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APPLICATIONS AND POTENTIAL OF '11IIMIOMECIIANI CAI. TREAIIMNT

II. J. Ilenning**

INTRODUCTION Assumption (2) indirectly helps to identify
the kinds of shapes to which TT can be applied.

-Thermomechanical treatmcnt ([qT) has been the For example, sheet, plate, bar, rod, and reasonably
tof erhapsore than 1000 paper and renots simple cross sections like C's, T's, U's, and l's

subject more papers reports can all be cold drawn or cold rolled to impart
accounting for over a half-million pounds, and prob-
ably closer to one million pounds of papers, data special properties. These are the same shapes that
sheets, and comprehensive reports. Several million can be p socessed by thermomechanical treatments.
dollars have been spent by industry and government Similarly, some extruded shapes are also amenable
in evaluating the fundamentals of TMT. Doubtless, deformation. Alloccurringf these prshapes are characterizedin by
more money will be spent it, the '70s. A question def oma on ouine
worth asking is--Nhen are we going to get down to along a common axis.
the task of applying these fundamentals in the
preparation of actual products? Certainly, there Cold-workngp roessere t meal as -
are enough technikal data available to demonstrate plied to complex shapes where the metal has to flow
what can be expected in the way of improvements in along three axes at the same time. For example,

hardw'are performance, certain types of closed-die forgings cannot be cold
lu,-. ,worked without resorting to multiple-step die se-

Take the agenda of The Technical Cooperation quencing to develop one direction of flow followed"Program meeting on dra as an example; only one or by flow in other directions in one or more succeed-
tPo of the papers considered inT practices in rela- ing die stages. The same practical restrictions aretwo f te pper cosidredYNI prcties n rla- placed oin TmqT. It is very difficult to cold forge
tion to a specific production or preproduction pro-
duct application. The rest of the papers provided a complex rib-and-weeb part. It is even more diffi-

only more fundamental background on 17N1'I, leaving cult to apply "I'' in this situation. Consequently,

the choice of applications to the audience. the benefits of TMT are obtainable in a variety of
part shapes commonly produced by cold finishing

After conducting a reasonably complete review such as:

of the literature on the subject, and reviewing Rolled Products--bar, rod, flats, plate,
results of sev.ral projects on TMr at Battelle sheet
Memorial Institute, the author has concluded that Extruded Products--cylinders, tubes, L's
the work on FIe in the 170s would be best spent on T's, U's

-* applications, with some diminished effort directed
to fundamental aspects. Forgings--disks, flats, rounds, squares

cups.
.irie objective of this memorandum is to present Th-e should be considered as applications rather

an overvicv of thermomechanical treatments as they than limitations.
apply to several metal-base systems anid to point out
.,here the [NMT processes seem either practical or T[ere is a size limitation on products that
impractical 'n their application to production hard- "f ore is p siz tio en moreusthat
ware. Toward this objective, one should recognize can be cold formed; oltr places an even more strin-
two basic as.sumptions: (1U that TMT practices gent size limitation on the sare prolucts. Time is
offer means of developing unuitually favorable nmech- the most important factor, because the materials
anical properties not obtainable by hot-working and being TMT processed are gealc.all\ in a metastable

heat-treatment processes alone, and (2) that part- condition--ready to undergo a favorable or unfav-
shape capability in PIT is limited by roughly e orable metallurgical change. The more stable the
same criteria Lhat limit the c bld-workxn of metallic material, the broader the size range of parts that
hardware. g can be processed by TI[. f[he practical weight lim-

itations indicated in figure 1 for various products
Consi,-.tent with Assumption (1), significant are considered as reali tic considering today's '['Mr

ent ithrough Asisumhption er s as technology. Larger parts that are to be processed
improw, ments through l.•r in such properties as by INT require materials of particular structural

tensile strength, impact resistance, low-cycle by It should be noted that the gcu ,reatest

fatigue, and fracture toughness are reasonably well It should inote 1 theetest

documented. Simultaneous improvements in several weight capability shown in Figure I for sheet and

of these properties are sometimest observed. Most plate is for carbon-steel plate (cross-nl atcmoed

often, however, the improvement- in strengtn proper- stortion of h•al, which is commonlt warm rolled to

ties are obtai A'd at some expense of ductility and strengths ;ubstantialy hioher than those of hot-

toughness. In any case, a wealth of data is avail- rolled products. [he other practical obeight limit

able to show how, thle properties are interrelated for sheet and plate (clear portion of bar) is con-

after various VT11 procedurev,. sidered realistic for alloy steels.

SAdapted from a talk given by the author at a meet- i1ii0\i1 MAN ICA[ M 01' SPICIFIC %ILOYS

ing of %,u-Group P on Materials, Working Group onl I'o date, most investigations of r[llr have been
Metals, of ile 'I.'chnical Cooperation Program, concerned with the alloys listed in lable 1. This
London, April, 197o. listing of materials represents an approximate

asc-ndin! order of attention that was given to the
"**Associate Chief, Metalworklng l)lvivion, Battelle rL'spective 1r1r processes during the '(ls. An increas-

Memorial Institute, Colunhus, ohio. ing pvrcentage of more recent R1,L) effor& on Iki1 is
heing directed to the nickL'l -base alio% s•yvtems.
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TABLE 1. MATERMALS SUBJECTED TO EXPE.RIMENTAL TMT DURING TIlE 1960's

"Material Description of VNT Objectivc Remarks

Carbon and low-alloy Strain aging accomplished Higher strength
constructional steels by warm finishing

Low- and moderate- Hot-cold working or aus- Hligher strength
alloy high-strength forming
steels

Maraging steels Warm working by cintrolling Increased ductility, TMT controls both
reductions at lower end of reduced grain size grain sizc and
hot-working temperature precipitation
range react ions

Tool steels llot-cold working and/or Improved toughness
ausforming

Bearing steels Ilot-cold working Improve fretting fatigue
life of bearings

High-speed steels Ilot-cold working above the Improved wear resistance
nose of the time-tempera- and dimensional stability
tuý-e transformation (TTT)
curve

Nickel-base super- Controlled reductions and Increased strength, incriased
t alloys temperatures specifically resistance to low-cycle

to alter metallurgical fatigue
structure and precipi-
tation hardening

Titanium alloys Wiorking at specific temper- Optimization of mechanical Properties of all-beta
atures and reductions to properties alloys depend on con-
control microstructure trolled warm reduction

Aluminum alloys Wlarm or cold TMT processes Reduce sensitivity to stress
to alter resoduai stresses corrosion

Iron-base super- Respond unfavorably to
alloys VT

Many excellent papers have been prepared to
explain the details of changes occurrmi' in mL•als
during TVT processing. In essence, the accepted

10 view is that TNT combines the attributes of three
classical hardening mechanisms- -%zork hardening,

Warm-rolled structural refinement, and metallurgical transfor-
carbon steels nation. These mechanisms are active to greater or

lesser degrees in each material. The warm strain
essentially hastens normal metallurgical reactions.

Low-Carbon Steels1_00 - Alloy steels
Z "The low-carbon steels are generally not traits-

formable to martensite. The TNT processes are lim-
ited to controlled warm rolling to produce strain-
aging effects. IWarm strain accelerates precipita-
tion of nitrides and carbides, which strengthen
the ferrite phase. Thus, the steels are simultaneous-
ly strain hardened and precipitation hardened--both

2 very classic phenomena.
E

At least three stool mills in the United States
"X ;offer structural carbon steels finished with proprie-

tary warm-rolling practices. The steel plates are
often 25 to 30 percent stronger than their hot-rolled
counterparts.

Rod Sheet Forward Cup Simple Complex Alumintm Alloys
Bar Plae Extrusions Extrusions Fbrging Forging

In aluminum alloy,, 1651 or F0. treatment.s
FIGURE 1. PHACrICAL W1 IFGIIT LIMITS ON VARIOUS TMT are used to modify the strvnitl, and the re3ldual-

PRODUCTS stres.: y-sten it the ;ensv that controlh ld reduc-



tions are used to develop special properties after Electric's program on Udimet 7fO and Ren6 95.*
aging, these widely accepted practices could be Depending on the amount of warm deformation, for
termed TM" processes. Such treatments are effective example, the tensile strength of Udimet 700 at
in the higher strength aluminum alloys because they 1000 F can be increased from about 190,000 psi in
are in a metastable condition in the solution-heat- the normal solution-.t-reated-and-aged (STA) cpndition
treated condition--they age harden significantly at to over 250,000 psi after TIT consistini of con-
room temperature. trolled reductions on components that have been

previously solution annealed. The reductions are
The TMT of high-strength aluminum alloys pro- generally performed at intermediate temperatures

;ddes some minor strengthening, but more important, (1550 to 1900 F) where some precipitation of car-
it increases their resistance to stress-corrosion bides normally occurs. The warm working accelerates
cracking. the precipitation reactions and provides for a more

uniform distribution of carbides during aging. The

Maraging Steels strain apparently provides a tremendous increase in
the number of sites available for carbide piecipi-

Tccation, thereby reducing carbide enrichment at the_• The metallurgical reactions occurring in the
hot working of maraging steels are somewhat char- grain boundaries. A variety of T"IT cycles are being
acteristic of ThT. Mostly because of the high- studied. Most provide dramatic increases in room-
nickel content, the austenite phase is very slug- temperature strengths of these alloys. This improved
gish in its recrystallization reaction even during strengthening is maintained on heating to tempera-
deformation at temperatures in the vicinity of tures of up to about 1400 F. At temperatures abc ,e

retained 1400 F, the treated alloys may actually be weaker- 1700 F. The effects of prior strain are thnehoethtaeeiotgveedT
even after the normal solution-heat-treatment than those that were not given TrMl.
cycles at 1500 and 1600 F. This residual strain
hardening has an influence on the subsequent precip- As one might expect, the strain energy result-
itation reactions occurring during aging and gen- ing from TMT may accelerate elevated-temperature
erally results in components having modest improve- metallurgical reactions; hence, reductions in creep
ments in strength, ductility and impact resistance resistance may be encountered at temperatures higher
compared with components that are recrystallized than about 1S0 F.
at temperatures above 1900 F before solution heat Two leading aircraft-engine builders have
treating and aging. expressed confidence that TIT will be useful for

obtaining substantial increases in design strengths
Titanium Alloys of Udimet 700 and Ren6 95--especially low-cycle

F fatigue strengths. In support of this contention,
The classical alpha-to-beta structural rela- data reviewed so far by the author certainly looks

tionships in titanium alloys can be modified only promising.
by varying the hot-working cycles to provide the
desired proportions and distributions of each phase. In all probability, the upper temperatures
From the metallurgical viewpoint, the control of design strengths for TIT hardware will be reduced
titanium microstructure through controlled .ombina- slightly from those for the normal STA products
tions of reduction and temperature represents a because of the decreased creel) resistance. Iloever,
TMT process. Defined as such, it is one of the most as applied to a turbine disk for example, this
widely used production applications of the PIT pro- reduction would be significant only for the outer
cesses. rim--a relatively small proportion of the total

part. The rest of the disk is cooler anyway, and
The all-beta alloys are dependent on TMT pro- the application of PIT should permit significant

cessing for final strength performance. ror example, weight reductions in the webs and hub.
the familiar Ti-13V-llCr-3AI alloy is one that
requires controlled reductions Lt temperatures in Potential higher strength materials for tur-
the vicinity of 14S0 F before op,.n-.. properties bine disks provide part of the incentive for covcen-
con Ie obtained on subsequent aging. Both strength trating on r11'. %Ackel-base superalloys for air-
and ductility are increased by this warm-working craft-engine applications are one matertal class for
practice which has a major influence on the speed which the 'Xi0 will probably witness a substantial
and uniformity of the precipitation reaction during increase in the application of DIT processes.
aging.

Experience with the titanium alloys has shown hligh Alloy Steels
that accurate control of both processing temperatures From the metallurgical viewpoint, it is con-
and reductioni is necessary to achieve the desired venient to consider tool steels, bearing steels, and
properties in the final product. 'rite control is
similar to that required in INT processing of other high-speed steels as a group, because the 1IT prac-
alloy systems. tices for all of them are similar, and include thefollowing steps:

Nickel-Base Alloys * Nominal Compositions

Recent research and development work sith IrMr Co Cr Moo , I Ti Zr B Cb h Ni
ha; been directed to the task of obtaininp, improve- Udimet 15 15 1 1 3 0.04 0.02 -- -- Bal
nents in certain propertive' of high-strcngt:., 70.
nickel-bawe suporalley'; a v'ood .'\J•plr is General

Rune 8 15 4 3.5 2.5 -- 0.01 3.5 3.5 Bal
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(1) Austenitize at temperatures normal for (4) Quenching in a suitable oil or molten salt
hardening the alloy (5) Tempering to tile desired hardness.

(2) Cool to about 1400 to 1450 F At hot-cold working temperatures, the forming forces

(3) Deform, with reductions of 20 percent are about 2 to 3 times those for hot working. Ilow-
or more ever, at ausforming temperatures, the forming forces

are similar to those for typical 18Cr-8Ni stainless
(4). Quench in a suitable oil or salt steels, or closer to 5 times those for hot working.
(5) Temper to the desired hardness.

Thie responses to TMT of the different steels are
slightly different however. The carbide-rich high-
speed steels behave somewhat like the nickel-base
alloys in that TlT enhances the uniformity of car- Austenitize
bide precipitation during both deformation and tem- Hot-cold work
pering, and the end product is harder than that
obtainable without TMT. For the tool steels and
bearing steels, however, even though the carbide Peorite
precipitation occurring during deformation is
enhanced by TDT, and provides for a higher as-
quenched hardness, the hardness of the "lV!T-processed
end product is not significantly higher than that
obtainable by tempering, where secondary hardness
peaks are normally observed. C

Tine most promising prospzcts for ',14T processes
in this group of steels appear to fall into three
areas:

(1) Rcsistance to contact fatigue is improved
substantially in the high-alloy bearing
steels Time

(2) The toughness or impact resistance of
hig:n-speed steels increases somewhat FIG~URE 2. SCIIIIMhATIC COM•PARISON B3ETi'!N IIOT-COLD

(3) The hardness of some of the medium-car- WORKING AND AUSrORImNG oF AIOY STTI.S
bon tool steels call be increased sig-
it nificantly. The U. S. company most active in sr 'ving IMT

of alloy steels during the '60s was the trd Mlotor
T.T of special-quality bearing races seems to repre- 'company. Although several other manufacturing firms
sent the most promising application. Otherwise, it and research centers have been evaluating TMT, Ford
is doubtful that there will be any significant use seems to have gone further than most in applying the
of TIT toward improving these steels, partly because processes to actual hardware. For example, Ford's
tile steels are so hard and, hence, difficult to fin- Aeroneutronics Division has been applying T11T to the
ish aftei TT. task of preparing dual-hardness armor plate having

unusually good toughness. Ford's research center
It is likely that the rapid growth of electro- has been evaluating hot-cold working as a means of

slag-melting processes, through improved cleanli- producing lighter weight leaf springs. Three sets
ness, will offer a more practical alternative method of truck springs are compared in Figure 3, which
than TMT for enhancing the properties of these Steels. shows how T.\Ir permits reductions in the overall weignt

of the springs and the number of leaves. Thie upper

Alloy 1'teels assembly on each pair is the standard (no TIT) and
tile lower represents the spring assembly redesigned

By far the mogt cxtensive rebearch and develop- through TNTr and requiring fe;,er leaves to carry tile
"ment work on Tklr has been directed to the broad group sane load. Tile loier example sho,., that only six
of alloy steels iontaining modest levels of alloy TN1T processed leaves are required tihere 10 ihere for-
elements and carbot. lev:l.s butcen 0.30 and 0.50 per- merly seeded. Recent information from Ford indicates
cent. Perhaps to to 30 grade. fall ivithin thib eate- that the •NT springs have definitely outperfor.ed the
gory of steels. %lost of them are typified by reason- standards in both bench tests and field tests.
ably good hardenability, and usually have a deep bay ratigue strength of the lNT-processed springs was
in their time-temperature transformation (1"1) .urves, more chan 20 percent higher than that of the stand-
as typified by Figure 2. ard&. Although the use of PIT for this application

appear. to be technically feasible, application of
rhe lIT coasists of either hot-cold horking T"T processing ,ould require a sub.-tantial investment

steels above the "nose" of the rrI curve or ausform- in n•w equipment, and Ford has not yet begun to use
ing in the deep-bay region. A typical cycle consists the process for production.
of: rkir re.;earch at Battelle has in.luded four

(1) \u'teni:ing at nornal hardening temipera- propqrarns on the N'1T of alloy Nteels--one for the Air
ture• Force and three for private industry. irimilar to

(2) t.oolin Lo either the hot--old %orking Of that of other I'IT rev;earch pl'oirans, the objective

the auý.fornine temperature ra.l~e genrallv ha; been to obtain hi,,her hardn-,ses and
higher str, ngth corponentz. tor example, lable 2

.(Sj Veforming, ith reductions of 20 percent shov, .sorae re.ult-. from Battello research, amd com-
or more parets ty i x-al ten',il propertikeS for three different



Number of Leaves .Capacity, Lb Wolght, Lb

8 67.5

_ _5
5 ~ - ~ 6K

FIGURE 3. COMPARISON OP CONV.NTIONAL A.NI PIT LI.Ar SPRtING ASSEMBLIES Or SAL 5150 STLLL SHOWING
REIDUCTIONS IN' ROTII MNIGIIT AND NUMBVI 01' CO"IPONCNTS'

Lower spring ii, each group is designed for the capacity sho%%n, using steel processed
by TDIT.

,tevl% processed conventionally with those for theTABLE 2. PROPERTY INIPIV 'ENM:.NTS xrI'INABLE PY am, steels processed by PIT. Whiile greatest
AUSFORCING AND 11OT-COLD FORG;ING ~ trengthening v; observed for the ausforged D~ac*

and xi-ll* steels, the hot-cold forged 13,10* grade
-~i,; ~also strvsnttheneJ, by roughly 10 porcent--sti~l

Ul timate Redue. an aittractive irpirovenenit.
STensile 'Yien thi, irll In one of the Blattelle progiars, the proces-Steel Conditionungt-Ii, peren ing and oropemius of hot-cold iork cycled mate-Steel__ Condition_________________ riil 1.vre compared with those af material that was

au~forpvd -,iti~ the discovery that w4crking provided
11-Il Conventional 3.'0 270 It, Ntrongthenimg -;inilar to thit fron aus~forging, j~ro-

11-1l Ausforged at 390 i7 vided sufficivnt deformation was alpplied. As shown
1000 Fin 1-ipure 1, a40 pe-rcent redu~tion by hot-col'J

irh !gresults; in a llardnc-; resj )nse ski lar to
DbAC Conventicnal 53 1.1 that produced by a .20 percent rmdl~ct ion by aus-

forging.
DOAC Ausforged at 390 335 22

lLWO-0 * 1111,11 cumrposi tlolls:

4340 Conventional 290 241) Is C 111 Si Cr N j ~h
43410 Hot-cold 320 2 73 3Sii 0. 40 0 .2 0.83. 1 3 0.4

forged at
1401) 1 34,11 0I.1 ). l.'.0 0.3 0.7 1.- 0.2' --

-Saou-~ ~ac 0 1 0. (.0 0.3 1 .0 0.7 1.0 0. 1
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60 impact resistance and the greatly improved fatigue
I O0 ostrengths achievable. For example, the Battelle

600Z studies showed that the fatigue life of forgings
S-0%was increased substantially by ;ot cold working.

20% A As shown in Figure 5, fatigue life of hot-cold
5 forged 4340 steel components was several times that

for conventionally heat-treated components. Similar
improvements were noted for specimens both longitud-

Cove a '- inal and tr-nsverse to the forging direction.
treatment One example of a part that has been success-

52 - fully hot-cold forged under production conditions
is shc•wn in Figure 6. rhe figure illustrates the

50 - frsequences used in forging an engine mount from the
Ausforged at 1000 F fillet stage. The parts were hot-cold forged in

____L _ the finish-forging operation.

0
Cr TABLE 3. COMPARISON BETWEEN IIOT-C.)LD

r 60 |WORKING AND AUSFORMING
4)

58
400/• Ausforming Ilot-Cold Working

56 - 200%-

00/% Maximum strengthening Intermedia1te strength-
54 - enting

Moderate forming Low forming forces
52 -Conventional . forces

treament Precise process con- Practical process con-

50 trols trols
- Hot-cold forged at 1475 F IHigher alloys-- Lower alloys

4 1 I L , deep bay

04 200 400 600 dpoo bay
Tempering Temperature (' H." + I Hr), F Special equipment Normal equipment

FIGURE -4. EFFECT OF 11OT-COLD FORGING OR AUSFORGING
BY VARIOUS REDUCTIONS ON 'rll TEMPERING IO1
RESPONSE OF 43.10 STEEL Tested at maximum fatigue stress

5 of 210,000 psi

"The Battelle research also indicated that the
hot-cold working cycles were more readily controlled, 2

partly because the workability of the steels was
better at the hot-cold working temperature than at 0 0
ausforging temperatures. At typical ausforging ,
temperatures, it was difficult to judge the work- 5 ngitudinal

piece temperature during forging, because it was in
the black-heat range. A knowledge of the tempera- ' 2T
ture is important, because it is difficult to pre- 2 2 Transverse

dict when to stop forging to prevent cracking /
caused by excessive cooling and the resulting trans- 1 /L

formations. Temperature changes occurring during W
hot-cold working are quite visible, hence easier to ýi Conventional /
control. treatment

A comparison of hot-cold working with ausform-

ing is presented in Table 3. hliile it Is true that
the highest possible strengths are achievable O
through ausforming, the need for precise control of
both time and temperature will continue to limit
applications of ausforming under production condi-
tions. 2____

0 20 40 60

Another advantage of hot-cold working cycles Reduction by Hot-Cold Forging, percent
,'r ausforming is that the ITr curve of the steel

n, I not have a very deep bay, hence, lower cost FIGURI S. PMTA SIIO'ING Tif INFLITELCI OF PROGRLSSIVF-
al \5 can be hot-cold worked. IX L.,\RGIFR IIOT-COLD FORGING REPDUCTION; ON

Perlhaps tho rost attractive features of the 111f F,\TiUI. LIFr 01r 13,10 STI-LL

proce,' iig of alloy steels with PIT are improved
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In the United States, several current programs
are aimed at applying TfMT to specific steel hardware
components. At the Ladish Company, for example,
several 36-inch-long rib-and-web forgings, i llus-
tratcd in Figure 8, have been hot-cold forged with
some success. Of particular significance in that
program are the substantial improvements in fatigue
strength being obtained in r,,sonably large parts,
as shown in Figure 9.

The hot- cold forged part in Figure 0 represents
a practical limit for shape complhxity of T:IT-pro-
cessed components.

Reviews of the literature from the United
"Kingdom, West Gernany, Canada, and the U. S. S. R.
indicate that TNIT research in those covintries is
producing pro:-ert) improvements in steel similar to
those reporteC in the United States. Some of the
emphasis on tlL fvreign programs is being placed on
different aspects of TMjT; nonetheless, it is quite
clear that so much data already exists on TIT that
almost any new research program aimed strictly at
collecting fundamental data will very likely dupli-

-± cate much of the work already done.

FIGURE b. SThPS IN 'Tf1: .NINNUFACMMIU OF A 43,10 s'-rl.EEL
ENGINE :1IJ.NT BY I1Or-COI,) FORGING

One of the cycles used for hot-cold forging
the engine mount is illu.strated in r•igutd 7, i,.i- - \
shows that all deformation was done at thu hot-cold _ ' s .
working temperature. Eventually, the first two
forging steps were done hot (2150 F) and the process Section AA
still provided enough deformation at about 1400 F
to obtain the improvements in strength corresponding I IGURI S. RIB 1XND ML.1 SIRUCTURI. IIO1-(,OLD FORGII) Al
to about a 40 percent reduction. LADISII

ARGON ATMOSPHERE

A"UST.,,E NITI-/ZE, ,,P • '
STEPI STEP 2 STEP 3 STEP 4

QUNC ENO ,)BLOCK

w DOUBLE TEMPERCL STRESS RELIEVE
STEMPER

"~ ) QUENCH
B /~ILLET

MACHINE f ET

fr TIME[
,•: tl('LIRL ".ILLUSIR\IIoN 01" PROCISI;.\63 1-,QUI-N,•C.1 US:LD IN IIOT-('(LD) FORGING OF EBGINE, NIOUNT



for metal removal provide an alternative to conven-
____________________________ tional machin~ng.

160 -. Welding the Dir product removes the beneficial
effects of the TDlT; furthermor6, the weld zone can-

155- 0not be heat treated for proper'grain refinement.

0 Since the forming forces are higher and the
austenite phase is actually strain hardening during

150 -TDT processing, there are practical limits on steel
shapes producible.

olveylittle basic research needs to be done

on DIT. However, so much re~carch !ias been done to
140 -date, it seems logical that ruture developmental

work shoulq concentrate on evaluating potential
applicatiods of PIT against a framework of limita-

135 - 06ac with three different TMT cycles tions that are riouz r.-sonably well identified.

D ~ a c o n v e n t i o a l l y e a tg i v ene T he b a s i c s l ip s t h lh t a r e a m e n a b l e t o DI T a r e
1300 -L0 I00 gvni'table -1, 'ch also gives some examples of

Cyls0ere0Srs 100 1000 hardware articles Lnat could be prepared from them.

FIGURE 9). CO'IPARISON OF REVERSED-3LEND FAT IGUI, TABLE 4. POtEN'TIAL APPLICATIONS OF DIT
STRINGMlS OF bbac QTl1l VARIOUS ITM
C';C L S - - -- - - -

Basic Shapes Articles

FOLCSTFR 1 1:1WICIA ICA TIAVNISExtruzded tubing ~ Small bearing races

file normal (without Ptfl processing ýf som Forged dis;ks Furbine wheels
alloy systems routinely incorporates tile same degree Rolled or forged flats Leaf springs
of* control on fcorminr' tenperatures and reductionsSpca;tuurl
that is r~quT _,J for Plt procc.ises; hence, the con- Rolled or extruded shapes SeilAutrl
,trol re'4 ui ents for PIT offer no real bari iers to Forged cups Large bearing races
its appli iation. Rolled rounds or squares torsion-bar springs

Hardware development piograms are becoming in-Balbrig
cre-isingly concerrn.d with sj-.ific improvements in Special tools
fatigue strength and fracture toughness available Forged blocker shapes \ir frkmces
from M4T, and ont. may expect that less; emphasis will
be plat'ed Onl the capabilities of achieving thet high-
est possible hardness 'ýith PVit.

once ý few applications ýhave been proven out The future applications of FIT will depend
fur relatively small hardware itenms (tinder 25 pounds), largely onl the ingenuity of those in the nanufactur-
future pro,,raris will be ained at applyinte %It' to ing cormaunitv wlio are uil11inv to capital ize oil the
larger parts. if tile itens arc to t- ftaoricated benefits;.
0o 1o;-alloy steels, a need wýill arise for alloy
r,, dif ications, aired specifically at raisni-g tilt au3-
teni tc recrystallization terlperature. A broader
hot-eold w~orking temperatu're rainge will be necessary
',o that the larger parts caa be hot-cold worked withl
r-tsonable cycles. Increasing the levels of qilicon
and viickel tire known approaches to increasing the
aiustenitv recrysýtallization temperature of low-alloy
',tveeL. Perhaps; the ideal zteel for hot-cold working
will contain the bas;ics of the linac kgra&3 but with
higher lewvl-. of both nickel and slcn

It appear, tha4t I'll processeýs twill continueý to
1)s limi ted in appl icat ion by inportant di fficiilt les
SI th

(1) %lach i ning the hard flit product

(3) .\chitc ing uni forrm &C,£ ra-ýttion in compleN

~ -Pro~~'d iovs, P rt icixl'arl y the eLC-*ý, are
verY hard, hat the, no'irvecb'jnicc I r~ichkiianv, r~etlods;
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