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; w5 L Very high:strength levels in.steel, not: eobtainable by~ . -
-3 . conventional methods of hardening ~by quenching and lew .- ..
temperature tempering, are- obtained by ‘new hardening
techniques involving the thermal-mechanical treatment of . -
metastable austenite. o

The earlier attempts on such hardening techniques gnd -
the development of new processes such as ‘Ausforming’ = . .
investigated in the Ford Motor Company Research = *
_ {:Lahoratoires'and “Maraging’”developed and patented by the - .°
. .. International Nickel Company (Mond) Limited, are briefly = .
7" reviewed here. o T

Introduction

Steel has been the most common constructional material due to its supe-
riority over other alloys. Though the strength to weight ratio of steel is much
smaller than that of alloys like Duralumin and Aluminium-Magnesium alloys,
it possesses excellent resistance to reactions in nuclear vessels, retains good
strength at high and low temperatures, and withstands alternating loads better
than the above alloys. The utility of steel can be considerably enhanced if
its strength to weight ratio can be increased. The possibility of further in-
creasing the strength is indicated by the fact that even the best of high strength
steels manifest only a fraction of the potential theoretical fracture-strength of
2-5 million p.s.i. of iron, as calculated by FRENKEL’s classical method.
However, the limiting factor in effecting such improvements in mechanical
strength using the conventional technique of quenching followed by tempering
at lower temperatures, is the loss in ductility and toughness that follows the
increased hardness and strength. Thus various investigators have been working
on this problem of increasing the strength of steel by methods other than con-
ventional. This aspect has come into prominence recently on account of the
requirements imposed in the design of modern aircraft and. special weapons.
The following is a short review of the various such investigations carried out.

Most of the techniques generally employ mechanical working of
metastable austenite at a temperature where it remains stable for sufficiently
long time without undergoing transformation and they differ mainly in the

manner and the modus operandi of giving the deformation at high tempe-
rature. :
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As early .as .1950, . Richard F. Harvey! used the principle on oil
bardening high carbon teol steels. He used two lean alloys—(A) Chrome-
Vanadium (C .."0-95%,)and another, (B) Chrome-Molybdenum (C .. 1:04%,)
steel: (The steels in theform of strips 3”x 3/4” and 0-051” ‘thick were quenched
from austenitising-temperature of 1500°F in a salt bath kept at .about 500—
515°F and after homogenising, were shot peened while hot on one side and, then
quenched in oil at room temperature. The intensity of peening’ was measured
by: the curvature; On measuring the hardness values in both cases, the shot
peened side showed an increase in hardness of 2-3 numbers on the Re scale
over:that obtained on the ‘otheriside.: The retained austenite also Was found
less on the peened side than the other by about-79%) " ‘althoughi thé method of
determining was not mentioned. In this new, technique of step quenching (See
Fig 1) as hegalled it, high intensity of peening was allowsble without dangen
of crackpp, . Other properties investigaged, like, fatigue, impact and tensile
'Weregincjo’n]}‘} % \ ’ ."’a ,)’., J“‘ ¢ “. '* . ». ’ : ' o
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5 | LIPS and 1 N;ail‘, Zuﬂen2 m Holland f_r‘eportédfii’lv195;1‘,: ﬂxé remark&ble iriéréase
in strength achieved in strips by. working the, metastable austenite. - The steel
used contained-0:35%, cazrhon, 1150%chromiutn and. 4+509, nicke]. SRR
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The improvement in properties was reported as shown belowias. - /. 7.
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.quite: unusual
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- . The strip showed outstanding spring qualities and ductility
for the high hardness attained. .-~ "« 00 a0 e
© Wires'of very high mechanjcal properties and creep strength wete obtained
by-the same workers by dfawing , plai carbon music wire (0-92% C) after
atisténitising, “through dies kept immersed in suitable Hot hiquids at proper.
temperature. The new method yielded a wire that had a cresp Strength of
310,000 p.s.i. in contrast to the old method that gave a creep strength of 220,000
p.S.i. to t'he W].l'e,_ B

N et . e g

The investigators have not specified the dimensions of the wire and strip
employed which is very" important'sincé iniprovement iniproperties can be
attributed in part atleast to the size effect, as in patenting process of drawing

high carbon stéel wires. %

Ausforming N

The above ‘principle of ‘hot cold working” of austenite’ was studied in the
Ford Motor Company by D.J. Schmatz and V.F. Zackay®. Considerable
amount of work has been done by them.in collaboration with others like J.C.
Shyne, W.M. Justusson, etc. and.‘a concept “of a new term ‘Ausforming’
as the plastic deformation of metastable austenite in the ‘bay’ area between
the pearlitic and bainitic transformation bands followed by subsequent trans
formation to martensite has ‘been introduced. This ‘bay” in~the isothermsl
transformation iagram (shown in Fig 2) is obtained by the addition and
balance of elements such as chromium and nickel, which greatly stabilise the
austenite and thereby allow sufficient time for severe deformation. The successful
application of ausforming process:depends on the extremely elose control
of time, temperaturé and energy imput during the deformation for retaning
the fully austenitic structure and subsequently transformed completely to
martensitic structure, el

In their first series of experiments, 5 steels melted in vacuum with chromium
content varying from 1-42—1-46%,, Nickel content ranging from 3-96—
4-75%, and Carbon from 0-28—0-97%, were rolled at different temperatures
giving different amounts of deformation and then quenched. The specimens were
then tempered at various temperatures and the variation of mechanical proper-

ties with tempering teniperatures'-for different  amountsof deformation at

1000°C were plotted for different-alloys.-The tensile strength, yield strength
and elongation were found to increase with increasing percentage of deformas-
. tion at any temperature, A 0-49% Carbon alloy when deformed 75%, at 1000°.
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;quenched and tempered. at. 200°F showed tensile strength- exceeding-400,000
psd For. the ausformed material, the yield te tensile ratio was highesthan the
.conventlonally hardened material and ductility was good with-no evidence -of
brittle fracture. However, the effect.of retained. austemte on the strength of
these steels .after. ausformmg was: not studled.
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- More systematic work was undertaken by. Schmatz, Zackay and
Shyne* in which three air melted and two vacuum melted steels were tried
‘with Carbon ranging from 0-31 to 0-639%,, Chromium between 2-21 and 2:94%,,
and Nickel between 1-03"and 1:65%,. Al “steels ¢ontained 1:50 to "1 60%

Silicon, as this retarded the tempering and improved the impact resistance in
the 500°F embrittlemeit range. The TTT curve of one steel was determined as a.
representative of all others and the’ ‘bay’ temperature was 800—1050°F. The-
specimens were austenitised, cooled in air up ‘to ‘deformation temperature;
deformed by multipass rolling a.nd then queuched n 011 ahd tempered at dxfferent
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temperatures. - Tensile- tests on .1/8” “dia samples ‘proimd from ‘bar stock
showed that as in ordinary martensite, in the ausformed steels'also, the higher
carbon steels -exhibited greater strengths over thie domplete tempering rdnge.
‘Highest tensile strengths were observed for the vacuum melted-steels--464,600
p.8.1. for the steel V-63 (0-63%, C) and 440,000 p.s.i. for the steel V-48'(6-48%; €)
both after deforming 93%, at 1000°F, quenching in oil and then tempering
at 212°F. Electron micrographs of martensite. formed.-from deformed and
undeformed austenite showed that deformation cadses a marked refinement.
The average plate lengths were about 1-1/2 microns and 3 microns respectively
for the 93%; deformed sample and undeformed sample. The refinement was
found to be proportional to the amount of austenite deformation.

The relative amounts of réta.ingd austenite and martensitesin ‘each sample
was measured by measuring the saturation magnetic moment, austenite being
non-ferromagnetic at room temperature. Plastic deformation induced more
transformation, but not i alk dasés. k!

Various reasons have been attributed to the improvement in  mechanical
Pproperties,-The-deformation textiire caused by the deformafion of metastable
austenite and retained after transformation, affects the size and orientation of
martensite formed after deformation. Theincreased stress m;qgi_red:-for slip
through the extremely fine martensite is one of the strengtheﬁihg'meq}mnism,
In the highly deformed #aatrix, no-recovery or recrystallisation is expécted at
the temperature of deformation. The dislocation density may be quite high and
considerable interaction of the dislocations’ within -themselves and with the
grain: boundaries may take place. “

Earliér investigations showed that plastic working increases the-amount
of martensite formed. Cotirell® in .a series of experiments on retained
austenite ‘concluded ‘that straining induces complete transformation at tem-
peratures where austenite’ transforms readily, and that the amount of trans-
formation, is linearly proportional to the plastioc ' strain. Jepson and
Thompsori® also concluded thiat iii ‘eutectoid carbon steels, pronounced
Increment; in the amount of transformation to bainite occurfed on stressing
within the critical stress range, i.e., about the region of the yield stress of
austenite. The bainite formation was preferred with respect to distribution and
orientation; -due to the,slip and twinning along preferred planes and directiins
in the austenite lattice. The overall.growth rate of bainite needles were found
10 decrease by stress. L.F. iP’cj“i'iia'}Jg:;t‘rb'izﬂfsu1':es the maximum strength of the
deformed material tempered at 200°F to an increase in the rate of precipitation
of Epsilon carbide. Increase in rates of transféimation to bainite and precipita-
tion of FeyC is assumed to have caused the higher value of yield to tensile
Tatio of the ausformed” material at-a lower tempeéritig temperature’ than the
undeformed ‘material,* - ST s e e T
" RW. Lindsay and .E.A, Monier also- investigated on the .lines .of
Lips and Van  Zuilen? with Chromium-Molybdenum:Vanadium : steel sheets
coated with Magnesium oxide, and packed between cover sheets of low carbon
steel.. The. whole, pack was heated to austenitise, transferred to a furnace keps
at. the bay temperature and rolled to give different percenfages of reduction,
"They. ehserved an increage in:strength due to. prior deformation,. but nat so

Temarkable as predicted by the Dutch workers. -
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- -7 W.H. Chang.of the Flight Propuliion Laberatory: of the: Gleriedal Eléittic®
Company has reported from his tests that strain ‘induced transforatiot ‘and:
cold working of transformation products contribute to the strengthening effect.
Specimetis of different steels were given 75% teduction in, thickness by multic
pass folling, checking béing done after éash pass for any, transformation to have
otcurred: It was'seen’that steels which developed strong magnetism (showing.
larger transformation) had larger strength increments, though in the und eformed
eondition. they were not:of higher strengthi = wilsilii vrnis 2us oo

- ‘The results recorded jn- experiments with.a: particular, ; steel, AM-357
annealed from 2000°F, Tefrigerated. for 8 hours at 300°F and. tempered. a.
800°F for one hour, showed a proof strength of 145,000. p.si..at.0-29 elonga--
tion of gauge length, The same steel after rolling at 800°F with 85%, reduction:
in area followed by refrigeration and tempering as, above, gave an yield valug:
of 194,00 p.s.i. Again, the same steel pre-refrigerated at 100°F for 10 minutes
to cause partial transformation; followed by rolling at 800°F, refrigération and,
tempering as above increased the yield valué to 234,000 p.8.i; These remarkable
results show the effect of mechanical -working' on transformed products ‘ih?
strengthening of  steels. - =+ v o el BT S
- The effects of various metallurgical variables such as grain size,: carbon:
content, tempering temperature and the amount of. retained austenite on the.
strength of ausformed steels,” were studied . by Zackay, Schmatz: and W.M.
Justusson of the Ford Motor Company”. An alloy H-11 tool steel (Vascojet
1000) containing 0-40%, C, 5-00%, Cr, 1-30%, Mo and 0-509, V was austenitised:

. at 1900°F, air cooled to deformation temperature (not given) in the bay region,
deformed: by rolling, oil quenched and double tempered at 950°F. After each
pass'through the mill, the temperature 6f thé work piece was determined’ by
an'infra red testing device.’ Simultaneously, the amount of transformation was
also ‘determined magnetically” using & Helmholtz coil eoupled to'a fluxmeter.’
When' not deformed . this alloy in strip form exhibitéd tensils ‘and yield
strengths of 309,000 p:s:i: and 240,000 p.sii. respectively: The stréngth increased
as the “percentage deformation at a particular temperaturé increased: 509,
deformation at 950°F gave tensile strength of 370,000 p.s.i. and 949 déforma-
tion gave tensile strengths of 408,000 p.s.i., Whereas corresponding values for
deformations at 1700°F were 357,000 p.s.i. and 397,000 p.s.i. respectively. At
a particular deformation Jevel, both the tensile and yield strengths were found
to decrease as deformation’ temperature was raised from 700°F to ‘1200°F.
The speeds of deformation which are important, have not been mentionéd.

It was found that grain sizé (ASTM Nos 0—6) had littlé effect on strength,
but the strength increased and ductility decreased -with inéreasing ' carbon
content; and for the alloys of higher carbon content, the'.amount. of retained
austenite was also found to increase with increase'in percentage of deformation;
Applicability-of Ausforming. . . . @1 T i Lo Tt
" Ausforming—the‘thermal mechanical tteatment of metastable austenité—
has not yet been. established as a regular technique for obtaming ‘consistently
regular results.- There can be different ways .of deforming the austenite af,

different temperatures and speeds by rolling of bat; rod, ‘strip and sheets,

hammer- and" préss forging, shot peening, extrusion” and hot spinning, wiré
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-drawing and deep drawing of sheets; eteg P 1sexpected that htgh veloclty defor-
mation by. explosives will: be -very helpful ;

'Sinee the- heat-treatment and fabncatron can. be done s;multaneously,
the application of the technique cén be diversified and can be.adopted for any

process’ done ab eleva.ted tempera,tures and in which the:ne 13, apprecmble metal
ﬂow v

There are many hmlta,tlons a,s Well 'Ihe mechamca;l treatment needed a.t
high temperature and later quenching, limit the size .of article formed. The
Ioss of strenjsth in. the vicinity of a weld would restrict the use of welded
construction on' matérials' strengthened by this process. Also, the material
would have to be fabricated -at its highest strength levels rather than being’
fabricated in the'annealed condition and heat-treated later These disadvantages;
hmlt the VerSa.tlhty of ‘the' technique. ‘ :

Much remains to be done i in evaluatmg propertles such as notch—senswwlty,
fatigue resistance, behaviour at low temperatures; etc. There aremany promising
applications in. the defence and non-defence'areas. Some development efforts
have been done on prototype production of small-scale rocket. casings and
aircraft forgings. The known high elastic strength suggests that. ausformed
material may find use in high strength wire, springs and suspension applica-
tions. The process can be considered wherever high strengths accompanied by
adequate ductilities are requlred

Maragmg

The International Nickel Company (Mond) Ltd%° have announced a
new hardening technique called ‘Maraging’ involving the precipitation hardening
of martensite, in their new 189, Nickel alloy steel, which they claim as the
only known material that can achieve an yield strength .of over 250,000 p.s.i.
and yet retain nil ductiity temperature below—60°C. The notched tamsile
strength is above 400,000 p.s.i. measured under severe test conditions with a
notch radius of 0- 0005”, The nominal percentage composition of the alloy is:—

Carbon . . . .. 0-03max
Silicon .. .. .. 0410 max
Manganese =~ .. ... .. 010 max
Nickel- . .. .. 17-00 to0 19-00
~ Cobalt . ... T+00to 800
Molybdenum .. e .. 4-60t05-10

Titanium .. .. .. - 0+30 to 0+50

Small additions of Boron and Zirconium are also made.

10-ton commercial heat was produced in an are furnace by air melting
and ingots as large as 23" X 42" were rolled into plate. The hardening is accomp-
~ lished by holding for about 3 hours at 450—500°C followed by air cooling. Ne
quenchmg is required to develop optimum mechanical properties even in large
section sizes. Machmmg characteristics were excellent both as rolled and fully
hardened Sotnd erack-free welds, can be produced iv. fully. heat-treated plate
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without pre-heating. The following properties are claimed by the makers
of the alloy in the air melted material in hardened condition:—

- Ultimate tensile strength s =~ i 1122124 téus’ per square 1adh

-Elongation .. e e 10—12%
Reduction in area LT L 4857y,
Notched tensile test . =, 7 © & . 165172 tons per square inch

(Theoretical notch concentration factor—]10) T oo
Charpy V Notch impact strength at 20°C—18—26 £t Ib
sy w273°0—14-16 ft 1b

o . —196°C—12-15 1t Ib
Nil duetility transition temperature ~ Below ~—60°C. . .
Endurance limit (10%cycles) ~.. About 45 tons per square inch
Vacuum melting and slight modification of base composition improve strength
and toughness further. Preliminary tests have shown yield strength -over 180
tons per square inch and notch tensile strengths above 190 tons per square inch
with Charpy V notch impact energy of 22—25 ft Ib at 20°C; The ‘composition
is modified as;— - C Eo o
Cobalt - .. .. .. 8-00 to 9+00%, S
Titanium .. .. 0-40 to 0-709, : U
The modulus of elasticity of the alloy is (20-5 to 27-5)x 106 p.8.i., and it
has a density of 8:0 gmsjce. . ) R i
Since the alloy can be worked easily and hardened to highest strength
levels by simple process and can be welded at the highest strength levels, thig
alloy and the process of Maraging can be expected to have great importance in
our future fabrication techniques of rockets and missiles, : C
Outlook .

In view of various advantages and the numerous applications in defence
for such high quality materials described above, development projects have
been undertaken in the Defence Metallurgical Research Laboratory for estab-
lishing the techniques of manufacture of super strength wire,
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