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THE ROLE OF DEFORMATION INDUCED PHASE TRANSFORMATIONS 
IN THE PLASTICITY OF SOME IRON-BASE ALLOYS 

V. F. ZACKAY*, M. D. BHANDARKARt, AND E. R. PARKER* 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 94720 

ABSTRACT 

Hicrostructural changes in alloys can be induced by phase transformations. 

While many phase transformations are thermally activated, some are not. An 

important example of the non-thermally activated type is the deformation 

induced phase transformation. Deformation induced phase transformations are 

known to cause unusual changes in the mechanical properties of ferrous and 

non-ferrous alloys. In the past several years it has been shown that this 

type of transformation can considerably enhance the mechanical properties of 

high strength austenitic alloys--these alloys are now known as "TRIP" steels. 

Useful combinations of toughness, strength, and ductility can be obtained in 

these steels by control of the composition and the processing. TRIP steels 

are thermomechanically processed in the austenitic state. During this thermo-

mechanical proceSSing, changes occur in both chemistry ar.d substructure, and 

these alter the stability of austenite with respect to deformation during 

subsequent mechanical testing. The present paper discusses the several 

compositional, processing, and testing variables that influence this austenite 

stability. It is shown that the strength, ductility, stress-strain behavior, 

fracture toughness, fatigue properties ,and corrosion resistance of TRIP steels 

*V. F. Zackay and E. R. Parker are Professors of Metallurgy, tM. D. Bhandarkar, 
formerly PostDoctoral Research Metallurgist, Lawrence Berkeley Laboratory, 
Berkeley, California, is now with Materials Research Branch, Materials 
Division, NASA Langley Research Center, Hampton, Virginia 23665. 
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are strongly affected by austenite stability. The considerations involved in 

designing TRIP steels, their limitations,and some of the steps that have been 

taken to overcome these limitations,are reviewed. Recent studies are described 

in which attempts were made to incorporate the TRIP phenomenon in other classes 

of steels. These include non-nickel cryogenic steels and low and medium alloy 

quenched and tempered ultra high strength steels. 

'of 
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INTRODUCTION 

The elastic and plastic deformation of structural alloys does not, for 

the most part, entail a change of crystal structure. Although alterations in 

grain shape, dislocation density, and dislocation configuration may occur, the 

crystal structure usually remains the same; this is especially so at room 

temperature and below. At higher temperatures diffusion becomes possible and 

thermally activated phase transformations may take place. There is another 

class of phase transformations, the so-called martensitic type, which is 

known to occur without diffusion over a wide range of temperatures. This 

transformation can be initiated either by continuous cooling or heating, or 

by stress or strain. 

The nature of the diffusionless austenite to martensite transformation 

in steels and its influence on the mechanical properties of steels have been 

the subjects of active research for many years. It has been recognized that 

under the influence of mechanical stresses and strains this transformation 

can occur at temperatures above the M (the temperature at which martensite 
s 

formation first occurs on cooling a steel). Scheil observed (in an Fe-29%Ni 

alloy) that the amount of strain induced martensite increased with the 

degree of cold working and decreased with increasing deformation temperature 

[1]. Above a certain temperature defined as the M
d

, no martensite could 

form from austenite as a result of deformation alone. Scheil suggested 

that at temperatures near the M , a critical resolved shear stress was 
s 

required for initiation of the austenite to martensite transformation. At 

temperatures below the M , the austenite lattice becomes thermodynamically 
s 

unstable and spontaneously shears to a martensitic structure without the 
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At temperatures sufficiently above the M , 
s 

i.e., just above the M
d

, the critical resolved shear stress for the initiation 

of martensite exceeds that for slip in austenite, and plastic flow supersedes 

the transformation. 

Following the early studies of Scheil, several investigators extended 

theoretical analyses to account for the influence of applied stress on 

martensite transformation [2-6]. Cohen and his colleagues developed the 

reaction path theory[7,8] in which it was postulated that regions of localized 

strain exist in austenite and provide part. of the activation energy for the 

martensite nucleation process. In these regions, which are called strain 

embryos, atoms were visualized as being displaced part way along the path to 

their ultimate positions in martensite. Applied stress or strain provided the 

additional energy that was needed to cause the .growth of the strain embryos to 

form critical nuclei. 

During the last two decades, the deformation induced austenite to 

martensite transformation has been studied in great detail using several iron-

base alloys including the austenitic stainless steels[9-33]. These studies can 

be broadly divided into two types: (1) basic studies that deal with the 

thermodynamics, crystallography and morphology of strain induced martensite, 

and (2) applied studies that consider the influence or the deformation 

induced austenite to martensite transformation on mechanical properties. It 

has been shovffi that chemical composition and testing conditions (temperature, 

strain rate, etc.) affect the martensite habit plane and morphology as well 

as the mechanical properties such as the strain hardening rate and the 

elongation to fracture. Also, it has been shown that austenite can transform 
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into three types of martensite, namely, the bcc and the bct a' martensites, 

and the hexagonal E martensite . 

Recently, Zackay et al[34] utilized the knowledge available on the 

beneficial influence of the deformation induced austenite to martensite 

transformation to develop a new class of ultra high strength metastable 

austenitic steels. These newer steels were named TRIP steels (TRIP is an 

acronym~for Tr.ansformation Induced Klasticity). The chemical composition of 

these steels was balanced in such a way that they were austenitic at room 

temperature. An important step in processing was the prior deformation of 

austenite (hereafter abbreviated as PDA). The primary purpose of this deforma

tion was to raise the yield strength to 200,000 psi or above. To achieve this 

objective, a large amount of deformation (70 to 80% reduction in thickness) at 

a temperature above the Md temperature was required. After final processing, 

TRIP steels are austenitic. However, when a stress or strain is applied at 

temperatures below the M
d

, they transform to martensite. In a tensile 

specimen, martensite formation during testing delays necking and results in a 

large elongation to fracture. At yield strengths exceeding 200,000 psi 

elongations as high as 50% are often observed. 

In TRIP steels, the stability of the austenite with respect to strain (or 

stress) has a significant influence on strength, ductility, work hardening 

rate, fracture toughness, and low cycle fatigue behavior. Gerberich et al[35] 

formulated an austenite stability criterion that took into account variations 

in chemical composition, processing, and testing. This single index of 

austenite stability was designated as the "stability coefficient". The 

relationship between the stability coefficient and mechanical properties was 
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studied by Gerberich et a1[35] and Bhandarkar et a1[36]. In the sections that 

fo110w,their conclusions and the results of several other investigators are 

reviewed. 

The severe limitations of TRIP steels in processing and fabrication 

preclude their widespread application. This is unfortunate as the combinations 

of properties attainable cannot be duplicated in any other class of alloys. 

Two approaches to the solution of this di1~a ~re suggested: (1) modifica

tionsof processing procedures to lower the demand on equipment required in 

the thermomechanica1 working step, and (2) the design of alloys having the 

TRIP phenomenon, but not requiring thermomechanica1 working. 

TRIP STEELS 

INFLUENCE OF PROCESSING TEMPERATURE ON TENSILE PROPERTIES 

The several microstructural changes that occur during processing TRIP 

steels can be of two types: (1) chemical changes involving carbide precipi

tation and carbon atom segregation, and (2) structural changes involving 

alterations in crystal structure, grain structure, and defect structure. 

Microstructural changes alter austenite stability and affect the mechanical 

properties of TRIP steels. In order to study the role of processing on 

stability and mechanical properties, it is desirable to identify and, where 

possible, isolate the types of microstructural changes that occur during 

processing. Extensive investigations of Bhandarkar et a1[36] established the 

role of processing in altering microstructure, stability, and mechanical 

properties. They studied steels of widely differing compositions and process

ing histories, including (a) a series of carbon1ess iron-nickel alloys of 

varying austenite stability, (b) a steel containing nickel and carbon 

• 
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without a strong carbide former, and (c) a series of steels of varying stabil-

ity containing nickel, carbon, chromium, and manganese. The compositions of 

these steels are given in Table I. The weaker carbonless Fe-Ni alloys were 

studied because the changes induced by processing were limited to those of 

structure. Chemical as well as structural changes were induced by processing 

in the Fe-Ni-C and the Fe-Ni-Cr-Mn-C steels. In the latter, the effect of a 

moderately strong carbide former (chromium) was studied. A large part of the 

present discussion is taken from the work of Bhandarkar et al cited above. 

All alloys were austenitized, brine quenched, and then given the prior 

deformation by rolling (PDA) before testing. The amount of transformation 

that occurred during testing was determined quantitatively by measuring the 

saturation magnetization of specimens before and during testing at various 

temperatures. The readings were converted to volume percentage of martensite, 

with corrections being made for the influence of the alloying elements [37-39]. 

This method could not be used for the ferromagnetic carbonless high nickel 

alloys. For these alloys the volume percent martensite was estimated by 

metallography. 

The approximate Ms and Md temperatures for all alloys were determined 

either by metallographic, magnetic, or electrical resistivity techniques and 

are listed in Table II. Ther thermomechanical history of each alloy is also 

indicated in the Table; as indicated, transformation temperatures sometimes 

change with variations in processing. (Additional details on the experimental 
, 

procedure are contained in the original papers cited in the bibliography.) 

Carbonless Iron-Nickel Alloys 

In the absence of carbon, the only changes that were induced by the PDA 

in metastable austenitewe~e those of substructure and grain structure. The 
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Fe-Ni alloy 38N, whose Ms and Md were below the lowest PDA temperature (-120°C), 

was first investigated. The mechanical properties of this stable alloy were 

established to provide a basis for comparison with the more complex and less 

stable alloys subsequently investigated. 

The effects of the PDA temperature on the room temperature and -196°C 

yield strengths of alloy 38N are shown in Figure l(a)[36]. Linear variations 

of the yield strengths with PDA temperature were observed; the effect ·of 

varying the PDA temperature was small. Characteristically, the room tempera-

ture elongation values were small and the rates of work hardening were low. 

The effect of the PDA temperature on the carbon-free alloy 34N, which 

was stable above room temperature but unstable at cryogenic temperatures, was 

determined next. The yield strengths are shown in Figure l(b) as a function 

of the PDA temperature [36] • I The yield strengths rose rapidly below the M
d

, 

which was found to be between 10° and 22°C. The M was about -85°C. Above 
s 

the M
d

, the variation of the yield strengths with the PDA temperature was 

nearly identical to that observed for the stable alloy 38N. Martensite was 

produced during the rolling operations below the Md. Its presence raised the 

room temperature yield strength. The martensite (both athermal and· deformation 

induced) produced during processing is clearly visible in Figure 2[36]. The 

before-testing microstructure of the alloy rolled at -120°C is shown in:ltigur,e 

2(a) and the athermal martensite produced during cooling to the test tempera-

ture after rolling above the Md is shown in Figure 2(b). 

The behavior of the less stable alloy 34N was significantly different 

from that of alloy 38N with respect to testing temperature, as can be seen by 

.. 
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comparing Figure l(b) with Figure l(a). With a change in test temperature 

from 22° to -196°C there was a sharp drop in the yield strength (about 22%) of 

alloy 34N. The decrease in yield strength at the lower test temperature was 

observed above a PDA temperature of about -100°C; at lower PDA temperatures 

the alloy was stronger at -196°C than it was at 22°C. A drop in yield 

strength at low test temperatures has been observed by several other investi

gators. This phenomenon has been attributed to the stress induced formation 

of martensite[1-4,10,11,16,18,2l,24,28,40,4l]. Yielding occurs as a conse

quence of the phase transformation when the critical stress for transformation 

is less than that required for the initiation of slip in austenite. Certain 

features of the engineering stress-strain curves of specimens tested at both 

room and cryogenic temperatures support this view as described below. 

Typical stress-strain curves of specimens tested at both 22° and -196°C 

for alloy 34N, deformed 70% at a PDA temperature of 450°C, are shown in 

Figure 3[36]. The stress-strain curve of the specimen tested at room temper

ature was characteristic of that of a stable cold-worked austenitic steel, 

i.e., a high yield strength, a low rate of work hardening, and an elongation 

of about 10%. The absence of serrations in the stress-strain curves and the 

low work hardening rate were consistent with metallographic observations 

which revealed that no martensite was present in the specimens after testing. 

Stress-strain curves of specimens deformed at all PDA temperatures above Md 

and te~ted at room temperature were similar to the 22°C curve shown in Figure 

3. 

The stress-strain curve for the specimen tested at -196°C was different 

in several respects. As shown in Figure 3, yielding of the austenite occurred 

at a lower stress than that observed at 22°C. The rate of work hardening was 



-8-

high, and the elongation was nearly twice that of the specimen tested at room 

temperature. The low elastic limit observed in the test at -196°c was attrib-

uted to the formation of martensite nucleated by local stresses at loads 

below the elastic limit of stable austenite at the test temperature. The high 

rate of strain hardening in the plastic strain range is strong evidence of 

strain induced martensite formation. Thus both stress induced and strain 

induced martensite formed in this specimen during the test. Also, a metallo-

graphic examination of the unstrained end of the test specimen revealed that 

about 70% of athermal martensite was present prior to tensile testing (Figure 

2(b». After testing, the alloy in the gage length was almost completely 

martensitic. Stress-strain curves of specimens deformed at all PDA tempera-

tures above the Md and tested at -196°c were similar to the one shown in 

Figure 3. 

The mechanical properties observed can be explained if the deformation 

mechanisms include strains due to the formation of stress induced martensite. 

In recent years a number of investigators have emphasized the importance of 

this mechanism of plastic flow in metastable austenitic steels, especially at 

temperatures near the M. Angel [10], in particular, made detailed studies of 
s 

the yield behavior of annealed metastable steels at temperatures ranging from 

above the Md to below the Ms. Some of his conclusions were as follows: at 

temperatures above the Md the yielding is entirely by slip of the austenite; 

below the Md and above the M
s

' two other mechanisms of flow are likely to be 

operative, either singly or together, viz., the strain induced and the stress 

induced.modes of the transformation of austenite to martensite; and, finally, 

below the}1 the stress induced mode of the transformation is dominant. 
s 
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Angel stressed that between the Md and the Ms' the two modes of yielding 

mentioned above were competitive, the dominant one being determined by the 

test temperature. The strain induced mode is favored near the Md and the 

stress induced mode is favored near the M • 
s 

Fahr[4l] has shown in a recent study that certain metastable austenitic 

steels of low stability have low yield strengths and high rates of work 

hardening. He concluded that these properties were characteristic of alloys 

in which the formation of martensite was stress induced. In unpublished work, 

Fahr observed yield-to-tensile strength ratios as low as one-quarter[40]. As 

illustrated in Figure 3, the total elongation of a non-carbon containing Fe-Ni 

alloy undergoing a stress induced transformation may be nearly twice that of a 

similar, but stable, alloy. It will be shown in a later section, however, 

that metastable steels containing carbon may have low ductility because of the 

brittleness of the stress induced martensite. Thermomechanical treatments 

which tend to stabilize austenite favor the strain induced transformation, 

while those which destabilize the austenite favor the stress induced mode. 

The variation of the yield strength with the PDA temperature for alloy 

34N is shown for test temperatures of -78°c and 22°C in Figure 4[36]. The 

mechanical properties between the Md (approximately 15°C) and the Ms (-85°C) 

were consistent with the observations of Angel, namely, that either the str~ss 

induced or the strain induced, or both modes of the transformation may occur 

when tensile tests are made in this temperature range. Both modes did occur 

in specimens having PDA temperatures of 25° and 100°C when they were tested 

at -78°C (Figure 4). Metallographic studies of the specimen having a PDA 

temperature of 25°C confirmed the fact that no martensite was present before 

testing, but that a large amount existed after testing. 
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As shown in Figure 4, the -78°C yield strength increased with increasing 

PDA temperature, rising to a value greater than that measured at room tempera

ture. This behavior showed that processing at higher PDA temperatures 

stabilized the austenite, thereby favoring the strain induced over the stress 

induced transformation. The principal features of the stress-strain curves 

for alloy 34N are shown in Figure 5[36]. As a consequence of the stability 

change, the extent of the Luders strain increased with the PDA temperature, 

the rate of strain hardening decreased, and the total elongation became 

larger. 

A direct measurement of the stability change produced by varying the PDA 

temperature was made by determining the Md for two extreme PDA temperatures, 

viz., 25° and 450°C. The Md temperatures, estimated by means of metallo

graphic and X-ray diffraction techniques of the strained tensile specimens, 

were found to differ by about ten degrees; the specimen with the PDA tempera

ture of 450°C had the lower Md. This result supported the view that the 

stability, the mode of transformation, and the mechanical properties of a 

carbonless austenitic alloy were changed by thermomechanical processing. In 

carbon containing steels chemical as well as structural changes were produced 

by processing with similar, but larger, effects on stability and mechanical 

properties as shown in the following section. 

Iron-Nickel-Carbon and Iron-Nickel-Chromium-Manganese-Carbon Steels 

A series of steels was prepared to investigate the interrelationships 

between processing, austenite stability, and mechanical properties. The 

principal variables were the composition of the steel and the PDA temperature., 

The amount of the deformation was held constant. 
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The amounts of nickel, manganese and carbon in the first steel of this 

series, CN28, were adjusted so that the Md was in the same temperature range 

as that of the"carbon-free alloy 34N. The nickel contents of the remaining 

steels of the series were varied to cause systematic changes in austenite 

stability, as shown in Table II. The levels of carbon, manganese, and chromium 

were maintained essentially constant. The relation between structure and 

properties of the iron-nickel-carbon steel for several processing and testing 

conditions are discussed first. 

The variation of yield strength with the PDA temperature for steel CN28 

(70% deformation) is shown in Figure 6 for two test temperatures [36]. The 

Ms of this steel after processing was estimated to be -68°C and the Md was 

estimated to be about 25°C. At PDA temperatures below the M
d

, strain induced 

martensite was formed. The high yield st~engths obtained at the lower PDA 

temperatures reflected the duplex nature of the microstructure. The behavior 

was similar to that of alloy 34N, except that the overall strength level was. 

higher because of the greater hardness of the martensite. 

For PDA temperatures above the M
d

, the yield strength varied in a differ

ent manner from that of the carbon1ess iron-nickel alloys, as can be seen by 

comparing Figure l(b) with Figure 6. A broad maximum was found between 200° 

and 300°C for the carbon containing steel CN28. A similar maximum was also 

evident at the -78°C test temperature even though the strength level was 

almost 100,000 psi below that found at 22°C. The lower yield strength at the 

lower test temperature was attributed to the stress induced formation of 

martensite. 



-12-

Maxima in yield strength of the kind shown in Figure 6 appeared to be 

unique to alloys containing carbon; they were never observed in c~rbon-free 

alloys. Yield strength maxima were obtained with steels of widely differing 

stabilities. The variation of the room temperature yield strength with PDA 

temperature for steels CN8Cr, CN12Cr,and CN2lCr (whose Md temperatures were 

150°, 22°, and -196°c respectively) are shown in Figure 7[36]. These steels 

were processed in a similar manner; they differed primarily in nickel content. 

When tested at 22°C, they exhibited maxima varying slightly from each other in 

height and position. Similar peaks were also found when tests were made at 

-78°C, as shown in Figure 8[36]. The low -78°C yield strengths of CN8Cr, the 

least stable steel, were due to the stress induced martensitic transformation. 

Other investigators who have made elevated temperature tensile tests on 

annealed austenitic steels have found peaks in the yield strength vs tempera

tures curves, and such peaks have also been found in martensitic steels[14,42-

48]. Such maxima are usually attributed to the formation of carbon atmospheres 

or precipitates on the dislocations. Parker and Hazlett, as well as others, 

have concluded that clusters and precipitates formed in this manner can lead 

to small but significant increases in yield strength[42,48,49]. 

While the combined electron microscopy, magneti~ and mechanical property 

evidence (see Hall et al[50], Chanani et al[5l], and Bhandarkar et al[36]) was 

consistent with the concept that the yield strength peaks of Figures 7 and 8 

resulted from chemical changes associated with the various states of aggrega

tion of carbon in the austenite lattice, conclusive evidence that this was so 

is not yet available. The lower y~eld strengths associated with PDA tempera

tures above 250°C are thought to be a consequence of smaller amounts of carbon 
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clustering around dislocations because of the higher sOlubility of carbon in 

austenite. Conversely, at PDA temperatures below 250°C the mobility of the 

carbon is considered to be too low to form atmospheres in the time available 

during deformation. 

INFLUENCE OF THE AMOUNT OF PRIOR DEFORMATION ON TENSILE PROPERTIES 

Fahr[4l] conducted an extensive investigation of the influence of the 

amount of prior deformation of austenite on mechanical properties. In a 

series of 9Cr-8Ni-2Mn steels with carbon contents ranging from 0.1 to 0.5%, 

Fahr varied the amount of rolling reduction, at 450°C~ from 20 to 80%. In the 

0.1% and 0.5%C steels the yield strength increased with increase in the amount 

of prior deformation, as shown in Figure 9 (adapted from (41]). From the 

figure, it is-evident that the steel with the higher carbon content experienced 

a greater increase in yield strength than the steel with the lower carbon 

content. 

A steel with a carbon content of 0.2% exhibited an unusual variation in 

yield strength as a function of the amount of prior deformation. The yield 

strength of this steel was greater for a prior deformation of 60% than for 

one of 80%. Fahr attributed this unusual behavior to the lower stability of 

the 80% deformed steel leading to a stress induced martensite transformation 

during testing. The lower stability presumably resulted from the greater 

amount of precipitation in the 80% deformed steel. 

In additional experiments using a 9Cr-8Ni-3Mn-0.4C steel, Fahr observed 

that the yield strength increased and fracture elongation decreased as the 

amount of prior deformation at 450°C was raised from 20% to 60%. Both the 

yield strength and the elongation increased when the amount of prior 
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deformation was raised to 80%. These results are shown in Figure 10 (adapted 

from [41]). 

Several conclusions can be drawn from the above results. In TRIP steels 

the increased dislocation density resulting from the prior deformation of 

austenite leads to mechanical stabilization of the austenite. The larger the 

amount of deformation, the greater the stabilization. When this type of 

stabilization is the predominant factor, increasing amounts of prior deforma

tion result in an increase in yield strength and a decrease in elongation. 

Carbide precipitation causes the removal of carbon and carbide-forming 

alloying elements from the austenitic matrix thus leading to a reduction in 

austenite stability. In high carbon steels which are highly stable prior to 

processing, a decrease in austenite stability due to excessive carbide precipi

tation, especially for high deformations and long times at temperatures during 

deformatio~may offset the mechanical stabilization effect. This would lead 

to increases in both yield strength and elongation (compare the results in 

Figure 10 for the 9Cr-8Ni-3Mn-0.4C steel deformed 60% &nd 80%). However, if 

austenite stability prior to processing is not sufficiently high, a decrease 

in stability due to excessive carbide precipitation would lead to a stress 

induced martensitic transformation during subsequent testing. In this 

latter case both yield strength and elongation are lowered for increases in 

the amount of deformation. An example of this is shown in Figure 11 (adapted 

from [41]) where both the yield strength and elongation of a 9Cr-8Ni-2Mn-0.2C 

steel are lowered when the amount of deformation is raised from 60% to 80%. 

CONCEPT OF STABILITY, AND STABILITY CRITERIA 

In earlier sections, the changes in austenite stability (with respect to 
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athermal and deformation types of transformations) produced by variations in 

chemical comp9si~ion and processing have been described in qualitative terms. 

There have been attentpts to establish quantitative measures of stability [10 ,35] 

which are relevant to the present investigation. In the following discussion 

two criteria are comp~red using data obtained on the carbon containing steels. 

Angel, in ,2 study of austenitic 18-8 type stainless steels, found that an 

equation of the type. 

f 
In l-f = A In £ + k (1) 

Va 
best fitted his data. [10]. In this equation,f = - where V,... is the volume of 

V
T 

u. 

austenite transformed to martensite, V
T 

is the maximum amount of martensite 

that can form by pl~stic deformation, E is the true strain, and A and k are 

constants. The equation is of the log autocatalytic type proposed by Austin 

and Rickett[52] , with the strain parameter replacing time. Gerberich et aI, 

have reported that the volume fraction of martensite, V , produced during a 
a 

tensile test varies as 

(2) 

where m is a constant for a given set of test conditions arid € is the conven

tional &train[35]. The value of m was obtained by plotting Va vs € 1/2 and 

fitting the best straight line to the data. Typical experimental data for 

steel CN8Cr, deformed 70% at 450°C, are shown in Figure 12 for test tempera-

tures of. 22°, _78°, and -196°C[36]. Curves representing the relationships of 

€ suggested by Ange,l and Gerberich et aI, are also shown in Figure 12.. 

For the Angel criterion all calculations were based on true strain, whereas 

engineering strain was used for the Gerberich function. It is evident that 

neither criterion accurately predicted the data over the complete range of 
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strains. For the room temperature test, the data at low strains were in 

better accord with the Angel model, but at higher strains, the Gerberich 

formulation appeared to be superior. 

Gerberich showed that the coefficient m, while approximate, was a 

useful index of austenite stability for TRIP steels of widely varying 

chemical compositions and processing histories. In these steels this co

efficient can be varied from zero (completely stable) to about 3.5 (highly 

unstable). The value of m is zero when the test temperature is at or 

above the Md temperature--the temperature above which plastic strain will 

not induce a transformation. 

The deformation-transformation characteristics and their relationships 

to static and fatigue properties were studied by Weiss et al [53] for a 

number of TRIP steels containing O.2%-O.03%C. Under room temperature 

monotonic tensile loading the TRIP steels deformed linearly to a stress 

maximum which was followed by a sharp "yield drop". No appreciable 

amount of martensite formation was detected furing the linear portion, 

while rapid martensite formation occurred during Luder's band formation 

and spreading, thus supporting the suggestion that martensite transformation 

was strain nucleated. The parabolic relationship between str~in and volume 

percent martensite (equation 2) suggested by Gerberich could not be confirmed. 

During early stages of the deformation, martensite formation was very rapid, 

perhaps proportional to the square of the strain. Later, saturation developed 

at a martensite level and strain that seemed to be characteristic for the 

particular TRIP steel, test temperature, and strain rate. 
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STABILITY AND TENSILE PROPERTIES 

Deformation induced carbon containing martensite in highly dislocated 

austenite is presumably stronger than the parent phase. Deformation induced 

martensite ribbons distributed throughout the aastenitic matrix profoundly 

alter ductility, strain hardening rate, tensile strength,and fracture tough

ness. When martensite forms during a tensile test, necking is delayed until 

high strains are reached. The uniform elongation and the tensile strength are 

increased because of the high rate of strain hardening caused by martensite 

"barriers" to further plastic flow. 

A stability index for high strength metastable austenitic steels would 

permit predictions to be made of the effect of composition and processing 

conditions on mechanical properties. In the ensuing discussion, the Gerberich 

index is used as a relative measure of austenite stability in an effort to 

correlate the tensile properties of the steels with their composition and 

processing. 

The influence of the stability coefficient m on the elongation to 

fracture for a large group of TRIP alloys of widely varying compositions, 

processing histories and testing temperatures is shown in Figure l3(a) 

(adapted from [35]). The dilatational and shear components of the austenite, 

to martensite transformation enhance elongation and also increase the Luders 

strain (i.e., the strain in the flat part of the stress~strain curve following 

initial yielding). The influence of the stability coefficient m on the 

exte~t of the Luders strain for the same group of alloys is shown in Figure 
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l3(b) (adapted from [35]). Similar correlations exist for the rate of strain 

hardening and the tensile strength[35]. 

The engineering stress-strain curves at several testing temperatures are 

shown in Figure 14 for the CN8Cr steel deformed 70% at 450°C[36]. The m 

values are also shown. The stress-strain curve obtained at 22°C exhibited a 

well defined Luders strain, a low work hardening rate, and an elongation at 

fracture of 20% corresponding to an m value of 1.85, as shown in Figure l3(a) 

and (b). The relatively low rate of work hardening is a consequence of the 

comparatively low rate of formation of martensite with strain, as can be seen 

from Figure l2(a). 

At the test temperature of -78°C, both the stability and the shape of 

the stress-strain curve are quite different, relative to those at room temper-

ature, as can be seen in Figure l2(b) and Figure 14. The yield strength was 

lower by about 60,000 psi, the Luders band was well defined, the rate of work 

hardening was much higher, and the elongation at fracture was about one-half 

of the room temperature value. These features are consistent with the change 

in stability as reflected by the m value, 2.37 (Figure 13). The low yield 

strength and the high rate of work hardening are of particular interest. 

These features are characteristic of an alloy undergoing a stress induced 

phase transformation. The large amount of martensite produced at low strains 

is another characteristic feature of this type of transformation. At a strain 

of 0.02, about half the austenite had transformed to martensite in the -78°C 

test. In the specimen tested at 22°C, less than 10% of the austenite had 

transformed for the same strain. 
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The stress-strain curve and transformation behavior of the specimen 

tested at -196°C were similar in kind but different in detail from those 

observed at -78°C. The yield strength was somewhat higher (by about 25,000 

psi), a reflection of the increased strength of austenite at the lower temper-

ature. The rate of work hardening, the extent of the Luders strain, and the 

elongation to fracture were similar to those observed at -78°C, as was the 

rate of formation of strain induced martensite at strains above about 0.05. The 

latter behavior was observed when the volume fraction of martensite vs strain 

curves for the two test temperatures were replotted after making a correction 

of 0.15 for the extra stress induced martensite that formed at -78°C. The 

two curves approximately coincide, as shown in Figure 12(d). The estimated 

value of m is 2.37 and the Gerberich relation can be written as V - V = 
a 0 

1/2 
where V is the volume fraction of stress induced martensite that mE. , 

0 

formed just after the yield point. It is well known that the modulus and the 

yield strength of fcc metals increase with decreasing temperature[54,55]. The 

increased resistance to flow should reduce the amount of stress induced 

martensite. Consistent with this explanation is the fact that the flow stress 

is higher at -196°C than at -78°C, as shown in Figure 14, and the fact that 

the volume fraction of stress induced martensite is lower at -196°C than at 

-78°C as shown in Figure l2(b) and (c). 

A correlation similar to that produced by a change in test temperature 

can be made by varying the stability with changes in composition or with PDA 

temperature. The stress-strain curves for three steels of differing nickel 

contents, deformed 70% at 450°C and tested at -78°C, are shown in Figure 15 

[36]. Most of the key features in these curves have been previously dis-

cussed. However, the striking difference in behavior between the completely 
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stable steel, CN16Cr, and the highly unstable one, CN8Cr, is worthy of note, 

as is the comparatively large elongation of steel CN12Cr. As Bressanelli and 

Moskowitz[22], Tamura et al[26], and Gerberich et al[35] have observed, 

maximum elongation is produced in metastable austenitic steels when martensite 

is produced at an optimum rate with strain. Too little martensite per unit of 

strain fails to prevent necking and too much results in premature failure by 

fracture of the brittle martensite. The relatively low m value (estimated to 

be between 1.0 and 1.5) indicated that for steel CN12Cr the criterion for a 

large elongation to fracture was met. 

Changes in austenite stability can be induced by variations in the PDA 

temperatures, as shown earlier for both the carbonless Fe~Ni alloys and the 

carbon containing steels. The room temperature engineering stress-strain 

curves of steel CN8Cr, deformed 70% at PDA temperatures of 200° and 450°C 

are shown in Figure 16 (adapted from [36]). The difference in stability (as 

reflected by the m values) produced by varying the PDA temperature markedly 

influenced the shape of the stress-strain curves. The well defined (and 

small) Luders strain and the high work hardening rate of the specimen deformed 

at 450°C (as compared with the one deformed at 200°C) reflected the decreased 

stability produced by the higher deformation temperature. These features are 

consistent with the data shown in Figure 13. #-

The approximate shape of the engineering stress-strain curves of TRIP 

steels can be predicted by the known empirical relations between the stability 

index m and the tensile properties[35]. The rule of mixtures is invoked to 

describe the mechanical behavior of austenite-martensite combinations. The 

austenite stability index is generally determined experimentally or it can be 
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calculated from the relationships between stability, composition, and process-

ing conditions[35]. 

FRACTURE TOUGHNESS 

Several investigators have suggested that a stress or strain induced 

phase transformation might enhance the absorption of energy and thereby 

increase the fracture toughness. The fracture toughness of TRIP steels has 

been studied from both the theoretical and experimental viewpoints[56-63]. It 

is clear from these studies that the toughness is dependent upon the stability, 

the chemical composition of the strain induced martensite, and the strain rate. 

Gerberich et al showed that as a first approximation the fracture 

toughness K was proportional to m
1

/
2

[62]. Room temperature plane stress 
c 

fracture toughness values of almost 500,000 psi_in
1

/
2 

were reported for highly 

unstable (m=2) steels having yield strengths of 200,000 psi or higher; a 

summary of the data is shown in Figure 17[60,62]. The fracture toughness 

decreased with increasing amounts of carbon plus nitrogen in the steel. The 

effect of carbon content on the apparent K
Ic 

value at -196°C is shown in 

Figure 18[62]. Fractographic analysis showed that the martensite in the 

higher carbon steels (over 0.27%) had a tendency to fail by cieavage rather 

than by shear. The variation of apparent ~c values with carbon content, at 

-196°C, reflects this change of fracture mode. 

Gerberich et al[59,62] and Antolovich and Singh[61] derived analytical 

expressions which include the contribution of the phase transformation to the 

observed fracture toughness of TRIP steels. Both groups of investigators 

concluded from theoretical and experimental evidence that the phase trans-

formation was a major source of the fracture toughness of TRIP steels. 



-22-

Antolovich arid Singh[6l] experimentally determined this contribution to be 

between two-thirds and three-fourths of the measured crack extension force, 

When austenite transforms to martensite, there is an increase in volume 

of about three percent. This corresponds to a linear increase of one percent 

in each of three perpendicular directions. This volumetric expansion effec-

tively cancels a large part of the triaxial stress that exists near .the root 

of a sharp deep crack or notch. The reduction in the triaxial component of 

stress has a marked effect on the behavior of thick specimens, where triaxial-

ity is a major contributor to brittle behavior[64] .. As a consequence, TRIP 

steels exhibit an unusual variation in fracture toughness with specimen thick-

ness. The fracture toughness of virtually all high strength alloys decreases 

sharply with increasing thickness. This does not appear to be the case in 

TRIP steels. As shown in Figure 19, the critical stress intensity factors 

(K), at room temperature"of both the low alloy quenched and tempered steel 

and the precipitation hardening stainless steel decrease with thickness more 

severely than that of the TRIP steel (adapted from [62]). 

In Figure 20 the estimated fracture toughness of TRIP steels is compared' 

with the toughness of commercial AISI 4340 and 18% nickel maraging steels. 

The superior toughness of TRIP steels is evident from the figure[65]. The 

data on TRIP steels were plane stress fracture toughness (K ) values. Test 
c 

results did not meet the ASTM specified validity criteria[66] for plane 

strain fracture toughness K
Ic 

although several tests were performed using one 

inch thick specimens. The strain induced austenite to martensite transforma-

tion occurring during testing apparently relaxed the triaxia1ity at the crack 
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tip thus leading to nonva1id "plane strain" fracture toughness values. 

BEHAVIOR UNDER CYCLIC LOADING 

A large number of engineering structures are subjected to both monotonic 

and cyclic loads during their service life. In designing such structures 

proper consideration must be given not only to strength and fracture tough-

ness, but also to fatigue properties such as the resistance to fatigue crack 

propagation and the number of load (or strain) reversal cycles required for 

failure. 

InvestigationS of the behavior of TRIP steels under cyclic loading have 

not clearly established the role of austenite stability. Chanani[67] and 

Chanani and Anto10vich[6S] conducted high strain low cycle fatigue tests on 

polished specimens of a 9Cr-SNi-4Mo-3Mn-3Si-O.26C .TRIP steel with both 

austenitic and mixed austenitic-martensitic matrices. Tests were performed 

at room temperature (below M
d

) and at 200°C (above M
d
). In all cases the low 

cycle fatigue life was shown to be related to the plastic strain range by the 

Coffin-Manson 1aw[69-7l], 
€ N 1/2 = C 

PR f 
(3) 

where€ PR is the plastic strain range, N
f 

is the number of cycles for failure 

and C is a constant. It was concluded that low cycle fatigue properties were 

controlled by the reduction in area and that the martensite transformation 

occurring during testing played only a secondary role. It is not known 

whether the above conclusion applies to all TRIP steels. 

Studies of fatigue crack propagation in TRIP steels have been directed 

toward establishing the mechanism of crack growth at various applied stress 

intensity ranges[67,72]. The Paris-Erdogen relation[73] was used to relate 
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the applied intensity t.K 
da 

the incremental extension (da) , stress range to dn' 

for a given number of cycles (dn) , of a crack of length 'a' • A fourth power 

dependence was found between 
da 

t.K and dn. The results indicated that three 

prior deformation treatments (20 and 80% at 450°C, and 80% at 250°C) resulted 

in approximately the same crack growth properties in a 9Cr-8Ni-4Mo-3Mn-3Si-

0.25C steel, and these properties were superior to those of the steel with a 

20% PDA at 250°C. The strain induced austenite to martensite formation 

appeared to have a distinct beneficial effect. Fatigue fractures were charac-

. terized by striations, quasi-cleavage, and elongated dimples. The lowest 

crack propagation rates of the TRIP steel were slightly lower than those 

reported in the literature for 300-M steel, AM 355 CRT stainless steel, and 

PH 15-7 Mo steel, and compared ·favorably with those of 250 grade maraging 

steels[74-76]. All these steels had the same tensile strength. 

In a recent report Weiss et al [53] stated the following: 

"Fatigue crack growth rates were also found to be quite sensitive 
to austenite metastability. At room temperature and at higher 
temperatures below Md the fatigue crack growth resistance was in
ferior to that of a comparable ultra high strength steel. At 
liquid nitrogen temperature, where considerable martensite forma
tion occurs, even at low plastic strains, the fatigue crack 
growth resistance was substantially improved, beyond that of a 
comparable ultra high strength steel. Metallography confirmed 
the importance of austenite metastability in relation to fatigue 
crack growth rates of TRIP steels. . 

Further research efforts toward the goal of utilizing TRIP 
steels in critical applications must be predicated on the present 
finding concerning the paramount importance of the interrelation
ships between mechanical properties and austenite stability. 
Continued efforts are required to further elucidate these rela
ships. Of particular importance are studies of the effects of 
chemistry, prior treatment (such as warm working conditions, 
thermal treatment and service temperature "prior working") on 
starting structure, austenite metastability, and properties. 
Once these relationships are better understood, it is believed 
that TRIP steels can be tailormade to make them the optimum choice 



-25-

for selected critical applications requiring a combination of 
strength, toughness, corrosion, and fatigue resistance not 
easily met by currently available ultra high strength steels." 

CORROSION RESISTANCE 

Challande[77], Padilla[78], Padilla et al[79], and Baghdasarian[80] con-

ducted investigations to evaluate the corrosion resistance of TRIP steels in 

several acid and chloride ion solutions. Both general corrosion resistance 

and resistance to pitting were studied in TRIP steels of several different 

chemical compositions. Corrosion tests were conducted using the potentio-

dynamic polarization method developed by Edeleanu[8l] and a polarization cell 

recommended by ASTM[,82]. The scanning rate was 1.3-1.4 volts/hr. A saturated 

calomel electrode (SCE) was used as reference for measurement of potential. 

The chemical compositions, tensile p~operties, and corrosion properties 

of several TRIP steels are summarized in Table III (adapted from [79]). The 

corrosion properties were determined in 2N sulfuric acid solution. The pas-

2 
sive current densities were 8-12 ~A per cm corresponding to a corrosion rate 

of~ only 0.013 mm per year. Comparison with published data[83-85] indicated 

that the corrosion rate approached that of the AISI types 304 and 316 austenitic 

stainless steels. In Table IV (adapted from [80]) the anodic polarization 

results obtained in 2N sulfuric acid for a l3Cr-8Ni-3Mo-0.24C TRIP steel are 

compared with similar results obtained for annealed 304 and 316 stainless steels. 

It was evident that the TRIP steel and the stainless steels had approximately 

the same passivation potentials (E ) and current densities in the passive 
p 

region (I). The critical current density (I ) of the TRIP steel was con-
p cr 

siderably lower than that of 304 stainless and was approximately the same as 

that of 316 stainless. 
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Although TRIP steels are designed to be used in the austenitic state, 

strain induced transformation of austenite may occur during use. This raises 

the question whether the resulting mixed austenite-martensite microstructure 

would have the same corrosion resistance as the original austenitic micro

structure. The influence on corrosion resistance of a duplex austenite

martensite structure was investigated by Baghdasarian[80J. The corrosion 

properties of a l3Cr-7Ni-4Mo-0.23C TRIP steel in the austenitic condition (80% 

prior deformation at 500°C) were compared with the properties of the same 

steel with 7%, 20%,and 30% martensite (formed by cold rolling 10%, 20%,and 30% 

respectively at room temperature following the 80% PDA at 500°C). The results 

are shown in Table V (adapted from [80J). It was evident that the corrosion 

resistance was not appreciably altered by the presence cf martensite. 

In additional experiments, Baghdasarian reported that the pitting resist

ance (measured by the breakdown potential E
b

) in sea water of l3Cr TRIP steels 

was superior to that of type 316 stainless steel. Formation of 20% martensite 

by cold rolling resulted in enhancement of pitting resistance[80]. These 

results are shown in Table VI. 
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HYDROGEN EMBRITTLEMENT 

High strength martensitic steels are notoriously susceptible to hydrogen 

embrittlement which causes delayed failure at stress levels considerably lower 

than those causing failure in the absence of an hydrogen environment. In such 

steels both the time required for failure and the minimum stress for failure 

usually decrease as the strength is increased. Austenitic steels, on the 

other hand, are not embrittled in the presence of hydrogen. Metastable 

austenitic steels pose a unique question with regard to hydrogen embrittlement 

since, in the austenitic state they should be immune to embrittlement whereas 

embrittlement may be expected if, when deformed, they transform to martensite. 

Preliminary investigations by Gold and Koppenaal[86] and McCoy et al[87] 

led to results which appeared to be contradicting. Gold and Koppenaal reported 

that TRIP steel was susceptible to hydrogen embrittlement. McCoy et aI, 

however, noted no delayed failure in cathodically charged single edge notch 

TRIP steel specimens subjected to fixed loads whose maximum corresponded to 

80% of the critical stress intensity. These apparently contradicting conclu

sions were rationalized by Zackay et al[88]. They suggested that hydrogen 

embrittlement of TRIP steels was a dynamic phenomenon, the most severe embrit

tlement being encountered at the slowest strain rates in tensile specimens, and 

negligible slow crack growth being observed under constant load conditions in 

single edge notch specimens. For embrittlement to occur, a continual new 

supply of martensite should be available at the tip of a crack. This contin

ued supply is provided only under testing conditions which favor considerable 

strain induced transformation of austenite to martensite. At high strain rates 

adiabatic heating raises both the specimen temperature and the diffusivity of 

hydrogen. This would normally lead to more severe embrittlement. However, at 
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higher strain rates less time is available for diffu!?ion and this latter factor 

appears to overshadow the effect of increased diffusivity. Adiabati.c heating 

also raises austenite stability and thereby lowers its tendency to transform to 

martensite, and this may also be a cause of the less severe hydrogen embrittle-

ment. 

Additional studies by McCoy showed that cathodically charged single edge 

notch specimens did not embrittle even at low s~rain rates[89]. Cathodically 

charged tensile specimens, on the other hand, were embritt1ed; the loss of 

elongation was greater at lower strain rates. 

When specimens were tested in a hydrogen atmosphere embritt1ement was 

noted in tensile as well as single edge notch specimens. Under dynamic load-

ing conditions in a hydrogen atmosphere single edge nctch specimens exhibited 

embrittlement indicated by a decrease in the critical stress intensity for 

failure. Under fixed loading conditions they exhibited a threshold stress 

intensity below which slow crack,: growth .was negligible and above which crack 

h i 2.5 hid growt rates were proport ona1 to K were K was the appl ~ stress intensity. 

INTERRELATIONSHIPS - STABILITY, PROCESSING, COMPOSITION, TESTING, PROPERTIES 

In the foregoing discussion an attempt was made to isolate and character-

ize some of the structural and chemical changes that are produced by variations 

in the processing and testing of high strength metastable austenitic steels. 

These changes and their effects on stability and mechanical properties were 

reviewed with emphasis on variations in chemical composition, amount and 

temperatures of prior deformation, and testing conditions (strain rate, 

environment,and temperature). 
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The general effects of compositional, processing,and testing variables 

on both the stability and mechanical properties of these steels are summarized 

in Table VII (adapted from [36]). Vertical arrows are used to indicate 

whether the stability or a mechanical property is increased (arrow up) or 

decreased (arrow down) by a corresponding change in a particular variable. In 

some cases a property may change in either direction, depending on particular 

circumstances. Whenever the effects of a particular variable are unknown, a 

question mark is shown. A brief discussion of some examples taken from Table 

VII follo~s. 

An increase in the alloy content of a steel will, in virtually all cases 

(with the possible exception of Co), increase the stability, but this is true 

only when the elements remain in solution in the austenite. An increase in 

stabi~ity usually increases yield strength because it decreases the tendency 

for a stress induced transformation. Elongation can either decrease or 

increase with an increase in stability. The elongation is high for values of 

m between about 0.5 and 1.0, as shown in Figure l3(a). Below 0.5 the marten-

site produced per unit strain is small and therefore the rate of work hardening 

is too low to prevent necking, and above about 1.0 the elongation decreases. 

with decreasing stability because the large amount of martensite produced per 

unit strain leads to brittle failure. In general, decreasing the stability by 

changes in composition results in higher levels of fracture toughness[62]. For 

example, a steel with an m value of about two exhibited aK of 500,000 
c 

psi_in
l

/
2

• A further decrease in stability would probably have resulted in a 

lower fracture toughness because of the brittle fracture of the large amounts 

of strain induced martensite produced at the crack front. 

'.' 
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Sauby, in unpublished work, has shown that aging thermomechanically 

processed "stable" austenitic steels can result in a decrease in stability and 

a corresponding increase in elongation with little loss in strength[90]. The 

effective aging temperature was at or above the PDA temperature. The influence 

of time at temperature of deformation (PDA) , as shown in Table VII, was based 

on the limited results of Sauby's studies. 

The relations between austenite stability and several other properties of 

TRIP steels are not listed in Table VII. These other properties include 

corrosion resistance, behavior under cyclic loading, stacking fault energy 

effe~ts, impact toughness, resistance to stress corrosion, and weldability[53, 

67,68,72,77-80, 92-95]. 

PRESENT STATUS OF TRIP STEEL DEVELOPMENT 

Several important conclusions emerge from a review of the large number of 

investigations on metastable austenitic steels. First, largely by controlling 

a single property, namely, austenite stability, steels can be produced with a 

wide variety of useful combinations of engineering properties. 

Another important conclusion which can be reached is that concerned with 

important limitations of TRIP steels. These are: their high cost which 

arises from expensive alloying and processing needs, and their relatively 

poor welding characteristics. One possible solution to the alloying problem 

has been suggested recently, namely, the substitution of manganese for the 

nickel in TRIP steels. Manganese has an added advantage, other than its lower 

cost, in that it promotes the formation of the hexagonal E martensite which is 

more resistant to hydrogen embrittlement than the bcc and bct a' martensites. 
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Atteridge[96] has reported that by utilizing combinations of cold and 

warm rolling treatments in the appropriate phase fields of the Fe-Mn-C 

system, metastable austenitic steels can be produced with a wide range of 

mechanical properties. In steels containing 10-12% Mn and carbon contents 

from 0.2 to 1.0%, he obtained yield strengths from 75,000 to 180,000 psi and 

uniform elongations of 20% at a yield strength of about 120,000 psi. The 

inclusion of a low temperature hot rolling deformation treatment prior to 

warm rolling considerably reduced the amount of warm rolling that was needed 

to achieve the desired yield strength. Following austenitizing, the steels 

were cooled to a temperature corresponding to the lower end of the y phase 

field, and were subsequently hot rolled. The steels were then warm rolled as 

in conventional TRIP steel processing. Based on his results Atteridge sug

~sted that combinations of hot and warm rolling could be successfully applied 

to conventional TRIP steels. Although such a procedure might lead to cost 

savings in processing, alloying costs would not be reduced. Atteridge also 

suggested that with the addition of a hot rolling step, a given strength could 

be attained in a TRIP steel with a lower carbon content. This would be 

beneficial from the hydrogen embrittlement viewpoint because the lower carbon 

martensite forming from metastable austenite is embrittled to a lower degree 

than its higher carbon counterpart. 

The use of manganese has also been reported in cryogenic alloys having a 

deformation induced transformation. In carbonless Fe-Mn alloys containing 12 

to 20% Mn and with minor additions of Al and Ti, Schanfein et al[97] have 

reported excellent combinations of strength and Charpy V-notch impact tough

ness at temperatures as low as -196°C. It has also been shown that the 
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stability of the austenite in these alloys can be varied considerably by 

variations in manganese content and by chromium additions. The addition of 

o.OS%C to Fe-Mn alloys was found to result in a considera~le improvement in 

yield strength and Charpy impact toughness, with virtually no change in 

elongation [98] . 

The welding problem mentioned earlier is not unique to TRIP steels, but 

is common to all alloys which derive their properties from thermomechanical 

processing. The high temperatures encountered during welding drastically 

alter the nature of the austenite in TRIP steels with the result that the weld 

fusion zone and a large portion of the heat affected zone no longer possess 

the combination of high strength and ductility that existed prior to welding. 

It would, therefore, be desirable to resort to an alternative process which 

permits a postwelding treatment to restore the properties that the steel 

exhibited prior to welding. 

Recently Koppenaal showed that thermal cycling of a kind which resulted 

in the formation of martensite and its subsequent reversion can produc~ 

metastable austenitic steels having high strengths[99]. In his preliminary 

studies with a 24Ni-4Mo-0.3C TRIP steel, Koppenaal demonstrated that a yield 

strength equivalent to that produced by an 80% reduction at soooe could be 

attained by thermally cycling the as-austenitized steel five times between 

-196° and 700 o e, as shown in Table VIII. 

In later investigations with TRIP steels of more conventional composi-

tions, Koppenaal reluctantly concluded that the thermal cycling process could 

not be conveniently used because their M temperatures were invariably below 
s 

-196°C. In those cases where the M temperatures were above -196°e, he reported 
s 
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that the TRIP steels did not attain properties as good as those resulting 

from conventional thermomechanical processing [100]. Subsequently, Adkins[lOl] 

showed that Koppenaal's thermal cycling treatment could be modified to process 

TRIP steels whose M temperatures were below -196°C. Adkins reported high 
s 

room temperature tensile strength values in TRIP steels treated by this 

modified process. However, stability changes occurring during processing led 

to yield strength and elongation values considerably lower than those result-

ing from conventional thermomechanical processing. 

THE TRIP PHENOMENON IN STEELS WITH A BCC MATRIX 

In recent studies Webster[102] and Antolovich et al[103] have shown that 

the presence of retained austenite in ferritic and martensitic steels results 

in a considerable improvement in fracture toughness. Other studies by Zackay 

et al[65], Lai et al[104,105], and Parker et al[106] have shown that the 

fracture toughness of as-quenched AISI 4340 steel is improved 60% by the use 

of a high austenitizing temperature (1200°C). The improvement has been attrib-

uted partly to the presence of thin films of retained austenite around marten-

site laths in the steel austenitized at l200°C. 

Austenite is a ductile phase which can effectively blunt propagating 

cracks. In addition, austenite of the right stability ca~ transform to 

martensite resulting in an energy absorption ahead of a moving crack, and 

thereby enhance the fracture toughness. Knowledge of the beneficial influence 

of austenite has been used recently in improving the fracture toughness of 

several low and medium alloy steels. Investigations of 300-M steel and a 

silicon (3%) modified AISI 4340 steel have shown that isothermal transforma-

tion treatments (following austenitizing) can result in the retention of a 
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large amount of austenite in the bainitic matrix[I07,I08]. Strength-toughness 

combinations have been achieved approaching those of the highly alloyed 

maraging steels. 

From the above discussion it is evident that the TRIP phenomenon can be 

used to enhance the toughness of high strength steels not having an austenitic 

matrix, and it can be considered a powerful alloy design tool for the improve-

ment of fracture toughness at high strength levels. 

SUMMARY 

A new class of high strength steels having excellent toughness and 

corrosion resistance has been reported recently. These new steels derive 

their unique properties from metastable austenite which has been previously 

warm rolled to acquire high strength and which transforms, on the application 

of stress or strain, to martensite. The propertie~ of these steels are 

primarily controlled by the stability of the austenite. Austenite stability 

is a function of the chemical composition of the steef, the processing 
\ 

variables (such as the amount and the temperature of deformation and the time 

at the temperature of deformation), and testing variables (such as test 

temperature and strain rate). With a knowledge of the variables that 

influence austenite stability, and of the influence of stability on p;oper-

ties, TRIP steels can be designed to exhibit a wide variety of properties. 

The high cost of alloying and processing coupled with their poor weldability 

has, however, limited their use. Several solutions to these problems have 

been suggested, including the total substitution of manganese for the nickel 

and the use of thermal and thermomechanical cycling. Lastly, it has been 

suggested that the TRIP phenomenon may be an important factor in the enhance-

ment of the fracture toughness of high strength steels with a BCC matrix. 
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TABLE I 

Chemical Compositions of Some TRIP Alloys 

Designation 
Compositions, Wt % 

C Ni Cr Mn 

34N < 0.010 33.7 - -
38N < 0.010 37.8 - -

CN28 0.294 28.0 - 0.5 

CN8Cr 0.325 8.0 9.0 2.C 

CN12Cr 0.290 12.0 9.0 2.C 

CN16Cr 0.292 16.0 9.0 2.C 

CN21Cr 0.287 21.4 9.0 2.C 
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TABLE II 

Estimated Ms and Md Temperatures of Some TRIP Alloys 

Estimation of M Estimation of Md 
s 

Designation Thermomechanical M , °c Technique M
d

, °c Technique 
Process 

s 
Used Used 

34N 70% PDA at temperatures -85 Resistivity 10-22 Tension test* 
between 22°C and 450°C 

38N Same as above <-196 Resistivity About Tension test 
, 

-150°c 

CN28 Same as ab ove -68 Resistivity About Tension test 
25°C 

CN8Cr For estimation of M <-196 Magnetic 150°C 70% defor-
s 

only: 70% PDA at measurements matioo by 
temperatures between rolling** 
22°C and 450°C 

CNl2Cr Same as for 34N <-196 Magnetic 22°C Tension Test 
measurements 

CN16Cr Same as for CN8Cr <-196 Magnetic About 70% defor-
measurements -120°C mation by 

rolling 

CN2lCr Same as for 34N <-196 Magnetic About Tension test 
measurements. -196°C 

*The alloy after thermomechanical processing was tested in tension at various 
temperatures and the Md was estimated as the temperature above which no deforma
tion induced martensite formed. 

**The alloy was examined after 70% PDA at several temperatures and the Md was 
estimated as that above which no deformation induced martensite formed. 



TABLE III 
Chemical Composition, and Tensile and Corrosion Properties 

of 13Cr-O.25C TRIP Steels as a Function of Ni, Mo,and Mn Cqntents 

----

Ni, Mo, Mn Passive Critical Primary 
Alloy Contents, Current Current Passive Strength, E1ong. Reduction I 

wt % Density (Ip) Density (lcd Potentia1t (Ep) 3 
% in Area, %1 

]J amp/cm2 ]J amp/cm2 Volts vs SCE 
10 psi 

! 

Ni Mo Mn Yield Tensile i 

A 8 - - 12 1,000 -0.34 164 253 28 32 

B 11 - - 11 750 -0.32 187 187 8 51 

C 10 1 - 12 100 -0.31 194 194 11 51 

D 9 2 - 12 35 -0.27 200 209 46 44 

E 8 1 - 12 75 -0.32 190 264 27 35 

F 8 3 - 8 15 -0.25 187 231 38 38 

G 7 4 - 10 15 -0.24 185 249 34 42 

H 6 3 2 9 30 -0.28 185 231 40 33 

I 6 3 4 10 35 -0.38 186 188 46 42 

All steels were austenitized at 1200°C, quenched in ice brine, reduced 80% in thickness at 450°C (PDA). 

tThe corrosion potential was consistently 0.04 to 0.05v more negative. 

I 
VI 
o 
I 
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TABLE IV 
Anodic Polarization Results for a l3Cr-8Ni-3Mo-0.24C 

TRIP Steel and Stainless Steels 304 and 316 

E. I 
p cr 

I 
p 

Source 
Volts vs SCE ]J amp/cm2 ]J amp/cm2 

Baghdasarian [80] -.24 72 8 

Padilla [78] -.22 84 4 

France & Lietz [84] -.30 35 7 

Baghdasarian [80] -.20 12 4 

Fontana & Greene [83] -.18 15 2 

Wilde & Greene [85] -.22 9 -

Baghdasarian [80] -.24 17 7 

Padilla [78] -.25 15 8 
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TABLE V 

Corrosion Properties of a l3Cr-7Ni-4Mo-0.23C 
TRIP Steel as a Function of Martensite Content* 

Eo Icr % Martensite Ep 2 Ig 2 
Volts vs SCE Volts vs SCE II amp/cm II amp7cm 

0 -.23 -.22 6.1 

7 -.25 -.20 6.2 

20 -.28 -.24 8.6 

30 -.30 -.26 11.4 

*Strain induced martensite was formed by cold rolling at room 
temperature. 

3.1 

3.1 

4.3 

4.3 
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TABLE VI 

Breakdown Potentials (E
b

) in Sea Water for 
Several l3Cr TRIP Steels and Type 316 Stainless Steel 

No. Steel Eb (Volts) 

1 316 Stainless + 0.29 

2 l3Cr-8Ni-3Mo-0.24C 
+0.42 

TRIP Steel 

3 l3Cr-7Ni-4Mo-0.23C 
+ 0.65 

TRIP Steel 

4 TRIP Steel 3 Cold-rolled 
at 22°C to form 20% + 0.84 
Martensite , 



TABLE VII 
Probable_Relationships Between Stability, as Affected by Several Compositional, 

Processing and Testing Variables, and Selected Mechanical Properties 
-----~---.------ -

Variable Stability Mechanical Property 

Yield Luders Elongation Work Fracture 
Strength Strain Hardening Toughness 

Rate 

COMPOSITION (increaoing) 

Substitutional solutes t [ 35 , 36 ,40] t [36,40] t [35,36,40] H [ 35 , 36 ,4O] -I- [36,40] -I- [62] 
(exception of Co) 

Interstitial solutes t [35,40,41, + [40,41,51] + [35,40,41, H[35,40,41 -I- [40,41,51] -I- [62] 
(C and N) 51] 51] 51] 

PROCESSING 
(All variables increasing) 

Amount of deformation (PDA) H[35] H[35,40,41, H[35,40,41] H[35,40,41 H[40,41,50] + [62] 
50] 50] 

Temperature of deformation H[36] +-1-[36] H[36] H[36] H[36] H[62] 
(PDA) 

Time at temperature of -I- [90] + [90] -I- [90] H[90] + [90] ? 
deformation (PDA) 

TESTING 

Test temperature -1-[35,36,40, H[35,36,40, +-1-[35,36,40, H [35,36 ,40 H[35,36,40, H[57,59,62] 
(decreasing) 41,51] 41,51] 41,51] 41,51] 41,51] 

Strain rate (increasing) + [22,91] H[22,9l] H[22,91] H[22,91] H[22,91] H[57,59,62] 

Note: ,[ ] refers to relevant paper in the bibliography. 

Resistance to 
Hydrogen 

Embrittlement 

+ [87-89] 

H[87-89] 

-I- [87-89] 

H[87-89] 

-I- [87-89] 

H [86-89] 

H[86-89] 

! 

I 

U1 
~ 
I 
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TABLE VIII 
Room Temperature Mechanical Properties of 

a Fe-24Ni-4Mo-0.3C TRIP Steel 

Yield Ultimate 
Type of Processing Strength, Tensile Strength, 

103 psi 103 psi 

Thermomechanica1 
(80% reduction at 500°C) 164 176 

Thermal 
(5 cycles between 
-196°C and 700°C) 162 193 

Elongation, 
% 

41 

30 
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FIGURE CAPTIONS 

1. The effect of PDA temperature on the yield strengths of (a) alloy 38N, 

deformed 70% at the indicated temperatures (stable at all processing 

temperatures), and (b) alloy 34N, deformed 70% at the indicated 

temperatures (unstable below the M
d
)[36]. 

2. Photomicrographs of specimens of alloy 34N, before testing: (a) rolled 

at a PDA temperature of -120°C, showing martensite produced during 

rolling; (b) rolled above the Md and cooled to -196°C, showing the 

athermal martensite produced during cooling to the test temperature[36]. 

3. Typical engineering stress-strain curves for alloy 34N, at test 

temperatures of 22° and -196°C, deformed 70% at a PDA temperature of 

4. The effect of PDA temperature on the yield strength of alloy 34N, 

deformed 70% and tested at 22° and -78°C[36]. 

5. The engineering stress-strain curves of alloy 34N, deformed 70% at PDA 

temperatures of (a) 25°, (b) 200°, and (c) 450°C[36]. 

6. The effect of PDA temperature on the yield strength of steel CN28 at 

test temperatures of 22° and -78°C. The steel was deformed 70% at the 

indicated temperatures[36]. 

7. The effect of PDA temperature on the room temperature yield strengths 

of steels CN8Cr, CN12Cr, and CN2lCr, deformed 70% at the indicated 

temperaturesr,36]. 

8. The effect of PDA temperature on the -78°c yield strengths of the steels 

shown in Figure 7[36]. 
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9. Plots of room temperature yield strength vs amount of prior deformation 

(PDA), at 4S0°C, for 9Cr-8Ni-2Mn steels with carbon contents as indicated 

(adapted from [41]). 

10. Effect of the amount of prior deformation (PDA), at 4S0°C, on the room 

temperature engineering stress-strain curves of a 9Cr-8Ni-3Mn-0.4C TRIP 

steel (adapted from [41]). 

11. Effect of the amount of prior deformation (PDA), at 4S0°C, on the room 

temperature engineering stress-strain curves of a 9Cr-8Ni-2Mn-0.2C TRIP 

steel (adapted from [41]). 

12. The relation between strain and the volume fraction of martensite that is 

produced in steel CN8Cr, deformed 70% at 4S0°C, for test temperatures of 

(a) 22°, (b) _78°, (c) -196°, and (d) _78° and -196°C (after correcting 

for the fact that the volume fraction of stress induced martensite formed 

at -78°C was O.lS greater than that formed at -196°C)[36]. The curves repre-

senting the relationship of V . and € suggested by Angel [10] and Gerberich 
a 

et al [3S] are also shown. 

13. The correlation between the stability coefficient, m, and (a) the elongation 

to fracture, (b) the Luders strain for a large group of TRIP alloys of 

widely varying compositions and processing histories (adapted from [3S]). 

14. The engineering stress~strain curves of steel CN8Cr, deformed 70% at 

4S0°C (PDA), at test temperatures indicated. The values of the stability 

coefficient, m, determined from the data of Fig. 12 are also shownr36]. 

IS. The engineering stress-strain curves for three steals of differing nickel 

content (8, 12, and 16%), deformed 70% at 4S0°c (PDA) and tested at 

-78°C. The values of the stability coefficient, m, are shown[36]. 
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16. The room temperature engineering stress-strain curves of steel CN8Cr, 

deformed 70% at PDA temperatures of 200° and 450°C. The values of the 

stability coefficient, m, are shown (adapted from [36]). 

17. Influence of austenite stability (m value) on the plane stress fracture 

toughness of high strength metastable austenites (adapted from [62]). 

18. Effect of carbon content on cleavage of martensite and, hence, on 

apparent K
Ic 

at -196°C[62]. 

19. Effect of thickness on the critical stress intensity factors at room 

temperature for TRIP steel and two commercial steels (adapted from [62]). 

20. Plots of fracture toughness vs yield strength. Bands for TRIP steels 

(K ) and commercial steels (K
I 

)[65]. 
c c 
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