduce this 
element into steel. }foch of the so-called Titanic steel is quite innocent of 
the presence of this element. lt appears, however, possible to make it from 
Ferro-Titan.ium. 

As an example of the difficulty of introducing Titani~m into steel, the 
following experiments by Mr. W. H. S. Shakell m~y be c1t00:,. Sorne of the 
titaniferous iron sand of N ew Zealand of the follow1ng compos1t10n :-

Peroxide of Iron, . 
Protoxide of !roo, 
Oxide of Manganese, 
Alumioa., 

• Silicon, 
Lime,. 
Magnesia, 
Titanium, 
Alkalies, 

67·04 
30·17 
0·22 
0·16 
0·50 

Trace 
Trace 

. . 1·60 
Not determ.incd 

99·69 

was mixed with suitable fluxes and reduced by coke in clay crucibles, and a 
white pig-iron containing about 2 to 3 per cent. of Titanium was obtai~ed. 
The metal from three different experiments was then broken and m1Xed 
together with a small quantity of ox.idised metal and about 8 ozs. of Fcr!o
Manganese, and re-melted in a crucible furnace, when a steel of the follow1ng 
composition was obtained :-

!ron, . . 
Combined Ca.rbon, 
Gra.phite, 
Silicon, . 
Manganese, • 
Sulphur, 
Phospborus, 
Titanium, . 

98·400 
0·700 
Trace 
0·112 
0·623 
0·098 
0·030 

Nil 

99·963 

This ingot forged well under the hammer, and made a fairly good chisel. 
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This seems very clearly to show that Titanium is much more easily oxidised 
than Silicon, and this should have an important bearing on the future develop
ment of the large Swedish and other iron ore deposits containing Titanium, 
as if it can be proved that the Titanium in the pig-iron is oxidised completely 
during the conversion into steel, pig-iron containing Titanium can be used, 
and it only remains for the blast furnace manager to overcome any diffi
culties there may be in the smelting of such ores. 

Ferro-Titanium is made in the electric furnace, and is sold as "Titanium 
alloy " ; it may contain 10 to 16 per cent. of Titanium, 6 to 7 per cent. of 
Carbon, and less than 0·5 per cent. of other impurities. Many contradictory 
statements have been made as to the effect of Titanium on the properties 
of steel, and this rnay be considered as not yet defi.nitely thrashed out. Some 
investigators * claim that Titanium acts as a deoxidiser, and that the Titanio 
Oxide formed acts as a flux for Silicates, yielding a more fluid slao than 
Aluminium, and so frees the steel from slag inclusions, and that it also :enders 
the metal free from blowholes, increasing the elastic lim.it and reduction 
of area. The Titanium itself passes off with the slao unless added in excessive 
amounts. It has been claimed that Titanium actually reduces the amount 
of Sulphur and Phosphorus in the metal, but later experiments have not 
confirmed this, although the obnoxious effect of these elements appeared 
to b~ dim.in.ished. It is f_urther claimed that Titanium increases the strength 
of Nickel _and Chrome-Nick~l steels, acting as a powerful deoxidising agent, 
~nd that 1t also removes Nitrogen from steel, a point to which particular 
1mportance has been attached by sorne metallurgists. Aluminium should not 
be u sed in connection with Titanium alloy at any time. Comstock recommends 
that the Tita_nium shoul~ be adde_d in the form of Titanium Carbide, a product 
of the electnc furnace, rn quant1ty equ1valent to 0·1 per cent. Titanium in 
the molten steel, which gives up to 0·025 per cent. Titanium in the finished 
steel. 
. T~mgsten.-This is a~ exce64ingly infusible metal which alloys with 
ll'On In nearly ali proport1ons to forro Ferro-Tungsten. Analyses of rich 
Ferro-Tungsten now on the market gave the following figures:-

Tungsten, 
!ron, . 
Silicon, 
Ca.rbon (combioed), 
Phosphorus, 

76·900 
17·950 
1·900 
3·300 
0·013 

100·063 

Tungsten, . 73·05 
Iron, 22·55 
Silioon, 0·48 
Carbon (comhincd), 1·90 
Phosphorus, 0·02 
Sulpbur, . 0·05 
l\fangaoese, 0·34 
Chromium, l ·02 
Copper, 0·01 
Tin, . 0·18 
Nickel, 0·22 

b Ferro-Tungsten can be made in the blast furnace, but such alloys as the · 
b- ove are usually made in the electric furnace. Tungsten can be reduced 

0~ the ore (generally W olfram.ite) by strong ignition with Car bon in 
cruc1bles. 

The reduction of W olfram ore by cok e in the presence of pig-iron in 

1 • C: V. Slocum, Mechanical Engineer, vol. xxiii., pp. 336-337, 1909; ColllStock, 
nduatnal anrl Engineering Chemical Journal, Feb. 1915, p. 87. 
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crucibles is comparatively easy if a low percentage Ferro-Tungsten 1s re
quired, but the resulting Ferro-Tungste°: has_to be broken up and r~·melted 
to insure a uniform product. Tungsten 1s chiefl.y used as an alloy w1th steel 
for the production of so-called " self-hardening " steels-i.e., steels which 
after forging require no quenching or tempering. The following analyses 
(Table lxxxvii.) show that these steels may vary very considerably in chemical 
composition, and the temperature at which they can be forged will vary 
with the composition :- . 

TABLE LXXXVII. 

Temperature Worked. Mushet. 

o lt'. 
1264 Light yellow. Cracks badly. 
1155 Yellow. ~'orgea. 
1111 Orange. Beoda well. 
750 Full red, Bends and hammers 

close without crack
ing. 

700 Low red. Cracks in bending. 

525 Black, 

Per cent. 
Mushet-

C (combined), l ·99 
Si, 0·09 
Mn, , 0·19 
w, 7'81 

Crescent. 

Crumbles badly. 
Bends fa.irly. 

Bends well. 

Breaks when bent. 

Cracks after few 
blows. 

Per cent 
Crescent

C(combined), 2·06 
Si, 0·05 
Mn, 2·66 
W, . 6·73 

Imperial. 

Forges, but crack@. 

Bcnds double and 
hammers close 
without cracking. 

Forges better than 
at temperaturos 
given above, 

rcr cent. 
Imperial-
e (combined), l ·60 
SI, 0·lG 
Mn, • 2·11 w, , . 6·38 

N.B.-Crescent appear. to forge better ata low yellow heat, 
Imperial ,, ,, dull red ,, 

Mr. W. H. S. Shakell informa me he has obtained from a charge of tbe 
following composition, a steel which worked remarkably well under the 
hammer at a low red heat (about 700°), o.nd made capital turning tools :-

Steel scra.p, . 
Ferro-Tungsten, • 
Silico-S piegel, . 
Ferro-Manganese, 
Swedish pig-iron, 

Oharge. 
lbs. ozs. 

26 O 
9 O 
O 10 
O 2 
9 4 

45 O 

Drillings taken from the resulting ingot gave the following cheinical co!Ilc 
position :-

Per cent. 

Combined C, l ·01 
Per cent 

Si, 0·186 
Per cent. 

Mn, 0·738 
Per cent. 

w, 6·975 

A small addition of Tungsten has been found to improve the wearing 
properties of sorne classes of chisel steel ; for instance, a steel of the following 
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c~~position ga_v~ goo~ results for the working of pyrites, whilst a steel of 
amular _c?mpo~1t1on, without the quarter per cent. of Tungsten, failed in a 
compet1t1ve tria! :-

Per cent. Per cent. Per cent. Per cent. Pe1· cent Per cent. P~r cent. 

Fe, 98·40 Combined C, 0·63 Si, 0·126 W, 0·241 Mn, 0·522 S, ·OOG P, ·034 

A steel containing 

Pe1· cent. 

Combined C, ·57 

Per cent. 

Si, ·21 

Per cent. 

w, ·325 

als_o stood this class _of work well, where a somewhat higher Carbon steel 
(w1thout Tungsten) fa1led to do the work satisfactorily. 

Tun~sten whe_n added to low _Carbon steel has very little effect on the 
magnet1c properties, ?ut greatly mcreases the retentiveness in hiO'h Carbon 
steels, anda steel haV1ng the following composition :- º 

Per cent. 

Combined C, 0·62 

Per cent. 

SI, ·09 

Per cent. 

Mn, ·55 
Per cent. Per cent. 

w, 5·7 s, ·04 

Per cent. 

P, ·045 

is found to give very satisfactory resulta for the manufactnre of permanent 
magnets, used in the construction of electrical meters. 

T~ese steels ~re preferably ~ade from charges melted in crucibles, and 
cas_t mto small_ mgots about 3 _mches square, each weighing about 56 lbs. 
ThIS steel reqmres careful heatmg and " aoaking " before hammering, and 
should not be worked above a full red heat. 

Tung~ten, in the _absence of Carbon, has comparatively little mfl.uence on 
the phys1cal properties of steel, but when alloyed with Carbon steels confers 
upon _them great hardness. The well-known l\lushet or self-hardening steel 
c~ntams about l ·5 to 2·3 per c~nt. Carbon and from about 5 to 8 per cent. 
'I ungaten. The_se ste~ls, on ~eatmg and allowing to cool in air, are extremely 
hard,. a_nd retam thell' cuttmg edges for a long time even when used for 
machmmg yery hard material; if quenched ata red heat in water in the same 
way as ordinary steels, they crack. 

The following are typical analyses given by Haclfield * :-

Carbon. $ilicon. Su!¡:,hnr. Mangancse. Tun¡¡sten. 
2·30 1·05 2·57 6·12 . 
2·00 l·GO 0·02 1-72 8·22 
2·05 0·79 0·04 2·30 8·04 
1·67 0·33 2·53 5·74 
2·35 0·15 3·38 11-02 

The first two are the well-known .Mushet steel. 
b The ~igh percentage alloy_s, however, ar~ somewhat brittle and can only 
e used 11;1 cases where there 1s no shock or Jar, such as, for instance cuttinO' 

purposes m the lathe. ' 0 

h ~n steels containing more than 11 per cent. of Tungsten, a Carbide is formed 
avmg the formula WC, which entirely displaces Fe3C.t 

• lron and Steel 11!8t. Jcntm., 1903, vol. ü. 
1' Arnold and Rcad, Proc. lnstitution .JI eclianical F.ngineera, 1914, p. 228. 
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The constitution of Tungsten steel:i is stated by Guillet * to be Pearlit1c 
up to 9 per cent. of Tungsten when 0·2 per cent. Carbon is present, and up 
to 1 ·5 per cent. Tungsten when 0·8 per cent. Carbon is present, when these 
amounts of Tungstcn are cxceeded, however, free Carbide is found in the steel 

Edward:i t consiclcrs that the formation of Tungsten Carbide is accelerated 
by the prcsence of Chromium. 

A ncw class of cutting too! for ruachine work at ,; ery high speeds has 
beeu introduced, the alloys used being a Chromium-Tungsten or Chromium
Molybdenum steel, specially tempered. The material was exhibited at the 
Paris Exhibition of 1900 by the Bethlehem Steel Company, and was sbown 
at ,,ork on mild steel castings at a spetid of 150 feet per minute, without 
lubricants. The cutting edge of the too! was red hot, whilst the turnings 
showed, from the colour when cold, that they bad been exposed to very 
considerable heat. 'fhe percentage composition of the tools varíes with the 
work to be done, from about ·75 per cent. of Chromium, with sorne 4 per 
cent. of Tungsten and traces of 111olybdenuru, to 3 per cent. Chromium, 
8 per cent. Tungsten, and varying percentages of Molybdenum . .lfor wor~ing 
hard steel or chilled iron the alloy contains about 3 per cent. of Chronuum. 
¡; pcr cent. of Tungsten, aud •1 per cent. of Molybdenum. The great advantape 
such steel possesses over the ordinary " self-hardening" is imparted to it 
bv the special beat treatment to which it is subjected. The steel is first 
heated to about 1,000º C., tben rapidly cooled down in a bath of molten 
lead, kept at that temperature for about ten minutes, and tben allowed to 
slowly cool in lime, or sorne other inert non-conducting body. For some 
purposes when quite cold it is re-heated to visible red, and allo~ed 
to cool in the open air. 'l'he surface oí the tool is protected durmg 
this treatruent by being covered with a suitable flux so as to prevent 
oxidation. 

The above method of treating self-hardening steels was only discovered 
by Messrs. Tay lor and White aíter a most careful series of experiments, as 
previous to their investigations the greatest care was always taken not to 
heat these self-hardening steels above 800º C. during forging, any tempera
ture above this spoiling the steel. W e owe to them the important ~overy 
that by heating to a temperature far above the temperature at wh1ch the 
metal would forge, and by regular caoling, this great increase of hardness 
was imparted. 

Osmond t in 1892, in experimenting with a Tungsten steel, found tbat 
wben heated to 830° and quenched at 630°, it remained unhardened, but 
when heated to 1,310º and quenched ata lower temperature-viz., 555º-it 
was very hard, and he at once noticed the important point that a soft medium 
or very hard metal could be obtained according as the initial_ temperature 
of heating was va1ied. These resulta were, however, never published, so th~!· 
)Iessrs. Taylor and White·s discovery was quite independent of these expen
ments. 

According to Mr. D. Flather,§ it appears as if some of the details of tbe 
above method are unnecessary. Severa! brands of steel are at present made 
at Sheffield, and the method of hardening is said to be much simpler than 
that above described. The steel is heated to near a welding heat (1,200º C.), 

• lron and ..Stul Inst. Joum., 1906, No. 2, p. 10. 
t lbid. , 1908, Xo. 2, p. 132. t lbid., 1903, vol. ii. 
& lron and Goal Trades Review, December 27, 1001. 
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and is then either cooled in the air or under an air blast, when, after being 
ground, it is ready for use. 

One such Sheffield brand of steel is that known as the " Speedicut, '' 
manufactured by Messrs. Thos. Firth & Sons. The method of manufacture 
and treatment is kept a secret, so the author is unable to give any informa
tion on these points, but it is extremely hard naturally, and will do excellent 
work at a just visible red heat. It can be forged by any intelligent tool 
smith, and does not require to be hardened in water or other medium, and 
allows a lathe to be run at two or three times the usual speed. Probably 
any method of heating the steel to a very high temperature, combined with 
s"low and regular cooling, would produce the desired results, these being the 
two essential conditions in the treatment of these steels. Such steels as 
these mark a new epoeh in the history of too! steels, and will probably largely 
revolutionise many of our machine shops. 

Sorne years ago the author conducted a long series of experiments on 
the infl.uence of Tungsten on mild steel containing about ·l per cent. of Carbon, 
made in a Hatton converter. The alloys made varied from traces to l ·58 per 
cent. of Tungsten, and the results of mechanical tests on the samples as 
rolled and after quenching, together with welding, plating, and cold-bending 
tests, are given in Table lxxxviii. So for as these results go, neither the 
tensile strength, ewngatian, nor reduclion of area appears to be appreciably 
affected by ·8 per cent. of Tungsten, and even l ·5 per cent. only increases 
the tensile strength by a few tons. The hardening effect, so far as this is indi
cated by cold-bend tests, is not apparent with ·8 per cent., ali the 1-inch 
round bars bending over close up to this point. \Vith l ·5 per cent. of Tungsten 

· the infl.uence of Tungsten is noticeable in the cold bending, one bar breakúg 
after bending over only 15º anda duplicate at 110º, showing that such metal 
was distinctly less ductile than that containing less Tungsten, and it is probable 
that, had there been an alloy between ·8 and l ·5 per cent., this hardening 

. effect might have beeu noticeable with less Tungsten present. Tungsten 
apparently has no effect on the welding or forging properties, as shown by 
the pla.ting out and welding tests, those cases where the material wdded 
badly being evidently due to bad workmanship or some cause other than 
the presence of Tungsten, as proved by the alloys with larger percentages 
giving good resulta. The cold bendings were made with a sledge hammer 
on the 1-inch bars as rolled. 

Since these results were obtained Hadfield has read a paper before the 
1903 autumn meeting of the Iron and Steel Institute, giving the results of 
a very complete series of experiments on steel containing from ·l to 16 per 
cent. of Tungsten. Up to l ·49 per cent. Tungsten, the Carbon does not 
exceed ·22 per cent., and the steels may therefore be regarded as strictly 
comparable with the author's, and the results, with the exception of welding, 
completely confirm those given in Table lx:xxviii. N either the tensile stress, 
elastic limit, elongation, nor reduction of area is appreciably affected until 
the steel contains 3·4 per cent. of Tungsten, and in the annealed samples 
even 7·47 to 8·3 per cent. does not greatly increase the tenacity. In the 
bending tests, the samples as rolled showed no apparent hardening until 
3·4 per cent. Tungsten was reached, and, when water quenched from a tem
perature between 750º and 950º C., not until the steel contained l ·2 per 
cent. In the author's experiments ali the bars as rolled bent close, and, in 
the ifUenched samples, the fust hardening effect, which could be credited to 
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TABLE LXXXVIII.-AUTHOR'S RESULTS. 
ANALYSES AND MEOHANIOAL TESTS OF TUNGSTEN STEEL. 

MECIIANIOAL Tl-:&'TB. 

ANALYSF,S. Machlne Tests on Bara as Rolled Machlne Tests on Quenched Ban 
Cold Testa llot Tests. in Tona per Squsre Inch. in Tona per Square Inch. 

Elongation, 8 incbes. Elongation, 8 lnches. REllARKS. 

~ :;1 ..,,!: ~ a¡ !¡( 
t,;I ar r.o g o 

a, 'g.>,j e. o 
~ Ban Rolled Bars (i. i&. i[ c:-11,;1 " :,.e: 

t:: .. " Platlng . Welding. ;i§· ! Fracture. ~ Fracture. 
º"' l!J 'g. g' asRolled. Quencbed. ar ... " ¡; 

l. 
~ 

.. .. 
o c!i .. ¡; ~ª s· .g ~ª F~ o ?Og' 
? !"' 11: ? ? . " :' :' --

trace ·071 ·394 ·064 ·100 ni! Ben t o ver close. Bent over close. Verygood. Very good. 27·3 20·9 27·8 59·0 Sllky. 37·5 2511 15·6 50·9 Silky. 

" .. 
" .. 
.. 
.. 
,, 
.. 
" 

" .. 
" .. 
.. 
" 
" 

11: 

! 

·075 ·341 ·040 ·095 t:·ace 
" " .. .. 27·7 21·7 23·1 43·2 .. 39·0 25•9 17·5 50·0 

" 
·076 •537 ·054 ·120 

" .. " " .. 29·8 21·2 25·6 56·2 .. 42'9 26·3 15·0 49·1 
" 

·040 ·207 ·029 ·07() 
" .. " 

Fnlr. Good. u·s 17•4 28·1 76·0 .. 5·9 16·1 23·7 05·6 
" 

•OiO ·570 ·054 ·1so " .. " 
Verygood. Verygood. S0·3 21·0 15·8 42'8 Crystalllnc. 40"9 25·1 17•5 52·3 

" 
·074 ·561 ·052 ·135 0·010 

" 
Broke at nngle 15". 

" .. 30·5 21·2 28·7 44·8 .. 39·7 28·9 10·6 45·0 
" 

·0i0 ·382 ·071 ·no 0·050 Parallel, tlien broke Poor. • Poor. 28·2 21·1 25·0 58·3 39·2 20·3 18·7 32"7 Crystalllne. {Brokenear .. .. mark. 

·040 ·241 ·046 ·070 0·210 " 
Bent over close. Falr. Verygood. 24·S 11·2 20·0 63'7 .. 35•1 21•4 15·2 55·3 Silky. 

·070 ·491 ·024 ·110 0·285 .. Verygood. .. 29·6 22·3 21·2 47•7 .. 39•4 25"6 11·2 14·2 Crystalllne. 

·068 '474 ·017 ·115 0 ·810 .. " " 
Fnir. 29·0 21·9 25·0 59-5 .. 39·4 26·3 13·1 30·6 Silky. 

·068 ·231 ·048 ·115 0·361 " 
{ BrokeatangleU0".} 

Check n 15°. " 
Bad. 26·8 20·3 25·0 55·8 .. 0·1 28·8 11·8 32·0 Crystalline. 

'()48 ·184 ·031 ·070 0·415 " 
Bent over close. Poor. 

" 
22·6 17·8 27·5 78·8 .. 29·8 1s·1 25·0 65·2 Sllky. 

·058 ·416 ·048 ·]30 0·517 1 Bent over close, l 
Verygood. Ve,ygood. 27·9 20·8 23·4 62·1 44'2 28·5 15·6 46·8 .. tben broke. I .. " Check u 

·050 ·369 il35 '125 0·524 .. Bent over clase. " " 
28·7 20·0 20·6 41·9 .. 43•1 27·1 15·6 46·4 

" .. 
·073 ·243 ·054 ·oso 0·731 

" " .. Bnd. 27·6 21·3 21·9 38·6 .. 40'8 24·7 14·8 43·8 
" 

·C76 ·872 ·058 '145 o·soo .. " .. Verygood. 28"9 21·5 25·0 58·6 .. 43·6 26"8 n·s 52·7 
" 

·036 ·465 ·019 ·220 1·680 
" 

{ Broke at angle 15". r 
Check ,. no•. " .. 31·1 19·2 24'7 64·2 . . 40·8 22•9 9·3 3·6 

" .. 

TABLE LXXXIX.-HADFIELD'S RESULTS. 
GENERAL 'rABLE, SHOWING ANALYSIS, ELASTIO LIMIT, BREAKING LOAD, ELONGATJON, RBDUCTION OJI' ARBA, BBNDJNO 

AND WELDING QUALITIES OF UNANNEALED AND ANNEALED FORGED TUNGSTEN-lRON ALLOYS. 
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ANALYSBS PBR CENT. 
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~ f / Ji 1 )f ~ ~. ~ I 

Limlt of 
Elastlcity 

per 
Square Inch. 

§-gl( H 

º":: o ~ ::i.oo- "-ge, t:,o 
o.s . .gª to.,.~ i 8. gsoá t:'<":10 ... tp.C Appearance of 

l!'mctured Test Bar. 1 

Bendlng Tests 
ot Unnnnealed nnd 

Annealed Forged Bars, 
Incb wide and 

Iucb thlck. 

Weldlng 
Test. 

- - 1--1--1--1--1--1- - - I- ------
Tona. 
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B 

e 
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F 

G 
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·13 

·15 

·15 

•13 

·21 

·22 

'21 

·28 

·03 

·04 

·07 

·04 

·05 

·05 

·07 

·06 

J 1·381 ·11 

J 

K 

L 

M 

·46 

·63 

·76 

·78 

·OS 

·10 

·19 

·15 

·12 

·10 

·12 

·10 

·15 

·06 

·OS 

·07 

·06 

·06 

·04 

·22 

·22 

·29 

·18 

·18 

·18 

·25 

·28 

·20 

·28 

·25 

·28 

·27 

O·lO 

0·20 

0·40 

0·35 

0·81 

l ·20 

1·49 

3·40 

[ ¡ Unannea.led. 
Annea.led. 
Unannealed. 
Annealed. 

{ 
Unannea.led. 
Annealed. 

¡ Unannealed. 
Annealed. 
Unannealed. 
Annealed. 

f Unannea.led. 
\ Annealed. ¡ Unannealed. 

Annea.led. 
Unannealed. 
Annea.led. 

7 .47 I{ Unannealed. 
Annea.led. 

8·33 

10·56 

15·65 

{ 
Unannealed. 
Annealed. 

¡ Unannealed. 
Annealed. 
Unannealed. 
Annea.led. 

16·18 '{ Unannealed. 

Annealed. 

20·0 
14·5 
22·5 
16·5 
24·0 
18·0 
20·0 
16·5 
29·0 
18·0 
25·0 
l7·5 
20·0 
19·5 
31·0 
23·0 

37·5 
24·0 

45·0 
25·5 
55·0 
28·5 

27·5 

{

DMh&d been 
meuu.red up 
to ~ tona, 
but no ut 
ubae.r,·ed 

27·5 

Double, unbroken. 25·50 35·30 60·74 }Dark granular; fibrous{ 
22·50 43·10 65·46 and silky. 
27·50 40·85 60·74 Granular; fibrous;,lilky{ 
22·50 46·30 66·48 at edges. 
31 ·00 33·00 59·80 Granular; fibrous; silky. 

., 
}IWould not 

weld. 

25·50 39·60 60·10 
27·50 37·35 58·34 
23·00 44·95 68·90 
32·25 35·28 63·36 
26·25 l37 ·60 53·26 
32·50 25·75 49·34 
27·00 37·68 54·38 
34·50 26·35 46·72 
28 ·50 36 ·90 54 ·88 
41·00129·50 5L ·80 
34·00 ::!3·90 53·02 

63·00114-151 18·42 
40·00 25·65 38·46 

64·00 
42·50 
80·00 
48·00 

57·00 
Broke} abort 
aUll 
to,u, 

43·00 

2·50 
22·80 
5·19 

LO·OO 

3·45 

0·46 

1·45 

2·48 
32·62 
4·80 

10·24 

2·56 

0·28 

0·74 
------

,, '' , , ', 
} 

Granular; fibrous; silky{ ,, } 
at edges. ,. 

} 
Da~k granular; fibrous ;{ } 

stlky. ,, 

} 
Dark granular; fibrous{ ,, ,. } 

and silky. 

}

Granular; fibrous; silky J ., } 
at edges. l ,. ,, 

Granular; fibrous;silky{ Ll0º, broken. 
at edges. Double, unbrokcn. 

{ 

Very fine dark crystal-} 
line, with dark spot 84°, broken. 

1 

at edge from which Double, unbroken. 
fracture radiates. 

, } Fine crystalline, with{ 45°, bioken. 
small defect at edge. Double, unbroken. 

}
Very fine dark crystal-{ 10º, broken. 

line. Double, unbroken. 
5º, broken. 

·- ••. 168°, ,, 

Fine crystalline. 

{19::: " 
., 

Would not 
weld. 

" 

* Too hard to machina in unannealed conditiou. 
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the presence of Tungsten, was apparent with the l ·58 per cent. Tungsten 
steel, there being no alloy between this and the ·8 per cent. The Badfield 
compression tests generally confirm the tensile results. 

,\'ith regard to welding, Hadfield finds that so small a percentage as 
·2 of Tungsten prevents welding, whereas the author's samples, with l ·5 per 
cent., welded well. Appended is a table giving full particulars of Hadfield's 
results (see Table lxxxix., p. 419). At fust sight it seems diflicult to explain 
this different behaviour of the two sets of alloys, but, on carefully examining 
the analyses of the author's samples, it will be found that tbe only three 
containing any appreciable amount of Tungsten which welded badly were 
K, L, and O, ali of which were very low in Manganese, containing less than 
·25 per cent. The other samples, fairly higb in Manganese, ali welded well. 
On reference to the Hadfield samples, although the percentage of Sulphur 
is not given in ali cases, where it is given it is always high, the lowest per
:entage being ·l and the bighest ·15; the l\fanganese in ali cases is also 
very low, the highest percentage being only ·28 and lowest ·18. Bearing these 
íacts in mind, it does not seem improbable that any tendency to red shqrtness, 
induced by the presence of Tungsten, ni.ay have been greatly increased by 
the absence of Manganese and the presence of a comparatively large per
centage oi Sulphur, and, given a larger percentage of )Ianganese a.nd lower 
Sulphm·, sorne of the Hadfield samples which refused to weld might ha,e 
given much better results. It thus seems probable that Tungsten per se up 
to l ·5 per cent. does not prevent welding of mild steel, except in cases where 
the general composition of the steel would lead us to expect doubtful results, 
when it increases the evil. The action, however, of Tungsten on the welding 
properties requires further experimental evidence before the matter can be 
considered finally settled. 

Tungsten steels are largely used for permanent magnets, and G. Hannack * 
has pointed out that Carbon and Tungsten are by far the most important 
constituents of magnet steels. :Manganese is found to reduce the capacity, 
and sbould not be higher than 0·2 per cent. ; Silicon in small quantities is 
not detrimental, and Sulphur and Phosphorus have no influence of the capacity 
or permanence of magnet steels. Copper and Nickel are found to be 
detrimental. A steel of the following composition is stated to be excel
lent for magnets :-C 0·6, W 5·37, Mn 0·18, P 0·02, S 0·038, Si 0·25, 
Cu 0·004. 

For the best results, this steel should be hardened at about 850º C. 
Molybdenurn may be used instead of Tungsten, but Chromium is inferior 

in its effect. 
Uranium.-Very little is known of the properties of Uranium steels, 

but Uranium t is said to increase the hardness, toughness, and elasticity of 
steel, although not to tbe same extent as Vanadium, Chromium, Nickel, or 
Tungsten. Uranium steels are claimed to be specially suitable for ordnance 
and armour plate. 

Vanadium.-The general effect of Vanadium on steel seems to be to 
increase the tensile strength and elastic limit and somewhat reduce the 
elongation. 

The experiments made during the last few years--i.e., since Vanadium 

• Stahl mul Eise:n, 1908, vol. xxviii., pp. 1237-1240; see al.so Mechanical Enginur, 
1910, vol. xxv., pp. 331-332. 

t Oesterr. Zeit. fiir Berg. und Huttemcesen, vol. lvii., p. 313. 
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becaroe obtainable ata more reasonable price--have ~emo~strated that it_is 
probably one of the most powerful metals for ~lloy10~ w1th steel ~et _d~
covered. One or two-tenths per cent. of Vanadium ra1ses the elastic lnn_it 
and tensile strength of mild or low Carbon steel by about 50 per cent., and 10 
sorne cases even more. . . . 

Vanadium apparently acts to sorne extent_ 10 the same ~ay as ~lunumum 
as a deoxidiser, and it is also claimed that _1t removes Nitrogen m form of 
Nitrides, thus reducing the occl~ded gases m t_he steel. It app~rs to act 
directly in severa! different ~ays, m ~ow ~nd medmm Carbon st~els 1t_toug~en~ 
the metal mainly by its sohd solut1on 10 the_ Carbo~less port1_on or F;~nte , 
it also forms complex Carbides, which, espec1ally with Ch:om1~m or Nickel, 
greatly strengthen the steel, and it seems to have a phys~cal 10fluence a~o, 
promotin~ the even d_istribution of t~e Carbon _and cons1de~ably retar~mg 
constitutrnnal segregation ; from experimental eVIdence ther~ 1s the_ stronee~t 
reason to believe that a very small per_cent~ge of yanad1um will 18:rgely 
enable the steel to resist that deter1orat1on which, und~ contmued 
vibration, leads to brittlenes~, and is one of. the most s~nous . dangers 
which en«ineers have to face m these days of h1gh-speed engmes w1th large 

e 
moving parts. . . . 

Samples of steel alloyed with ver.r small quant1ties of Vanad1um hav~ been 
produced and have giv_en extraordm~y results when tested mechamca:Hy. 
The results obtained with some experimental bars and plates from cruc1ble 
steel with and without Nickel, for which I aro indeb~ed to the late :Mr. A. 
F. Wiener, are given in Table xc., p. 421. The experunents were conducted 

by Prof. Arnold. . · 1 · 
The round bar, 682 of ordinary steel, has an except1onally h~h e ast~c 

Jimit, but in the plate samples is nearer normal, a~d no expl~nat1on of th~ 
can be given. It will be noticed that ·27 of Vanadmm has r~1Sed th~ elast1c 
lirnit 12 tons, and the maximum stress 16 tons per squ~re mch, wit~ only 
a fall of 11 per cent. in the elongation and 9 per cent. m th~ reduction of 
area, thus having a greater infl.uence than 3·35 per cent. of ~1ckel. In t~e 
Vanadium-Nickel steel, 685, ·28 per cent. of Vanadium ha~ ra1se~ ~he elast1c 
limit 18 tons and the maximum stress 26 tons per square mch, g1vmg a steel 
with an elastic limit of 50 tons, and a maximum stress of over 68 toi:19 per 
square inch, with an elongation of nearly 17 per cent., and a reduct1on of 
area of over 36 per cent. 

The above results are confumed by sorne given in the Engineering _mul 
Mining Journal of New ~ork, of 18th August,. 1900, where .ª wrought-iron 
bar containing 0·5 Vanadium gave 39 tons maximum stress Wlth ~2 per cent. 
elongation, compared with_ 24·5 tons an~ 19 per cent. elongat1on fo_r the 
unalloyed iron. On anneahng, _the Vana~um bar gave 33·7 ton~ maXlfilum 
stress ,vith 32 per cent. elongat1on. A m1ld ~teel of 30 tons max~um stress 
and 17 per cent. elongation when alloyed w1th 1 per _cent. Vanadium, gave 
a maximum stress of 61 tons and 14 per cent. elongat1on as rolled, and after 
annealing, 45 tons and _20 per cent. el~ngation.. . . 

When using V anadium to alloy w1th steel 1t must be borne m mmd that 
the element acts in the same direction as, but to a much more marked extent 
than, Carbon in steel, and that the percentage of Carbon must therefore 
be controlled with special care. . . . . 

The following are sorne results W1th h1gh Carbon steels kindlr suppl~ed 
me by Mi:· Wiener, a bar of p~e iron with ·85 per cent. of Vanadium bemg 
included m the test for companson :-

V ANADIUM. • 423 

TABLE XCI.-INFLUENCE OF V ANADIU.M ON ffiGH ÜARBON STEELS, 

ANALYSBS. MECHANIOAL RESULTS. 

Ingot Number. 
Elaatic Muimum Elongatlon Combine<! Reductfon 

Carbon. Vanadlum. Alumlnlum. Limit per Stress per per cent. of Area. Sq. Inch. Sq. lnch. In 2Inches. 

--·-
Per ceut Per cent. Per ccut. Tons. Tons. Per cent 

617 Steel, l ·06 0·14 0·07 43·0 67·9 6·5 6·9 
618 

" 
l ·02 0·29 0·09 43·2 76·2 8·5 10·0 

619 1·00 0·58 0·36 6-l,8 85·5 7'0 7·6 
620 Ir~n. o·o5 0·85 0·05 20·4 26·1 37·0 72·0 
621 Stecl, O·SO l·ll 0·45 54·0 77'1 10·0 17'6 
622 ,. 1·04 0·77 0·21 58·8 84·0 7'5 9·3 

Test ba.rs. f-inch rounds. 

The results of the mechanical tests prove beyond doubt the remarkably 
powerful infl.uence of Vanadium on iron and steel. A plll'e iron ingot without 
Vanadium yields a bar having an elastic limit of 12 tons, and an ultimate 
stress of 21 tons per square inch, and also a reduction of area of about 75 per 
cent. Therefore, ·85 per cent. of Vanadium has raised the elastic limit 8 tons, 
and the ultimate stress 5 tons per square inch without appreciaL1y reducing 
the ductility ; its influencc, however, on iron is not nearly so marked or 
extraordinary as its action upon steel. 

A nearly plll'e iron and Carbon steel containing about l · l per cent. of 
Carbon has an elastic limit of about 30 tons, an ultimate stress of about 
60 tons per square inch, together with an elongation on 2 inches and a reduc
tion of area of about 8 per cent. each. On reference to the table, it will be 
seen that without appreciably altering the ductility, ·14 per cent. of Vanadium 
has raised the elastic limit 13 tons and the maximum stress about 7 tons 
per square inch. . 

Wi!hout l_owering the _ductility (if anything, raising it) ·3 per cent. of 
Vanadium raJSes the max1mum stress to 76 tons, and ·6 per cent. raises it 
to 85 tons per square inch. There seems to be no advantage in adding beyond 
·6 per cent., as the steel containing ·77 per cent. gave practically the same 
res1ilts as that containing ·58 per cent. of Vanadium. 

The elastic limit of nearly 65 tons per square inch possessed by thc steel 
last named is more than remarkable. 
. V a~adium has such a very high melting point that it is very diffi.cult, 
if not impracticable, to alloy it with steel in the ordinary plant available at 
stcel works. Ferro-Vanadium, however, which should contain not less than 
25 ~r over 35 per cent. Vanadium, will alloy easily with steel either in the 
cruc1ble or the open hearth furnace. Losses by oxidisation are possible, but 
ca~ be largely avoided, and with care and the exercise of proper technical 
skill by the steel-makers this losa should never exceed · 10 per cent., and normally 
not more than. ·07 per cent. ; ~hus in open hearth practice to obtain ·3 per 
cent. of Vanadmm m the steel 1t should only be necessary to add a quantity 
of the alloy equivalent to •37 per cent. Vanadium. 

The Ferro-Vanadium used should be as pure as possible. The alloy 
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commercially obtainable sometimcs contains appreciable quantities of Carbon 
or Alumínium, either of which elements, if added haphazard to steel, may 
render the effect of the Vanadium on steel partly illusory or disappointing. 
An alloy which has a low melting point, and which gives very good results 
in actual practice, contains about 30 to 40 per cent. Vanadium, 6 to 7 per 
cent. Silicon, and about 3 per cent. of Aluminium. 

During the last few years severa! systematic researches on Vanadium 
steels have been carried out and the results published,* and I am indebted 
to .Mr. Kent Smith for the following information as to the influence of Van
adium, based on his own experimental work. It will appear from his results 
that, quite apart from the question of cost, the useful application of Vanadium 
is confined to alloying very small percentages, and in the direction of the 
quaternary rather than in that of the ternary steels. 

The following table illustrates the efiect of Vanadium, both alone and 
when alloyed with Chromium, in raising the ultimate stress and the yield 
point without very appreciably reducing either the elongat1on or reduction 
of area :-

TABLE XCII. 

~~ :ic -~ ,:;~ ..... 
~ ". ~i ~g 

., 
ºg '"' ., PI .. º" ". p., .. 3 .. .. ... 'S., 

= .. :;!8, .,., 
.ll :f" ""' .,., e~ " .... ., . .. .2 8 !.; ., .. 

;;~ 
-e ~g 1 "'1:J ~ >-o 

~ ~ ::,~ l'il p., 
- - - --,___ ---

A 
CRucmLJll STEELS (Carbon, ·22% to -25%)-

16·0 27·0 ·592 35·0 60·0 Plain Carbon, Manganese, • , • . 
,B 

" 
+0·5 % Chromium, 22·9 34·0 ·673 33·0 60·6 

•e ,, + l ·O% ,, . . 25·0 38·2 ·654 30·0 57·3 
D " 

+O·l % Van&dium, . . 28·5 34·8 ·819 31 ·0 60·0 
E ,, +0·15% ,, . . . . 30·4 36·S ·833 26·0 59·0 

F ,, +0·2i ,, • . . • 34·1 39·3 ·867 24·0 59·0 

G ,, + l ·O°. Chromium+O·l5% Vanadium, 36·2 48·6 ·745 24·0 56·6 

H ,, +l ·O% ,, +0·25 % ,, 49·4 60·4 ·818 18·5 46·3 

I NICK.11:L STBBL,. . • . . • • 26·0 42·0 ·619 24·0 50·0 

K ,, +0·2% Van&dium, . . • 52·1 57·9 ·899 20·5 52·4 
ÜP.BN HEARTH STEJILS (Carbon, ·25 % to -27 %)-

32·2 ·549 34·0 52·6 L Plain Carbon, Manganese, . . • • . 17·7 
M " 

+1·0%Chromium+O·l5%Vanadium, 34·4 52·6 ·654 25·0 55·5 . -
The very marked influcnce of oíl tempering on_ the stati~ qualities of ~he 

Chrome Vanadium and Nickel Vanadium steels 1S shown m the followmg 
table, due in ali probability to the retarding action which Vanadium appar· 
ently has on the segregation of the Carbides :-

• Sankey and Kent Smith, Inat. Mt0· E1:9:• Dccerober, ~904; Guillet, Iron anll 
8tetl Inst. J()'IJ.rn., vol. ü., 1905; Kent Sm1th, ib,d.; Kent SIDlth, Soc. Chem. Induat,g, 
Mareh, 1906; Kent Smith, Stafjordshir• /ron and Steel lnat., February, 1906. 

VANADIUM !25 

TABLE XCIIL 
. 

7 
Refer- Yleld Ultlmate Elonga-

Polnt. Stress. Elastlc tlon on Reductlon ence 
No. Tone per Tom per Ratio. 2 Inches. or Area. 

Sq. lnch. Sq. Inch. Per cent. Per cent. 

ÜPEN flEARTH CHROME VAN-
ADIUM STEELS-

N Te¡¡ered rolled b&r of steel, 
, Table xcii., . 43-4 53·6 ·809 22-0 56·6 

Simila,· Steela-
o Motor crank-shi!.ft forging, . 48·5 57'1 ·849 22·5 49·0 p Hollow f¡jn nle, . . . 45·6 53·2 ·857 20·0 54·9 
Q Automo ile (solid) driving 

axle, . . . 43·5 53·7 ·810 21 ·0 60·7 
NICKEL V ANADIUM STEl!.L-

R Te7.red rolled bar of steel, 
, Table xcii., . . 80·3 82'7 ·971 14·5 50·5 

ÜPEl! HEAJ!.TH STEEL-
s Mild Chrome Vanadium steel, 

S1 
asrolled,. . . . 21 ·8 27'6 ·789 38·0 63·0 

The same, quenched from 
850° c., 34·1 45'7 ·746 22·0 61 ·6 

The steel marked S is su.itable for case hardening. 

· lt is not only under ata.tic stress that Vanadium quaternary steels give 
suoh remar~able results, but under ?Y~a~c and vibratory stress the results 
are ~x~eptl?nally ~ood. By the ¡ud1c1ous use of Vanadium, a material 
combmmg high tensile s~ength wit~ resistance to sudden shock and vibratory 
str8:Ss~, _so urgen~ly reqmred by engmeers to meet the requirements of modern 
engmeenng practice, can be produced . 

In _the follo_wing tables (xciv., xcv., xcvi.) some results a.re given, an 
except1onally h1gh-class steel, far superior to most Carbon steels being 
~sted for. compari~on; this steel, marked T, gave the following 'results 
m the testmg machme :-

1 
Re.ference 1 Elastlc Llmlt. Ultlmate Stress. Blongatlon on 2 Ina. Reductlon or Area. No. Tona per Sq. Inch. Tons per Sq. Incb. Percent. Per cent. 

[ T 
1 

18·5 30·2 40·5 60·7 

' 

TABLE XCIV .-ALTERNATING STRESS ( ARNOLD's METHOD ). 

,---------------
Reference No. 

T Carbon steel, . . , 
O Vanadium Chrome ateel, p 
Q 

Table. 

., 

Nnmber or Alternatlon, 
before Fracture. 

1,000 
1,500 
1,600 
l,700 

28 
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The following resulta further il~ustrat~ _the influe~ce of Vanadium and 
Chromium on the static and dynaIDic quahties of steel .-

'r AHLE XOV. 

Resistance Reaistance 
to to R.otary 

Elastic Ultirnate Elonga- Reductlon Altemating Vlhration 
Llmit. Stress. tion on of Area. Streso (Stead). 

Reference No. Tons per Tons per 2 Inches. Per cent. (Amold) Reversals 
Sq. Inch. Sq. Inch. Per cent. before before 

Fracture. Fracture 

---------
T Car bon steel, • 18·5 30·2 40·5 60·7 1,050 6,600 

21 ·o 39·0 34•5 53·1 2,200 ... u Vanadium Obr. steel, 
42·9 33·0 60·7 2,100 65,700 29·4 V .. , . 
.. i h ductilit and In U and V we have two steels combmmg h1gh ~01ule strength w t Y, 

a.t the sama time showing remarkable resistance to v1brat1on and sudden shock 

T \BT,E XCVI.-hIPACT TESTS (Izon's ~lETBODS). , -
ll.e.ference No. 

Table Reference for 
Tensile Resulta. 

\ r.esiatance to Sudden Shock 
ll'oot-lbs. 

' 

Carbon steel, • • ... 13 T xciii., 11 o Vanadium Chrome steel, 10 p " 12 " " Q " " " xcv., 16 u " " 15 " V " 
,, 

-
The above steels are ali comparatively low in Carbon, b_ut that vefr ~gh 

tensile strengtb, combined with ductility, can be obtamed ?Y ª oym? 
Vanad.ium with rugher Car bon Rteels is shown by tbe results g1ven below' 
obtained with a ·45 per cent. Carbon steel. 

TABLE XCVII. 

J Elastir Limit. Ultimate Stress. Elongation on Reduction of 
Elastic Ratio. 2 Inches. Area. 

Tons r,;r l'ons per Per cent. Per cent. 81¡11are uch. &¡uare Inch. 

44·95 77·92 

1 

·577 19·0 50·4 
As forged, 7·5 17·7 
Tempered, 91·69 101·72 ·901 

In the case of ordinary Carbon steels, when the t_e~ile streng~h 1s con-

siderably incr~ased bJ ªtt~ ~f ~::b~~!foen d~c~!a~:~ r::!:~~e t:~ 
8~~~ ::e~!f~~! ;:e:~~ 'incr¡as;a_, while the ductility and resistance to 
:u~den shock are not appreciably ~ecre~sed. . . . . 

Judaing from the resulta obtamed m pract1ce, Vanad.ium used m ?º_ID 
b. t· 0 'th Chromium seems to give tbe best results. A steel contammg 
~~m Chr · d~per~ from ·24 to ·28 er cent. of Carbon, l ·0 per cent. Ollllllll:, an . . 

di · p ded by Kent Smith for rapidly movmg parts sub¡ected Vana um 1s recommen . f ¡ · J ly 
to alternatina and other complex stress, and th1s class o stee_ 1s more a~ed 
used than the higher Carbon steel. It can be used both m the ann 

HIGH-SPEED TOOL STEEL. 425b 

and oil-tempered c?nd.ition, an_d i~ ~be former state has a tensile strength 
of about 3? tons w1~h an elast1c_ l~t of 27 tons, a1;1d an elongation 30 per 
cent. on 2 mches ; oil-tempered 1t g1ves 59 tons tensile, 50 tons elastic limit, 
and 18 per cent. elongation with 57 per cent. reduction of area. For springs 
a somewhat higher Carbon, ·41 to ·47 per cent., with ·80 to ·90 per cent. of 
Manganese, is reeommended, and it is claimed that springs made from thia 
steel withstand repeated alternations of stress in the neighbourhood of the 
elastic limit to a far greater extent than Carbon steels without taking per
manent set. This steel has also given very satisfactory resulta for gears 
for motor cars, and a somewhat higher Carbon and lower Manganese steel 
has been used in the United States for tyres. 

So far as my own experience goes, I have seen some excellent resulta 
with Chrome Vanad.ium steels in cases where a high tensile strength com
binad with resistance to vibration and shock were required, and, although 
at present the use of this steel is limited, it is probable that, if tbe cost of 
Vanadium is reduced, it will be much more largely used. 

The present price of the metal Vanad.ium is high, and, consequently, 
its use in steel manufacture is limited to high-class steels required for special 
purposes; but the small quantities in which it is used should enable Van
adium steel to compete, as regards price, with Nickel steels containing from 
3 to 4 per cent. of Nickel. 

High-speed Tool Steel.-During the last fifteen years great improve
ments have been made in the manufacture and heat treatment of tool steels, 
as the result of which cutting speeds are now used which appeared to be 
impossible a few years ago. These improvements depend mainly on the 
properties induced by the addition of special ferro-alloys, such as Tungsten, 
Chromium, Molybdenum, and Vanad.ium. 

Tbe following table, taken from an article by Professor Carpenter, gives 
the compositions of four types of tool steels, with comparative figures of their 
speed of cutting medium hard steel :-

TABLE XCVIII. 

Make of Steel, 

1 

ISpeed per 

1 

C. SI. Mn. W. Cr. V, :mnute 
__ I_ in Fet t. 

1-------1---i-- - - - -
Per cent.,· Percent,. Per cent. Per cent., Pe1·.cent. Per cent. 

Jessop Carbon, . • j 1-047 0·206 0·19 . . 0·207 .. 
1 Mushet sell-hardening, • 2·15 1·044 , 1·58 5·44 0·40 .. 
' Taylor-White, . . 1·85 0·150 0·30 8·00 3·80 .. 
[ .Modero high-speed steel, • 1 0·67 0·043 O· 11 18·\H I 5·47 0·29 

16 
26 
60 

100 

. The increase in cutting speed above noted is due to variation in composi
tJon and almost equally due to improvements in heat treatment. 

T~e Carbon steels as mainly used for tool purposes up to the year 1894 
-contamed only small quantities of constituents other than iron and Carbon; 
~he :Mushet self-hardening or air-hardening steels, which began to come 
mto general use about 1894, contained considerable amounts of Tungsten 
besides bigh Carbon, Silicon, and :Manganese. The original Taylor-White 
too) s_teel, which may be considered to bave inti:oduced rapid cutting tools, 
eontamed larger quantities of Tungsten and Chromium with high Carbon. 
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and low Silicon and ulanganese. The modern high-speed tool steel consists 
essentially of an Iron-Tungsten-Chromium alloy with medium Carbon (0·6), 
and in sorne cases a small amount of Vanadium; Molybdenum is sometimes 
used to replace some of the Tungsten. The most suitable heat treatment 
of these steels differs greatly from that of Carbon steels, for whereas in har
dening the Carbon and Mushet tools the greatest care had to be taken not 
to overheat them, the Taylor-White and modern rapid too! steels cannot 
be overheated, in order to get the full cutting value of them, they have 
to be almost melted. For the manufacture of high-speed tool steel, the 
materials which must be of tlie highest quality are melted in crucibles. 
Each crucible takes a charge of 80 to 50 lbs., according to the number of 
times it has previously been used ; after melting, the charge is either teemed 
into a ladle, which receives the contents of several crucibles and then into 
an ingot mould, or direct into the mould. After solidification, the ingot 
is stripped and cropped as usual. 

The steel is so hard in the cast condition that it has to be softened pre-
viously to being worked by a prolonged heating at a temperatura of about 
800° C. in a gas-heated furnace. This last treatment being continued sorne· 
times for two days. At the end of this treatment the ingot is ready for 
forging. For this purpose it is heated to about 1,000° C. in a clear coke fue, 
and then forged to the required size, and sometimes rolled as a finishing 
operation. The material then undergoes a second annealing at about 800º 
C. for from 12 to 18 hours, according to its section, and is then again heated 
to 1,000° C., and forged to any desired shape. When cold it is ground on 
a dry stone or dry emery wheel. It is now ready for the high-heat treatment, 
for which it is heated in a smith's fue until the nose begins to melt, and is 
then completely cooled in an air blast, or in some cases, after the temperature 
has fallen to 900º C., it is oil-quenched. In sorne cases the tool also receives 
a low-heat treatment at a temperatura of 625° C. 


