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WHAT WE DON'T KNOW ABOUT THERMOMECHANICAL PROCESSING

Victor F. Zackay
Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Materials Science and Engineering
" University of California, Berkeley, California 94720

INTRODUCTION

In the intervening ten years between tﬁe birth of the International
Journal of Science a;d Engineering and the appearance of the commemorative
edition, the'field of thermomechanical treatments (TMT) has significantly
changed in both scope and application. Ten years ago, much of the effort
was concernéd with laboratory IMT studies of ultra-high strength steels.

Most of the discussion in review papers of the time dealt with the severe
restrictions imposed by unacceptable processing costs and the virtually
impossible fabrication problems caused by joining and equipment limitations.

* Successful reduction of laboratory developments to commercial practice were
few in number and these were usually in the military rather than in the
civilian séctor of technology.2 Fortunately, the events of the past ten
years have profoundly altered this unsatisfactor& situation. Two major
contributing factors to ‘the fenaissance of T™MT havé been the avaikfbility.
éf high resolution instrumentation for the analysis of composition and'micré—
structure, and new developments in technology; for example, the automation of
shaping and forming equipment. Indeed, the most striking characteristic

of the rapid technological progress made in TMT in the last ten years is the

quantitative integration of physical metallurgy, viz, the structure vs property

correlations, with process metallurgy, i.e., the variables of time, temperature

‘*Victor F. Zackay is Professor of Metallurgy in the Department of Materials
Science and Engineering, University of California, Berkeley, California 94720



and deformation.

In the ensuing discussion, the emphasis will be centered on a description
of the effectivéness of this integrated analytical approach that has been
used so successfully in the past several years—-an appfoach that has
culminated in the large scale production of HSLA (high>§ﬁrength—lpw alloy)
steels and one which promises to have similar technological success with
respect to superalloys and, possibly, to aluminum and titanium alloys.
Throughout this discussion, an attempt will be made to underscore what is

no: known and what additional knowledge and understanding are needed for

continued progress.

DISCUSSION

In the period beginning with the Industrial Revolution and contipnuing
well into this century, the various technological processes involving
deformation and temperature were categorized according to the temperature
of deformation, i.e., hot-, warm-, or cold-work. Implicit in this class-
ification was the assumption that the structural configurations of most
consequence; other than grain size and shape, were thosé induced well below
the recrystallization temperature. In contrast, many of the new TMT processes
are designed to retain defect and microstructural changes induced either
above, near or below the recrystallization temperature and, in some
instances, over a temperature interval encompassing many hundreds of
degrees. The presence of these "tailored" residual structural configurations
has>a significant influence on the enhancement or retardation of the growth
of minor and major phases and on the shape, size, and stability of micro-
constituents. By pfecision control of processing variables, TMT is now

utilized to enhance chemical as well as mechanical properties. In
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addition, many TMT schedules utilize the "working" of the matrix by phase
transformations rather than by shape or redundant plastic deformation. For
these reasons, the older classifications of TMT by tﬁe temperature of de-
formation now appear to be oversimplified and soﬁéwhat outmoded, even though
tﬁey are convenient and well estéblished. In thié paper, some technical
highlights representative of the rapid growth of TMT in the last two decades

will be described.

I. The Application of TMT to Ferrous Alloys

The recbgﬁition of TMT as a unique field of study and one of technological
promise came in the mid-fifties with the publication of a short paper by
the Dutch investigators, Lips and Van Zuilen£3wherein they described a
TMT method for the production of ultra high strénéth steel wire. The
great burst of activity following the appearance of this paper continues
unabated to the present timél The progress of ferrous TMT has been summarized

by a number of authors, including Kula and his associates,l’z’[”5 May and

6,7

Latham," Létﬁams, Craik,9 Henning10 and of the Soviet work, by Koppenaal,ll

" Dunleavy and.Spretnak.12 Comprehensive biographies of the TMI literature are

found in these and other reviews, in particular in the most recent one by

Kula and Azrin.2

A. TMT Classification System

The great number and diversity of known TMT practices necessitates
a system (or systems) of classification for purposes of convenience and
ready comparison. It is difficult, if not impossible, to devise one

scheme that accurately portrays all the TMT methods that have been proposed.
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To date, two systems have come into general use--both utilize schematic
repfesentations of time—temperature—deformation schedules. Radcliffe
and Kula1 have proposed a categorization dependent upon-three classes which
conform to the well-known phase transformations in steél'while another,
following Soviet and European conventions, utilizes a similar scheme but .
with a‘differept terminology. The various classes propoéed by Radcliffe and
Kula can be described as follows:

Class I - Deformation completed before the transformation of austenite,
i.e., the formation of martensité from strain—hardened‘austenite (the
ausform process is an example of a Class I TMT or LTTMT)f

Class II - Deformation during the transformation qf‘austenite (the
formation of spherical (rather than lamellar) carbides in a ferritic matrix,
called "isoforming"'in Grea£ Britain, is an example of a Class II TMT or HTTMI).

Class III - Deformation gﬁﬁgg austenite transformation, i.e., the
strain aging of austenite transformation products (examples of TMT methods
of this class are marstraining, marfo}ming, and strain tempering or warm
working).

In the European and Soviet classification schemg shown in Fig. 1,
distinction is made between low temperature thermomechanical treatment
(LTTMI), high temﬁerature thermomechanical treatment (HTTMT) and some-
times a combination of the two, namely, CTMT. Araki,l3 like Radcliffe and
Kula} has classified the thermomechanical treatment of steel according to
whether the deformation is done before, during or after a phase trans-
formation, as showﬁ in Table 1. It is of interest to note the variety
and number of TMT's.that have already been developed. Examples of the

improvements in properties which can be obtained with several of these TMI'g
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- are given below.

B. Ferrous.Alloys.Processed by LTTMT

The significant enhancement of mechanical properties such as strength,
toughness'énd fatigue endurance limit has been thé'motivating forée behind
the many attempts to utilize LTTMT for the production of commercial com-
ponents. Although thére remains some disagreemenf about details, most
investigators agree that this enhancement of propérties, especially the
strength, is largely due to a combination of stfuctural and compositional
changes (félative to the conventionally treated alloy) as follows: (a) a
finer martensite plate size; (b) a higher dislocation density of the
martensite formed from the deforﬁed austenite; and, finally, (c¢) a finer
carbide size éﬁd distribution in the martensite--these carbides appear to
form directly in the austenite during deformation.

Most of the TMI effort following the disclosure of Lips and Van Zuilen
in the mid-fifties was with Class I or LTTMT processes. These processes
are characterized by a combination of high levels (>50%) of deformation
and_relative1y low deformation temperatures (usually between 300 and 600°C).
Kula and Azfinz have thoroughly examined the attempts of many American
investigators to reduce to practice the production of ébmponents by LTTMT
methods. As previously mentioned, theidnly'SUCcesses have been iﬁ the
'military sector. However, the "near-misses" in tﬁe commercial sector are
interesting and the reasons for their failures afe instruqtive. These are

briefly summariied below.

One of the "near-miss" commercial cases discussed by Kula and Azrin

was the intended application by Bamberger14—17 of LTTMT to the production
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of the inner races and ball bearings of jet enginé bearings. The TTT
diagram of the M-50 tool steel which was selected-is shown in Fig. 2. The
stippled region corresponds to the temperature interval or '"bay" within
which the warm working was performed. The effectvof deformation on the
rolling contact fatigue life is shown in Fig. 3 and the improvement éf -
.this p;operty of the ausformed steel over that of»;he conventionally treated
steel is éhown in Fig. 4. The improvement achievéd by ausforming was 650%,
expressed in terms of BlO’ the number of cycles fqr 10% failures. Un-
fortunately, although the desired properties were obtained, the increased
costs occasioﬁed by processing were not economically justified. Improve-
ments in the melting of M-50 steel have led to siénificant improvements in
bea;ing life without the need of overcoming the difficulties associated
with TMT such as the critical time and t;mperatufe control required during
processing, tool wear (in fabricating the parts) and high macﬁining costs.

In the.previous example of LTTMI, the strain-hardened austenite trans-
formed after quenching to martensite (the ausform process). A variant of
ausforming is the TRIP (Transformation-Induced-Plasticity) process.18 In
these alloys, the composition and processing of the alloy are adjusted
such that the strain-hardened austenite does ggg.transform to martensite
on cooling. In service, the austenite transforms to martensite by a
strain—induced transformation if the flow stress 'is exceeded. The .
fraction of the volume that transforms for each unit of strain depends upon
the composition, the prior history (time, temperature and amount of deformation),
the service temperature, and the strain rate,l9 The uniform elongation,

rate of work hardening, yield strength, utlimate tensile strength and

fracture toughness are all strongly influenced by the stability of the
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austenite with respect to strain. An empirical measure of the austenite
stability is the transformation coefficient "m'" which is related to the

strain as shown in the equation below:

Va’ = m€1/2

where ya is the volume fraction of austenite transformed, and € is the
éngineering'stfain.zo The transformation coefficient can vary between
zero (austenite completely stable to strain) to about four (highly unstable
to strain). = The variation of two important mechanical properties, elongation
1c)s With austenite stability, as measured by "m",
are shown in Fig. 5 (a, b). The combiﬁations of elongation, strength and
fracture toughness that can be attained in TRIP steel are superior to those
of any known alloy system. |

The qualitative relationships between the processing variables of TRI?
steels and several mechanical properties are shown in Table II. The numbers
in the square brackets are references to the literature in the original
article by Bhandarkar et a119. Vertical arrows indicate whether the property
is increased (arrow up) or decreased (arrow down) by a corresponding change
in a particular variable. 1In some cases, a property may change in either
direction, depending on particular circumstances (for a detailed discussion
of this table; see the original paper 19)- a

Kula and'Azrin2 discuss several interesting épplications of TRIP steels
including a shear spun ring for containment of jet‘éngine rotor fragments
in the event of a catastrophic failure and of a thermally processed projectile

for the radically new design of a gun barrel. In the latter, a TRIP steel was

used whose strength was derived from thermally cyclying through the

21,22

austenite to martensite phase transformation. Koppenaal, the inventor
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of this process, effectively exploited the concept of the "internal working'
of én.alioy by a cyclic phase transformation, as shoﬁﬁ.in Fig. 6. Unfortunately,
it has been proved impossible to exceed a yield strength of about 170,000 psi.
This remains an importént unsolved problem. In concept, this process
can be applied to weldments, castings, and low symmetry parts difficult to

form by conventional processes.
Spéce limitations exclude, unfortunately, the deséription of many interesting
LTTMI. These include, for example, the work of Kulin,vKreder and Kaufman
on the propertiés of steels subjected to combined TMT and cyclic heat
treatments; the sﬁpér—plastic behaﬁior of high carbon pearlitic steels
after warm working as shown by Sherby et al;24 and thevextensive studies

25,26,27 . 28 .
>*7*%7% Kalish, and their associates on the influence of LTTMI processes

by Cohen,
on the mechanical properties of ultra high strength steels. The recent .
paper by Rack.and Kalish29 is especially noteworthy as these authors show
that the low stress, high cycle fatigue life of maraging steel can be
improved by about 307 through the use of LTTMI. The inherent flexibility

of LTTMI practices and the advantages that accrue from using them suggest

that many more will be designed in the future!

C. Ferrous Alloys Processed by HTTMT

Early in the second decade of TMT, metallurgists in the steel industry
began to consider the advantages of incorporating thermomechanical pro-
cessing in the production of steel sheet and strip. :The need for a better
product was evident and the specialized production equipment had just become
available. The structural steels of the time were of‘the hot rolled C-Mn
type with typical yield strengths in the range of 40 to 50 ksi. A rising

demand for strong, formable and weldable steels reflected the collective

o
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needs of.the transportation and energy-related ipdﬁstries. In the latter
category, these new steels were required for of f-shore drilling rigs,
powerline staﬁdards and bridges.30 A major reqﬁirement was for vast
quantities of high pressure oil pipe. The industrial steel community had
largely combleted a major rebuilding phase which‘had commenced after the
close of World War II. A veritable revolution had taken place, first in
Europe and then in the United Stafes in both the refining and shaping phases
of steel makiﬁg. Fully automated high speed production mills that were |
capable of continuous precision ﬁime-temperature—deformation control and,
equally important, new facilities for the rapid cpoling of steel which had
been deformed‘at elevated temperatures,were in use.

The comﬁositional and structural requireménts for a high strength low
alloy (HSLA) structural steel aré now well knowﬁ; To achieve the strength,
formability, weldability, toughness and corrosion reéistance that is needed,
the steel must have a fine ferrite grain size, be capable of precipitation
hardéning and must be free of large or elongatéd inclusions.31’32’33
A typical HSLA steel contains: (i) a low carbon content to insure good
weldability and toughness; (ii) one or more of ;he'strong carbide forming
elements such as V, Nb or Ti; (iii) a group of elements such as Mn, Si, . . .
for solid solution strengtheniné and (iv) one or more 6f the inclusion
related elements such as Zr, Ti and the rare eafth metals, principally
Ce and La. iﬁ is of interest to note that the reduction of grain size is
the only mechanism that simultaneously increases strength, increases tough-
ness and lowers the ductile to brittle transition temperature.33’34

A great variety of HSLA steels conforming to the general description

given above have been successfully produced. The HSLA steels have yield



-10-
strengths in thé 50-80 ksi range. A major factor in the successful
introduction of this new family of low alloy high strength steel has been
the effective use of TMI. Some of the TMI schedules that have been
employed are described in the following section.

A typical controlled rolling schedule of the type largely used in
the eatrly production of HSLA steels is shown schematically in Fig. 7.35
After an initial rolling, the steel is held until it cools to between
1000 and 800°C and is final rolled 50-70% in the austenite range. The
consequence of this TMT processing, when coupledbwith'the use of recrystallization
and grain growth retardanté, such as NbC, is an extremely fine ferrite
grain size. 1In recent years, more complex controlled rolling schedules
have been employed which may involve deformation in.either the v, Yy + «
of o phase fields or in a combination of these. A "continuum rolling'" TMT
has‘been develoﬁed, for example, by Melloy and DenniSoﬁ, 36 which provides
for continuous thermomechanical treatment in all these phase fields. The
essential features of several TMI processes are compared in the schematic
diagram of Fig. 8. The yield strength and the transition temperature for
a Charpy value of 15 ft-1lbs for these processes is shown in Fig. 9. An
unexpected result of the continuum rolling type TMI process was the
excellent toughness at the high yield strength. Thése authors attribute this
in part to the development of a cube-on-corner texture. The relations between
the transition_témperafure'and a parameter that dEScfibes the intensify of
this texture is shown in Fig. 10. A linear relationship is shown over the
entire range that was investigated.

Jenkins and Wilson37 have shown that practical TMT schedules can be

devised to produce rimmed sheet steel with a superior combination of good
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stretch forming properties and outstanding deeé drawébility. They
‘rationalize the attainment of these properties én the basis of the develop-
ment of a recrystallized texture.

It is apparent from these few brief remarks tﬁat the timely use of
TMT has gi§en'the steel industry an opportunity ﬁo develop a family of low
alloy]construction steels with useful combinatibns of strength, tough-
} )
ness and weldability that are fulfilling vital technological needs. This
success story offers some consolation to those in the metallurgical
cémmunity“ who labored so intenseiy (and 1argeiy ﬁnsuccessfully) in the

first decade of the existence of TMT to bring the many advantages of TMT

into the commercial sector of technology.

D. What We Don't Knoﬁ About Ferrous Alloy ™I

A number of investigators have attempted to summarize both the potential
and the limitations of TMI. These include May and Latham,6’7 Kula and
Azrin,2 and Craik9 among others. All agree that‘the most severe barriers to
technological exploitation are those associated>with LTTMT. These include
the excessiyé_amount of proéess control that is fequired, the lack of re-
pfodﬁcibility»of properties and the difficulties-of fabricating the final
éomponent. All of these problems plus that of joining have led to
unacceptable éost penalties and to lack of commercial success, Some of
these 1imitafions are associated with the low temperatures of deformation
and the large émounts of deformation that are iﬁherent in LTTMT. These,
in turn, lead to the power, lubrication and load limitations of existing
shaping and forming equipment. May and Latham6’7 cite the need for redesign

of rolling and extrusion equipment. They suggest the design of new tooling
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and lubrication pfactices for existing extrusion mills and improvement
of forging methods including the use of infrared heéting techniques to
extend the working times needed to accomplish 1argé reductions.

The problems associated with HITMI are more thése‘of physical
metallurgy thanvof equipment. HTTMT involves deformation at higher
tempe;atures andvthis is comparatively easy on existing equipment. How-
ever, the relationships which exist between the microstructures and the
associated mechahical properties of TMT steels are not well understood.

This is especially true of the HSLA steels. The structure and associated
properties of'theée steels are the result of a complex number of events
which include the relatively unknown influence of austenite in its various
recrystallized and unrecrystallized states on the nature of its decomposition
products and the interrelationships of composition (at "microalloy" levels),
thermomechanical treatment and transformation temperature on the final
properties of thevTMT steel. Relatively little is known in detail, for
example éf the desirable compositional and microstructural features which
influence toughness and the ductile to brittle traﬁsition temperature.

There is also very little information about the influence of plastic
deformation on the kinetics of decomposion of austenite in low alloy

steels. One of the first quantitative studies of this subject has

recently been done by Walker and Honeycombe.37 Thése investigators

showed that the timg for the start of the peaflite transformation was
reduced from about 900 seconds to about 50 seconds for a 1.452 Ni,

1.1% Cr, 0.277%Mo + 0.36%C steel deformed 30% at 550°C. The effect of the
amount of deformation on the transformation start for this steel is shown

iﬁ Fig. 11. Increased understandiﬁg in these and other areas must be gained

if the next generation of HSLA steels (yield strengths between 90 and 110 ksi)

is to be successfully produced.
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I1. The.Aleication of TMT to Non-Ferrous Alloys

A. Superalloys
In the past two decades, one of the most sophisticated and success-

ful efforts of the metallurgical community has been the perfection of

¢
,

superalloys for gas turbine engine applicationsf Until recently, most of

rhe éoperalloy turbine components wore fabricared by conventional

cast, wroughr, powder metallurgical or»direct solidification methods.39 In the
past several years, a number of different techniques have been developed, some
of which utilize TMI. A few of these advancesbare briefly summarized below.

Shamblen et 3140 have devised a TMT schemeiﬁhich imparts a so-cailed

"necklace" microstructure to the superalloy René 95, as shown in Fig. 12.

This microstructure exhibits superior stress ruptore, notched low cycle
fatigue and crack propagation resistance propertieo relative to those

found in the more conventionally processed fine grained material. The

authors ascribe the improvements to a suppression by TMT of the environ-
mentally induced oxidation of surface carbides whioh in turn leads to the pro-
pagation of cracks from the surface into the interior. The retardation

of this cracking is shown to be partly due to the crack barriers.imposed

by large warm worked grains that were formed by the TMT.
| Wilcox and Clauer41 have shown, at high fractions of the homologous
temperature, that the yield stress and the creep rupture stress increase
linearly with increasing grain aspect ratio (GAR), i.e., the grain length
divided by the grain width. They showed that,iby the use of TMT, the GAR

of thoria dispersion hardenod nickel alloys could be varied from 1-15

Vith an associated enhancement of the elevated temperature properties.

42

In a study of the same system, Ruscoe et al demonstrated that an increase
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of 30% in the Young;s ﬁodulus could be achieved by selective TMT texturing
schedules, in addition to the expected improvements*in other elevated
temperature properties.

Cairns et 3143 utilized a somewhat different method to attain favor-
able GAR's, namely, a combination of TMT and grain growth heat treatments
f(zone}annealing). Optimization of these two processes resulted in improve-
ments in stress rupture life by 15 to 17% over all'femperatures investigated

for two nickel-base superalloys.

Two of the.ﬁost unusual TMT's recently developed are those of
'mechanicai alloying44’45’46 and thermoplastic processing. Mechanical
alloying is a‘sdlid state process for producing composite metal powders
with controlled microstructures. For example, nickel-base superalloy
powders can be produced containing both An insoluble oxide phase YZOv,
and reactive alloying elements such as aluminum, titanium, and chromium.
The process occurs by the repeated fracturing andeelding of a mikture
of metal andvﬁonmetal powders in a highly energetic ball charge.
While the overall composite particle size remains.relatively coarse, tens
to hundreds of micrometers, the internal structure becomes homogeneous on
a submicrometer scale. Consolidation of these powders yields materials
‘combining the stability of oxide dispersion strengthening with the
corrosion resis;ahce and intermediate temperature strength of nickel-base
superalloys. Achievement of full high temperature strength in these alloys
is dependent upon producing recrystallized, coarse elongated micfostructures.
Careful control of thermomechanical processing during consolidation,
usually by hot extrusion, and secondary working by hot rolling, is required

to build sufficient energy to trigger secondary grain growth to the re-

quired structures,
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"Thermoplastic prqcessing" is a P/M procedure by which supéralloy

powders can bé éonsolidated and formed at 60% of the flow stress and 100°T
below the éemperatures used for conventional P/M proccesses. The refinement is
accomplished'ﬁy‘imparting strain energy to the powder followed by recrystallization,
which occurs dutiﬂg the heating prfor to consolidétion. Atomization efficiency can
be enhanced since virtually the entire output of thg atomizer can be utiliéed.
Hot isostatic compaction (HIP) of T/P processed powder can be achieved at lower
temperatures and pressures; and, if disired, the HIPed compact can be super-—
plastically fofmed. With thermoplastic superalloy powders, extrusion ratios on

the order of 50 to 1 are possible and are expected to facilitate the production
of intricate extruded shapes. T/P processed superalloy powders can be extruded
at temperatufes 100°F below convenﬁional practice and hot isostatically pressed

100 to 400°F below standard HIP temperatures. In addition to the improvement
in economics because of lower HIP temperatures, the as-~HIPed material is a fine
grained condition. This greatly facilitates subsequent conventional forging

operations and also permits the application of superplastic forming techniques.

B. Aluminum Alloys

A strikihg‘feature of recent attempts to impfove the properties of
high strength aluminum alloys is that TMT and the aﬁount and combination
of alloy?ng eiements are varied in sucﬁ a manner as to optimize both the
mechanical prbpgrties and the_corrosion resistance, Conser&a and Leoni

demonstrated that h;gher yield strengths can be obtained for a given level
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of stress corrosion resistance by minimizing the formation of films of
B or B~ (Mg2A13) through the TMI control of the nucleation centers and by
restricting the motion of grain and subgrain boundaries; Waldman, Sulinski
and Markuség’sgi Russo et al,‘r’l’52 and Thompson and Levy,53 among others,
have designed TMT's which significantly upgrade the structural properties
and thé corrosion resistance of several commercial alloys.

Dr. Anthony Thompson, Rockwell International, has kindly conttibuted,
at the author's request, the following views as to the overall importance
of TMT to the improvement of non-ferrous alloys:

"Amoﬁg'the most impressive recent advances in thermomechanical treat-
ment or TMT is.the demonstration, for bpth aluminum and nickel allovys, that
aging prior to warm working is essential to development of both imp;oved
mechanical properties and resistance to environment fracture such as stress
corrosion cracking (SCC). In aluminum alloys, an excellent example is the

54 who were able to obtain benefits in

. investigation of Paton and Sommer,
7075, 7049, and also in 2024. 1In the case of 7075, they found that aging
to the peak strength or T6 condition, followed by 157 strain at 465 K and
further aging 3 h at 435 K gave essentially the T6 étrength with the over-
aged SCC properties at no sacrifice in strength or ;Oughness from the
peak condition.

This use of warm work represents a means of avoiding the planar slip
characterisﬁicvof room temperature deformation. The worked structure is thus
relatively homogeneous, and overaging it back to a lower strength, e.g.,

equivalent to the T6 condition where the process began, permits overaging

the precipitates at the same time. This process is shown schematically in

Fig. 13. In nickel alloys, a similar conclusion has been reached.55’56
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Thus the réfinement of substructure gained thrqggh.aging prior to TMT
seéuence; may well prove beneficial to properties of commercial aluminum
and nickel alioys." |
C. _Iitanium and Copper Base Alloys
Textures are synonomous with plastic defdrmation_and, it is, there-
fore not surprising that efforts have been made to utilize TMT for the

N 57,58

optimization of texture dependent mechanical properties. In a

recent review paper, Larson and Zarkades57 describe the influence of texture

on the mechanical properties of titanium, as shown in Fig. 14 (a-d) for

the variation (with specimen orientation) of Young's modulus Fig. 14 (a);
yield strength, Fig. 14 (b); impact energy, Fig. 14(c); and stress corrosion
cracking (KISCC

important mechanical property of Ti alloys could be substantially enhanced

), Fig. 14(d). These authors state that virtually every

by selecting the proper texture and orientation in the engineering component.
In their view, better understanding of the relationships between composition,
texture, microstructure and TMT could result in greater use of textured

alloys. In some cases, microstructural features, rather than texture,

~account for the low properties in Ti alloys, as shown by Stubbington and

Bowens9 in their TMT study of the endurance strength of Ti-6A1-4V alloys.
Finally, one of the most intriguing ™T spgdies of the past few years
has been.made on Cu-base alloys exhibiting a spiﬁbdal decomposition. The
attractive age hardening characteristics of spinodal-type alloys have
been known‘for a long time but, unfortunately, these alloys are brittle
and are, ﬁherefore, of limited structural utility. Plewes60 succeeded in

obtaining ductility at high strength levels in a Cu~-9Ni-6Sn alloy with
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critical combinations of prior cold work, agingrtime and temperature. The
minimum level of p?ior cold work required to yield the desired balance
of strength and ductility was 75%. Transmission elec;ron microscopy
revealed that a continuous modulated structﬁre deveiops on aging the
prior cold workedvmaterial and that the periodicity of this structure was )
not significantly altered by the TMT. The combinations of yield strength
and ductility values reported, e.g., 170,000 psi and 557 R.A., surpass
those of the weli known Cu-Be system. Plewes believes that these results

" suggest the potential, yet to be realized, in other systems exhibiting

this mode of decomposition.

D. What We Don't Know About TMT and Non-Ferrous Alloys

In general, the problems associated with the application of TMT to
non-ferrous alloys are unlike those of ferrous alloys, namely, they are not
those involving thé limitations imposed by equipment and fabrication. The
principal restriction to an .accelerated rate of progress is the lack of
ﬁnderstanding of the complex interrelationships between mechanical properties
and those of TMT, composition, kinetics and thermodynamics of phase trans-—
formations, microstructure and texture.

The recent studies on Ni-, Al- and Cu-base systems strongly suggest
that the hitherto direct approach of supérimposing plastic deformation of .
various amounts on the heat treat cycle of commercial alloys is no longer '
adequate or satisfying. There is no longer any doubt that TMT must
be considered an integral part of alloy design and that many of the specialty alloys

of the future will be "tailored" with respect to both composition and TMT to

optimize mechanical and chemical properties.
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In conclusion, it can be safely said that the progress of TMI made
to date in'béth ferrous and non-ferrous alloys suggests that TMI is one

of the most powerful tools of the alloy designer and that its full potential

is yet to be realized.
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FIGURE CAPTIONS

Schematic representation of thermomechanical treatments in relation

6,7

to a TIT diagram (after qay and Latham ). 

TTT Diagram of M-50 tool steel chosen for»ausforming inner races and
ball bearings of jet engines (after Bambergerl4_17). The stippled
region corresponds to the temperature interval or "bay" within which
the warm'workihg was performed.

The effect of-deformation on the rolling contact fatigue life of

14-17,
).

A comparison of the rolling contact fatigue life of ausformed and

ausformed M-50 tool steel (after Bamberger

conventionally treated M-50 tool steel, in terms of Blo-the number

of cycles for 10% failures. The ausformed steel was given a prior
14-17

austenitic deformation of 80% (after Bamberger ).

The influence of austenite stability (with fespect to strain)
exﬁresse& in terms of the parameter ''m" (seevtext) on (a) the
elongation and (b) the fracture toﬁghﬁess, KIé,for TRIP steels.
Yieldi(O.Z pct. offset) and tensile strength vs number of austenite
reversions for TRiP steel (after Koppenaa121).

Schematic reﬁresentation of a typical controlled rolling schedule
of the type largely used in the early prodﬁction of HSLA steels

up to 1970 (after Little et a135»).

Schemafic represeﬁtation of several common practices used for the
TMT prodﬁction of HSLA steels (after Melloy and Dennison36).

The yiela strengths and transition temperatures (for a Charpy Value
of iSvft;lbs.) are shown for the steel processed by the TMT's shown

in Fig. 8 (after Melloy and Dennison36).
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The relation between transition temperature (for a Charpy value of

" 15 ft-1bs) and a parameter which describes the intensity of the

36).

cube-on-corner texture (after Melloy and Dennison
The TTT diagram of 1.47%Ni, 1.1%Cr, 0.27%Mo, 0.36%C steel (AISI 4337)
showing the effect of different tensile deformations at 1020°F

(550°C) on the opset'of transformation (after Walker and Honeycombe38).
René 95 microstructures in the conventional finé grain and TMT conditions:

(a) Typical fine grain microstructures (magnification 460 times); (b) at

(magnification 460 times); (c) "necklace" microstructure of TMT conditions

‘(Magnification 460 times) and (d) at (Magnification 460 times), (after

Shamblen et aiao).

Schematic compafison of strength as a function of aging time for
conventional thermal treatment (dashed line) and for TMT (solid

line). The TMT sequence was to age the material tolthe T6 con-

dition, deform 157 at 465 K, and'age further at 435 K. The fesulting
T73 SCC resistance was accompanied by f6 strength because of dislocation
substructure strengthening, (after Paton and Sommer'54)1

The influence of texture on the mechanical préperties of titanium as
shown as a function of specimen orientation for: (a) Young's modulus;
(b) yield strength; (c) impact energy;.and (d) stress corrosion

cracking, K (after Larson and Zarkadeé7 ).
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TABLE I

THERMOMECHANICAL TREATMENTS OF STEEL

: .13 ' &
(after Araki™ ") .
.
Classification of TMT | ' | Nomenclature o
' NI v~
: ) . . 3
A. - of stable v HTMT U
, ' 1. - to M (and/or B) ' Ausforging , '
I Deformation before 2. - to F + P (and/or B) (controlled rolling) o
transformation ’ ' . -
T > Md ' B. - of metastable Y LTMT ~ B
. ' ‘(hot-cold working) bt e
1. - to M (and/or B) Ausforming (Ausroll temper) -
, ‘ } , Ny o ~
II Deformation accompanying C. of less stable Y (Strain-induced transformation) ‘
transformation¥* 1, - to M : Zeroll (cold working of Y¥
2, —toF+P : Isoforming (dynamic recovery)
D. - of M (carbon-free) Marforming .
(dynamic strain aging)
. (dynamic recovery)
ITII Deformation and aging E. - of transformed structure - Warmworking
1. - of M, TM
2..- of F+ P, B etc. E.T.D. ece.
F. - of M : . Warmworking at higher temperature
' (dynamic recovery)

* Relevant phenomena: TRIP, etc.



TABLE II

Probably Relationships Between Stability, as Affected by Several Processing and
Testing Variables, and Selected Mechanical Properties

Mechanical Property

Variable .Stability
Yield Luders Elongation Work Fracture EzséSZ:gc:n
Strength Strain Hardening { Toughness ydrog
. Embrigtle-
. . Rate men
COMPOSITION (increasing) '
Substitutional solutes 4 [9,11,12] 4+ [11,12] + [9,11,12] ~N{9,11,12] + {11,12) + [19] + [29-31]
(exception of Co)
Interstitial solutes + [9,10, 4 110,12, 4+ [9,10 19,10, ¥ [10,12 v (191 4y [29-31)
(C and N) 12,14} 14) 12,14} 12,14] 14]
PROCESSING
(A1l variables increasing) .
Amount of deformation (PDA) | ¢+ [9] + [9,12,14) |+ [9,12,14] +419,12-14] 4+ [12-14] | 4 [19] ¥ [29-31]
Temperature of deformation +4[11) +¥v[11] ¥4[11] 4113 +v[11] +[19] +4[29-31}
(PDA) , _ o _
Time at temperature of ¥+ [28] 4+ [28] ¢ [28] +¥[28] 4 [28] ? + [29-31)}
deformation (PDA)
TESTING , -
Test Temperature ¥ [9-11, +[9-11, MN[9-11, M [9-11, +409,11, 44[15,16 | +¥[29-32]
(decreasing) . 14] 14] 14] 14] 14} 19} .
Strain Rate (increasing + [23] M [23] - +[23} +4[23] M [23] M [15,16 | +4[29-32
. : 19} .

. Note: [ ] refers to relevant paper in the bibliography of the orignal paper by Bhandarkar et al.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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