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ABSTRL\CT 

Single crystal tensile specimens of Fe-lSCr-15Ni (wt.-%), a 

metastable austenite, have been made in four different tensile orienta-

tions and strained to fracture at two temperatures between Md and I\ls. 

TIle amount of transformation to strain-induced bcc martensite which 

proceeds concurrently with plastic strain is recorded at each orientation. 

The specimens tested at the lower temperature exhibit a higher 

strain-hardening rate and a much higher rate of transformation to 

martensite with strain than specimens of identical orientation strained 

at a temperature 80 a C higher. The strain-hardening behavior of those 

specimens tested at the lower temperature, with significant martensitic 

transformation occurring, is seen to be a combined effect of nOITlal fcc, 

orientCltion-dependcnt strain-hardening behavior (as exhibited by the 

specimens tested at the upper temperature) and the superposition of 

strain-hardening behavior due to the presence of the harder martensitic 

phase. 
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The effect of tensile orientation on the rate of transformation 

to strain-induced martensite as straining proceeds is found to be a 

function of the number of active slip planes in operation at a given 

orientation rather than to the resultant shear stresses and normal 

stresses on potential martensite habit planes, 

The tensile orientations with the smaller number of active slip 

planes show a larger rate of transformation to strain-induced martensite 

as tensile deformation proceeds. 



-1-

I. INTROOOCTION 

A. Experimental Objectives and Experiment Design 

The object of this study is to determine the extent of a strain-

induced mattensitic transformation in austenite single crystals, at 

various tensile orientations a~d to relate this to strain-hardening 

behavior of the crystals, 

The crystals are of an austenitic TRIP alloy, Fe-15Cr-15Ni (wt,%), 

The stability of such an austenitic alloy against transformation to 

martensi te is measured by ~1s and Md temperatures, In the range of ex ex 

metastability between the upper temperature limit ~~ and the lower ex 

temperature limit ~1s the bcc martensitic transformation will occur ex 

only upon plastic deformation. Below ~ , some isothermal martensitic 
ex 

transformation occurs, though plastic deformation below ~1sex will cause 

TIlrther martensitic transformation. Above Md , the bcc martensite will ex 

not occur despite the assistance of deformation. The Md temperature a . 

with the crystallographic tensile orientation of a single-crystal 

specimen,l The orientation dependence of the resolved shear stress on 

potential a-martensite habit planes is thought to be the basis for the 

different values of ~~a at different tensile orientations,9 For a 

given tens orientation the amount of transformation to a-martensite 

at a given level of strain will increase the further below Mda (and 

closer to Ms ) the plast deformation occurs, a 
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Another strain-induced transformation, to an E~hcp phase, also 
. 1 

occurs only below a temperature ~kiE:' known to be greater than 300°C. 

Md is a higher temperature than ~ki for any tensile orientation, though 
£ a 

an orientation dependence of Md has not been determined. The E-hcp 
E:: 

transformation in this alloy has only been observed in the context of 

plastic deformation, whether that defoTIllation is a result of a mechanical 

straining process or is localized in the austenite in the vicinity of 

isothermal a-martensite. 

In this study single-crystal specimens of four different tensile 

orientations have been strained to fracture at temperatures in the 

metastable temperature range for the a-martensite transformation. Th.e 

crystallographic tensile axes are [100], [110], [112], and [123]. The 

extent of transformation to martensite (here meaning bce CJ., unless 

otherwise indicated) at successively larger levels of strain was 

determined by a magnetic saturation method. The particular tensile 

ions were chosen to activate different numbers of fcc slip 

in the deformation process, Normal stress along a [100] 

is resolved equally on eight {111}-[110] slip systems, two on 

four {Ill} slip planes, A (110) tensile axis will obtain the 

highest resolved shear stress on four {nl}- [nO] slip systems, two on 

each of two {Ill} planes. A [112] tensile axis results in maximum 

resolved shear stress on two slip systems, on intersecting slip planes. 

A [123] tensile has highest resolved shear stress on one slip 

system only. It was intended that the possible effect of the number 

active slip systems slip planes on the extent of the concurrent 

transformation could be examined in this way. 
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Specimens of [110J, [112] 9 and [123] tensile axes were strained at 

two temperatures in the metastable range, The upper temperature was 

sufficiently close to l\:lda: so that the extent of strain- induced martensitic 

transformation would be quite small, Deformation at the lower testing 

temperature resulted in a much greater degree of bcc transformation 

products, This afforded an opportunity to see if the differing extent of 

transformation to martensite due to the difference in temperature of 

deformation would be reflected in differences in the strain-hardening 

curves obtained at each temperature for a given tensile orientation. 

B. Crystallography of Strain-Induced Transformations 

in Fe-ISCr-15:"-Ji 

A previous studyl of the strain-induced transformations in Fe-15Cr-l 

shown that the bcc martensite phase is acicular. The large aspect 

ratio of martensite needles suggests a description of the austenite 

and martensite needles as a fibrous composite "~th discontinuous 

long axis of a needle of martensite always lies in a {Ill} 

~ne in which slip activity present at the particular tensile 

ion of a crystal. The needles lying in such a {Ill} plane 

Tections approximating the three <110> directions in that plane. The 

are clustered within bands bounded by the associated {Ill} 

bands are confined between sheets of (-hcp phase occurring in 

} slip plane. For a crystal with slip occurring on the (111)-[011] 

orientation ions hips of the deformat induced trans-

ion products are (01I) II (lnO) and / y e: 

Individual needles in a { } plane are found in pairs joined in a bcc 
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In single-slip tensile specimens strained to £ = .05: below Md , 
p 

Stonel has observed the £-hcp phase as continuous sheets on the active 

{Ill} plane, extending through the crystal in the slipped bands. These 

sheets are of thickness .OS~ or , and are spaced at intervals 

between about .S~ to 2.S~. No investigation of the relationship between 

volume-fraction of E-hcp phase and tensile strain or orientation has 

been made for Fe-ISCr-lSNi at higher strains than Ep = .OS. Stone's 

data at Ep = .05 shows that the volume-fraction of £-hcp in a single-slip 

specimen varies little as deformation temperature is increased (.021 at 

SOK, .025 at 242°K, .020 at 273°K), in contrast to the strong 

temperature dependence of the tendency to bcc strain-induced transfor-

n~tirrn within the metastable temperature range. Tensile orientation 

does not exhibit a significant effect on the amount of £-hcp 

2 transformation at £ = .05. Guntner and Reed have observed a peak of 
p 

( volume-fraction at 9% plastic strain in po1ycrystalline 

l8Cr-9Ni, and a subsequent reduction to less than one third of peak 

at a strain of 26%. The ~lestion of whether the £-hcp phase 

ransfo:nns to martensite or reverts to austenite at higher strains has 

resolved in favor of the latter mechanism by Stone. Although it 

be unsafe to extrapolate Stone's data on £-hcp to the higher strains 

involved in this study, it is reasonable to believe that the mechanical 

properties of the single-crystal specimens are primarily a function of 

tensile orientation effects and the related extent of transforma-

t to bcc martensite at the various deformation temperatures. The 

c-hcp phase serves to partition the austenite, and the clusters or 

needles are bounded by parallel sheets of £-hcp on the 
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plane(s) of slip and transformation, This limits the cross-sectional 

dimensions of the martensite needles in the E-hcp/a sandwich configuration. 

When multiple slip is occurring, the E-hcp sheets on an intersecting 

{Ill} slip plane may serve to limit the length (and perhaps the volume-

fraction) of a on the other active plane of transformation and slip which 

intersects these E-hcp sheets, Stone has observed by electron microscopy 

that a bcc martensite needle is never observed to have punched through 

an E-hcp sheet on an intersecting active slip plane. 

The actual values of ~1do: have not been determined for any tensile 

orientations of Fe-15Cr-lSNL While Stone has identified 190 0 K as l\1do: 

for the [100] orientation, this is questionable except in a restricted 

sense. The Mdo: temperature is a function of stress as well as the 

relative stability of the austenite, Since a crystal strain-hardens, 

the bce martensite may not be observed at lower strains (stresses) yet 

may be observed at higher strains (stresses). In this experiment 

several tensile orientations have been tested to necking stress at 

-10°C, or 20°C higher than the temperature at which Stone observed only 

c-hcp phase and austenite in crystals of the same orientations 

strained to a maximum of 12% plastic strain, In this study, minute amounts 

of bcc martensite were observed in all specimens tested to necking 

stress at -10°C. It is evident that by an absolute definition of Mdo:, 

(i.e., one not relative to tensile orientation or level of stress or 

strain that occurs) that temperature is above -10°C. The Msa 

temperature of Fe-15Cr-15Ni is about -140°C, as determined by visual 

observation of a polished austenite specimen dipped in cooling baths 

of progressively lower temperatures until transformation occurred. 



II. SPECIHEN PREPARATION 

The single crystal from which all tensile specimens were cut ~~ 

produced by the Materials Laboratory of Pratt and Whitney. It was a 

cylinder 6" long and 1. 2" in diameter with a <100> crystallographic 

direction about 6° from the cylinder axis. The crystal was homogenized 

fOT five days at 1370°C, 50° below the liquidus, in a helium atmosphere. 

This long, high-temperature homogenization was undertaken since a 

previous homogenization attempt at 1200°C for 3 days proved insufficient 

to eliminate small iron-rich regions with "dendrite" branches in <100> 

'* directions. A1 though the 'Wt. - % difference in solute was less than 

1% fOT each solute after the first homogenization, the strain-induced 

transformation product was localized to the iron-rich regions only 

(Fig. 1). After the second homogenization, no such effect was observed. 

(100) and (111) slabs, 0, In thick, t'le.re cut with a circular sa\'.' 

the cylinder after orientation of the crystal was checked using 

Laue diffraction pattern. From the (100) slabs,u4'~u", 

OJ [100] tensile orientation were cut with a smaller circular 

sal-v, From the (lll) slabs, blanks of [123] and [112] tensile axes were 

cut. Final corrections of residual deviations from desired tensile 

ions were achieved by hand-filing the surfaces of the blanks 

further checking by back-reflection Laue diffraction pattern. 

Hand-filing also was used for the necessary reduction of specimen thickness 

to reduce width in the gage. A maximum thickness of .050" was 

'* This segregation was determined by electron microprobe analysis. 
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required because of size restrictions of the search coil of the 

magnetic saturation measurement apparatus. Final dimensions of the 

tensile specimens are shown in Fig. 3. In all cases final tensile 

alignment was wi thin 10 of the desired orientation. 

The final step of specimen preparation was electropolishing to give 

a mirror surface for later optical microscopy studies of slip lines and 

surface relief due to the intersection of martensite needles with the 

specimen surface. Electropolishing was carried out in a 15% perchloric-

85% acetic acid solution with a stainless steel cathode. 
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I I I • TEl\TS I LE TESTS 

Tensile tests were performed at ~10eC and ¥92 QC on a standard 

Instron machine at a crosshead speed on .02 em/min (E ~.013/min). After 

carefully aligning, specimens were immersed in a constant temperature 

ethyl alcohol bath controlled by the addition of liquid nitrogen and 

monitored with a copper-constantan thermocouple. Two testing procedures 

were used. At the lower temperature of -92°C specimens were pulled to 

fracture by incremental straining. Before each successive increment of 

plastic strain the specimen was removed from the bath for observation of 

the following: 

a) cross-section and gage length 

b) magnetic saturation 

c) optical metallography of polished gage surface 

For specimens pulled at the higher temperature, -10°C, a different 

testing program was used. Each specimen was strained to fracture \\'1. thout 

interruptions of the straining process for measurement of cross

section, gage length, etc. For these specimens all plastic strain 

measurements were inferred from cross-head velocity. The real stress 

corresponding to any level of strain in specimens tested at -10°C was 

computed by dividing load by the cross-sectional area assumed from 

using the value of tnffisvers~ial strain ratio that was observed at the 

same level of strain in the specimen of the same tensile orientation 

tested at the lower temperature. The transverse/axial strain ratio in 

these specimens was always within 3% of .50, with the larger deviations 

occurring generally at the higher strains. 
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Recorded values of the gage thickness of the specimens strained 

incrementally at -92°C were taken as the average of a series measure-

ments along the length of the gage. The thickness measurements varied 

by as much as ± 10% atrandam points along the uneven surface of the specimen's 

face resulting with higher strains at one of the orientations. 

The unevenness of the surface at higher strains was most severe by far 

in the case of the [100] orientation (Fig. 2). This was possibly due 

to large local variation in the distribution of slip activity between 

the various active {111}-[IIO] slip systems, of which there was at 

least one on each {Ill} plane. As the gage thickness is much less than 

the gage width, this local variation in slip activity (and local shear 

direction and magnitude) would have been less likely to be balanced by 

compensating local activity on other slip systems and planes in adjacent 

regions of the crystal through the thickness than across its width. 

Accordingly, variations in specimen width (measured by optical micro

meter) were not more than 2% at different points down the gage. Gage 

thickness and surface evenness were most uniform for those tensile 

orientations where slip was observed on one slip plane only (i.e., 

(123), [llO]),about ± 2%. An additional contribution to the error of 

cross-section measurements was the rounding of the edges of the rectangular 

gage cross-section. The statistical nature of thickness measurements 

was the largest factor in determining the error bars at the data points 

on the strain-hardening curves of the low-temperature specimens. 

As the volume-fraction measurements of martensite by magnetic saturation 

also utilize cross-section data, they are subject to the same degree 

error as the cross-section data. 
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;\ spec lInen of [l}G] orientation was strained to fracture by 

incrcDent.s at. -10°C, in addition to the specimen of this orientation 

tested by lIDinterrupted straining at -10°C. 
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IV. MAGNET I C VOLlJ'.1E- FRACflOO MEASUREMENTS 

In the austen~tic state-the alloy Fe-lSCr-lSNi is not ferromagnetic 
" . 

whereas in the bcc martensite phase it is ferromagnetic. The determina

tion of the volume-fraction of martensite in a strained specimen is based 

on the saturation magnetization of the specimen in a sufficiently strong 

magnetic field. The saturation magnetization is proportional to the 

volume-fraction of the magnetically saturated ferromagnetic phase in the 

specimen. In the presence of a magnetic field H of sufficiently high 

value the ferromagnetic martensite phase in the specimen acquires a 

saturation magnetization Hsat with a value corresponding to the highest 

point on the ~1 vs. H hysteresis curve. Further increases of H do not 

result in further magnetization of the material beyond Msat' The value 

of M t is a material constant independent of stresses and strains in sa 
the ferromagnetic phase,3 although the value of H necessary to achieve 

M t rises somewhat as the dislocation density of the material increases sa 
with plastic deformation, The requirement that a sufficiently high 

value of H was produced by the field source to achieve saturation 

magnetization of the martensite phase was checked by observing the M vs. 

H hysteresis curve on an X-Y recorder of a specimen with the martensitic 

transformation product present. The peak magntitude of H available from 

the field source (a thick copper coil) was more than sufficient to display 

that part of the hysteresis where M no longer shows an increase with 

higher values of H. 
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The magnetic measurements were taken with the apparatus in Fig. 4. 

D and C are coils of finely wound wire, of several thousand turns. 

The field coil A is designed to carry the current which creates the 

H-field; the H-field varies directly with the current in A, so the coil 

is designed to carry very large currents in its thick windings when a 

maximum value of H is required. As H varies with time (i.e., by varying 

the currents in A), the flux ~i through the loop of coil D varies 

accordingly; this results in an emf across the i-th loop. The total 

emf across coil D at any instant is 

A. '" identical area included by each tum 
1 

ND "" number of turns in coil D 

Similarly for coil C, 

dH 
!:NC "" NcAc at . 

Het) increases monotonically with time from HeO) "" 0 (at t ~ 0) to 

H(t~),the voltage drop across each coil is the input signal to separate 

integrators D and C for each coil. 

v '" OC 

Ko~ and KC p are the amplification constants of the separate integrators, 

and are equalized by a voltage divider, which in this case reduces the 

from the integrator for coil C to match the output :from integrator 
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When a specimen with a ferromagnetic phase present is inserted 

in coil D so that its gage runs down the full length of the coil, 

the equation for output of integrator D~ becomes 

As ~ cross-section of gage 

V ~ vol.-fraction of martensite a 

Carrying out the integration, 

Met ",) the magnetization of the ferromagnetic phase, and is 

eA~ressed as a function of t only because H is a function of t; I.e., 

M'" M(H(t)). 

At a sufficiently high value of H, the saturation magnetization 

value Msat of the ferromagnetic phase is achieved. In the experimental 

procedure H was increased with time to a level more than sufficient to 

achieve saturation magnetization, so that the difference between VOD 

and Vee was KifIfsVaMsat ' as opposed to zero difference when no 

ferromagnetic material was present. This difference in the integrated 

voltages across the two coils was recorded. 

/:,V '" V. - V ~ K_N_A_V M OD ee IT1J;; a sat 

Since ND, KD and Msat are constants, their product is a constant 

K'" "" NdSi1sat so t:N ~ K" CAsVa). Dividing V by the known cross-section 

As of the specimen ~ ~ "" K va is seen to be a number proportional to 

the volume-fraction of ferromagnetic phase. 
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The calibration constant K~was determined by comparing values 

K~ = ~V from the magnetic measurements with values of V determined a a a 

for the same specimen by another method, point -counting on the 

polished and etched gage surface. 
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V. RESULTS 

This section is presented in four parts, each part for the 

test results of specimens of one of the four tensile orientations 

studied. 

A. Tensile Orientation 

Virtually no martensitic transformation occurred in the [100] 

specimen strained at -92°C. Therefore no [100] specimen was tested at 

-lOcC. The purpose of testing specimens at -10°C was to compare the 

strain-hardening behavior of a specimen with almost no martensitic 

transformation to that of a specimen of identical orientation tested 

at a lower temperature at which the strain-induced martensitic 

transformation occurs to a significant extent. Since almost no 

martensitic transformation occurred at -92°C at this orientation, no 

such comparison would have been possible with a [100] specimen 

at a higher temperature. 

In the [100] orientation the resolved shear stress is equal on 

eight {111}-<IOO> slip systems. The slip directions are at 45° from 

tensile axis. The expectation that deformation will occur from 

outset of plastic strain on all four {Ill} planes was confirmed 

by visual observation of slip lines on the polished {IOO} gage 

surfaces. Thus at least one {lll}-<lIO> slip system was active on 

each {Ill} plane. 
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The yield stress of 14500 psi resolves to a shear stress of 5900 

psi on the favored slip systems. Necking occurs at a normal stress 

of 90,000 psi at Ep ~ ,41 (plastic strain), The strain-hardening 

curve (Fig, 5) from the yield point is steep and nearly linear from 

the yield point to about 20% plastic strain, and has a modulus of about 

250,000 psi. At higher strains the plastic modulus decreases gradually 

until fracture. In this specimen Stage II strain-hardening behavior 

is displayed immediately upon yielding,4 as there is no initial range 

of strain within which single-slip is the only mode of deformation 

(Stage 1). 

B. 23 Tensile Orientation 

The [123] tensile orientation favors initial slip on only one 

{111}-<110> system, at 17° from the tensile axis. It was found that 

slip activity was indeed confined to this system -- throughout 

straining to fracture, for both the -92°e and -lOoe specimens, 

The resolved shear stress sufficient to cause initial yielding on the 

favored slip system was far exceeded on another {111}-<IlO> system 

on another {Ill} plane as strain-hardening proceeded, but no slip 

activity was observed on this other {Ill} plane (this latent hardening 

phenomenon is observed in many Fee materialS), The total 

suppression of slip activity on this {Ill} plane may be due to 

the great amount of slip (and (-hcp phase) which had already occurred 

throughout the gage on the im tial {HI} plane, by the time the 

critical resolved shear stress initial yielding (in the undeformed 

state) was reached on the second potential slip plane, 
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The yield stress was 8500 psi for the -g2°e specimen, and 10,500 

psi for the -lOoe specimen. These resolve to shear stresses of 3900 

and 4400 psi respectively on the favored slip system, The -g2°e 

specimen has a slightly decreasing flow stress to about 7% plastic 

strain, £ increases abruptly halfway between the data points at p 

Ep - .07 and Ep - .12. Between Ep - .11 and until a rapid decrease 

just before fracture 58% strain, 132,000 psi), Ep is relatively 

constant, decreasing slowly from an average value of 260,000 psi 

between Ep - .12 and Ep - .21, 

The -IOce strain-hardening curve of the (123) orientation is much 

less steep than that of the -92°e specimen, Between yield and E -
P 

.14, 

~ averages only 25,000 psi. Between ~ - .14 and Ep - .55, in the 

steeper leg of the s-shape, E averages 94,000 psi. A gradual decrease p 

of E occurs in the last 20% of the curve until necking at E - 73%, 
P P 

at a stress of 62,000 psi, The volume fraction of martensite at 

necking was less than .25% in the -lOoe specimen, as contrasted with 

a volume fraction of 24% in the -92°e specimen at necking. 

The strain-hardening curves of the -g2°e and -IOoe specimens are 

shown in Fig, 6, while the difference 60 in flow stress between the 

-g2°e and -lOoe specimens is plotted in Fig. 7. The volume-fraction 

of martensite is plotted against strain in Fig. 8 for all tensile 

orientations tested which displayed a significant volume fraction of 

martensite. In Fig. 9, 60 is plotted against the volume-fraction of 

martensite found at the corresponding level of strain at -92°e 

the [123] orientation. 
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As noted, the earliest part of the strain-hardening curves of 

both the -gZoe and -lDoe specimens is nearly level, In this early 

stage of straining the-9zoe specimen the first martensitic transformation 

and accomodation slip of austenite initiated in many distinct bands 

extending across the gage surface along the traces of the {Ill} slip 

plane, Some slip was also occurring in the austenite outside of these 

bands, especially in the austenite immediately adjacent to the bands, 

The widening and proliferation of these bands with strain at a constant 

flow stress can be likened to deformation of a crystal by propagation 

of a Luders band along its length, This process of martensite band 

extension and formation is illustrated in Figs, lOa,b,c,d, Here 

the specimen was strained first a few percent at -9Zoe with the 

resulting surface appearance in Fig, lOa, The accomodation shear in 

the austenite in the confines of the martensite band is marked by the 

light contrast due to the surface tilt of the sheared austenite, 

Figure lOb shows the appearance of a similar surface after electro

polishing and etching: the martensite needles which were formerly 

marked by the tilt at the intersection of needle with gage surface are 

now seen from etching, but in the absence of the polished-away slip 

lines or tilt in the austenite, The needles, known to have a 

rectangular cross-section, intersect the {Ill} gage surface at 

glancing angles, as the long axes of the needles are close to the 

<110> directions on the slip plane, Those needles which have their 

long axes approximately parallel to the single active <110> slip 

direction on the slip plane are seen in light relief in nearly 
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longitudinal section, since this <110> slip direction is parallel to 

the {HI} gage surface examined. Figures lOc and lOd show the surface 

after another increment of strain, No evidence of slip or further 

transformation is seen in the previously formed bands of martensite, 

A phenomenon noted at all tensile orientations at which significant 

amounts of martensite formed is the evidence of slip in the austenite 

immediately adjacent to the bands of martensitic transformation and 

accomodatively sheared and tilted austenite. In Fig. lOa, which is 

obliquely illuminated, the tilt of the austenite in the {Ill} 

transformation band is plainly seen by the light contrast. Plainly 

the accomodation shear in the austenite has a component normal to the 

plane of the micrograph. To one side of each shear and transformation 

band a region of concentrated slip occurs in the austenite. It can 

only be a matter of speculation as to whether this slip occurred 

before, during, or after the formation of the bands of martensite 

and accomoda ti ve aus teni te shear wi thin the bands. 

e. Tensile Orientation 

The [112] specimens are oriented to favor slip on two {111}-<110> 

slip systems, each on a different {Ill} plane. The two predicted <110> 

slip directions are 30° from the tensile axis, The active slip systems 

in the strained crystals observed were those predicted. 

The yield stress was 10,500 psi for both the specimen tested at 

-92°C and the specimen tested at -lOoe, This resolved to a shear 

stress of 4300 psi on the favored slip systems. The specimen 

at -92°e necked at 100,000 psi, Ep = .51. The -92°e specimen has a 
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very mild suggestion of an S-shaped strain-hardening curve, Between 

Ep = 0 and cp = ,08, plastic modulus Ep is about 175~OOO psi. Between 

cp = ,12 and Ep = ,24, Ep averages to 265,000 psi, Between Ep = .28 

and Ep = .51, the steadily declining Ep averages to 115,000 psi. 

Perhaps significantly, the plot of volume fraction of martensite 

vs. Ep for the [112] specimen also has the faint suggestion on an 

S-shape for [112] orientation. The martensitic transformation 

proceeded ultimately to a volume fraction of 18% before necking. 

The -IOoe [112J specimen has a much less steep strain-hardening 

curve than the -92°e specimen, Up to E - ,12, E is constant at p p 

125,000 psi. From Ep - ,12 to necking at cp = .54, Ep declines 

gradually to a value of 50,000 psi for the last 16% of strain. 

Necking occurs at 60,000 psi. The volume fraction of martensite was 

less than .25% before necking. The strain-hardening curves of the [112J 

specimens are shown in Fig, 11. The difference ~o in flow stress 

between the -92°e and -lDoe specimens for Ep < 5% is plotted in 

Fig. 12. In Fig. 13 ~o is plotted against the volume-fraction 

martensite in the -92°e specimen at the corresponding level of strain, 

In both specimens slip activity on the two {Ill} slip planes 

was fairly equally distributed between them, Because the active slip 

directions were at 30° angles to the tensile axis, the geometry of 

the situation assured that from the onset of strain the active slip 

bands (e,g., bands of martensite) extending across the gage at -92°C 

on both {Ill} planes intersected each other along parts the gage, 

Like the [lOOJ specimen, these specimens proceeded with Stage II 
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hardening immediately, with no single-slip deformation early in the 

straining process. The martensite needles in the 92°C specimen were 

fairly evenly distributed between the two active {Ill} slip planes, 

as observed from the occurrence of transformation bands on the two 

planes. 

A specimen of [112] orientation was strained to only E - .20 
P 

at -92°C, in addition to the specimen strained to fracture at this 

temperature. In this specimen, apparently slightly misoriented, most 

the martensite occurred on one slip plane (Fig. 14a). The distribution 

of shear stress and shear strain occurring on each of the two {Ill} 

planes is not obvious, however. The contribution to strain of 

accomodation shear and transformation shear depends on the needle 

variants which are forming on the plane. Probably most of the 

accomodation shear in the austenite contribures to specimen elongation, 

as in Fig. 14a. The observed concentration of slip on the same 

adjacent to a transformation band also contributes to specimen 

, though it is not known in which [110] directions this slip is 

occurring since it may be partially generated by the transformation 

in the adjacent bands rather than simply by the resolved shear stress 

on the slip plane. The slip lines of the {Ill} plane with less 

martensite were relatively widely and regularly spaced, as if for a 

primary slip system. In some localities of the specimen virtually 

5~lip not associated with the transformation bands was associated with 

the non-transforming plane (Fig. 14b). While the [112] specimen 

tested at -10°C had a fairly even distribution of slip, in those few 
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localities where transformation bands appeared all slip actiyity 

was on the intersecting {Ill} plane (Fig. l4c). Figure 14c does not 

represent a typical sample of the surface of the -IOeC [112] specimen, 

as it shows a much greater local occurrence of tiny transformation 

bands than were actually present along most of the gage. 

For both [112] specimens tested at -92°C, in the active {Ill} 

planes the martensitic bands cover progressively a larger fraction of 

the specimen as straining proceeds, as in the single-slip [123] 

orientation "Luders band" analogue. In other words, the increases in 

vol-% martensite with strain occurs by fresh nucleation of martensite 

outside the previously observed transformation bands, rather than by 

concentration of further transformation in the martensite bands already 

present. At higher strains, further increase in vol-% martensite 

occurs by the increase of transformation product within bands already 

present that now occupy virtually the entire crystal volume with 

martensite and accomodation-slipped austenite in its vicinity. 

In highly strained crystals, bands of martensite cannot be 

distinguished as such because the distribution of martensite needles 

uniform throughout the crystal. 

This second [112] specimen strained only to 20% was utilized for 

a measurement of the effect of temperature on yield stress. After 

straining to 14% at -92°C, the specimen had strain-hardened to a flow 

stress of 35,000 psi and a 4% volume fraction of martensite. The 

load was removed and the specimen bath removed. After the specimen 

was at room temperature, the straining process was resumed. 
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The initial flow stress at room temperature was raised by about 10%, 

to 38,000 psi, and in the course of straining from 14% to 17% 

elongation the value of Ep was unchanged (within the limits of 

accurate measurement over a small increment of strain) from the value 

observed over the previous increment of plastic strain to 14% at -92°C, 

The load was then again removed and the specimen was reimmersed in 

the -92°e bath, still in its grips. Another 3% increment of plastic 

strain, to 20%, was applied at -92°e. The initial flow stress dropped 

by 16% from the flow stress observed before the load was removed at 

17% strain, from 46,000 psi to 38,500 psi. Ep in the interval to 17% 

strain to 20% strain at -9ZoC remained at the same value as the two 

previous increments, and at 20% strain the flrnv stress had again 

risen to 47,000 psi. 

D. Tensile Orientation 

The [110] tensile orientation favors initial slip on four 

{Ill} -< 110> systems, two on each of two {lll} planes. The favored 

10> slip directions are all at 60° from the tensile axis. The 

specimen tested at -9Zoe exhibited slip on only one of the two 

er~ected slip planes, though the tensile axis of the specimen was 

within .5° of a [1l0] direction. The -IOoe specimens also exhibited 

slip on only one of the {Ill} planes initially favored. However, at 

the very high strains encountered in the -IDee specimens$ slip also 

occurred on another {Ill} plane which initially had zero resolved 

stress. The large effect of tensile axis rotation involved in 

straining these specimens beyond 100% (and undoubtedly an imbalance of 
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of slip activity between the two favored {110} slip directions on the 

predominating slip plane) would justify the eventual occurrence of 

some slip on a {Ill} plane which was parallel to the tensile axis 

at the outset of straining; however~ it is unexpected that the latent 

hardening phenomenon would prohibit slip on the {Ill} plane with a 

nominally identical resolved shear stress as the predominating slip 

plane while allowing slip (presumably initiated at very high strains) 

on a plane with an initial resolved shear stress of zero before 

tensile axis rotation upon straining. 

The yield stress was 10,500 psi for the -92°e specimen, resolving 

to a shear stress of 4300 psi on the favored slip systems. The -92°e 

specimen has a nearly level flow stress to about 7% strain (actually, 

a small reduction occurs between yield and - 5%) and an abrupt upturn 

which occurs about halfway between the data points at 5% and 11% 

strain. As for the single-slip [123] specimen, Ep increases rapidly 

from this "cornering" point to a maximum of about 540,000 psi at 17% 

strain. E subsequently declines gradually to about 150,000 psi at 27% p 

strain and remains at this value up to necking at 86% strain, at 

,000 psi. 

The -lOce specimens have nearly linear strain-hardening curves 

from the outset. The specimen strained by increments initially 

yielded at 11,800 psi and necked at 112% strain, at 107,000 psi. 

The continuously strained specimen yielded initially at 10,500 psi 

and necked at 140% strain, 110,000 psi. The average values Ep 

for the incrementally strained and continuously strained specimens 
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respectively were 78,000 and 70,000 psi respectively. 111e strain

hardening curves for the [110] orientation are plotted in Fig. 15. 

The difference /':,0 in flow stress bet\veen the -g2°e specimen and the 

-IOoe specimen that was continuously strained is plotted in Fig. 16, 

In Fig. 17 /':,0 is plotted against volume-fraction of martensite. 

As in the case of the [123] tensile orientation, the -92°e [110] 

specimen also exhibited a "Luders band" effect as transformation bands 

on the single active slip and transformation plane propagated along the 

length of the gage in the earliest stage of the straining process. 
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VI. DI SCUSSI 0\ 

A. Ductil 

1he specimens tested at -lOce necked at a greater strain than the 

specimens of identical orientation strained at -92°e. The mudl larger 

extent of transfonnation to martensite at -92°e vs. -lOce in the [123]. 

(llZ], and [110] orientations, and the effects of this higher rate of 

transfonnation on the stresses achieved at a given elongation, may be 

a major cause of this ductility reduction (beyond the effect of the 

temperature difference on the ductility of austenite). 1he effect is 

not large for the [123] and [112] orientations, but IS considerable for 

the [llO] orientation. The observed differeYlces in ductility between 

the different orientations at one teraperature overwhelm differences 

occurring between specimens of one orientation strained at different 

temperatures. For specimens of differing orientation strained at the 

same temperature (-92° or -10°), ductility increases as the number of 

active slip systeIILs active at each respecth-e orientation decreases. 

Thus at -92°e the [110] specimen, \~·ith four active slip planes and almost 

no martensite, has a final elongation only :+H. The [ll2] specimen, 

with two active slip planes, elongates to 51%. The [123J and [110) 

specimens have only one active slip plane, and they elongate to 61% 

and 81% respectively. A similar order is present among the -lOce 

specimens, where the [112) specimen has the least elongation (no [100] 

specimen \\I3S tested at -10°C) and the (ll0) :specimens elongate an average 

of 13(}Oo. 1he re may be some significance to the fact that those specimens 
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with a greater number of active slip systems are also the ones with 

the least tendency to martensitic transformation. In pOlycrysta1 

TRIP steels the strain-induced martensite is considered to eru1ance 

d "I" 5 uctl Ity. 

B. Yield Points 

The yield points of all specimens are tabulated in Table I. 

These values of resolved shear stress at yielding are generally in 

close agreement with Stone's data, also tabulated. The fact that the 

highest CRSS is observed in the specimen "lvith the least tendency to 

martensitic transformation with straining (L e., the "least metastable" 

specimen) is consistent with the relationship between metastability 

and initial yield stress observed by Breedis and Robertson. 6 The 

latter have demonstrated that metastability of austenite will have the 

effect of reversing the usual trend towards an increase in yield stress 

with decreasing temperature, at least in the 101.:er part of the metas-

table temperature range. While the yield points for the (110] and 

[112] orientations do not in all cases have a reduced yield stress at 

o 0 reduced temperature (-92 C vs. -10 C), the general trend of the yield 

data agrees well with the results of Stone and of Breedis and 

Robertson. 

The results from the [HZ] specimen strained to only Ep := .20 

are unfortwlate1y derived from a very narrow data base, and· hence may 

lack experimental significance. They do touch upon an aspect of great 

importance to the usefulness of co1d-\\"orking metastable austenite, 

namely the questi.on of \vhether the high HOI': stress levels attai.ned. 
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with straining at -9ZoC are indeed retained, or even enhanced, i~hen 

the cold-\\"orked material is tested at room temperature. The [llZ] 

experiment suggests this is the case, and also that the high strain

° hardening modulus observed at -92 C may be retained at room tempera-

ture over a short range of further strain. One hould expect that more 

extensive straining of the (112] specimen \<[ould eventually lead to a 

drop of this modulus because the vol-% martensite is no longer 

° increasing with strain, as it is at -92 Co The large drop in yield 

point when the [112] specimen \<[as strained from 17% to ZO% at -9ZoC 

after being strained at room temperature from 14% to 17% may be a 

result of the reduction of yield stress of austenite in the 10\,.;er part 

of the metastable range, as already noted. 

c. Strain Hardening 
" 

The virtual absence of the strain-induced martensite transfonna-

o tion In the specimens tested at -10 C, as contrasted to the large extent 

° of this transformation observed at -9Z C, must account for a large part 

of the much higher strain-hardening rates observed at each orientation 

at the lower temperature. The effect of the martensite phase on the 

strain-hardening rate may also account for the sharp upturn of the 

strain-hardening curves of the [HO] and [123] specimens in the vicinity 

of 5% to 10% strain. The early mode of single-slip deformation by 

account for the nearly constant flow stress at the first stages of 

strain. The point at which the strain-hardening curves of the -92°C 
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specimens turn sharply upi\'ards (in marked contrast to specif'.ens of 

like orientati.on at -10°C) could be the point at i"hich a rnaj or part 

of further defonnation on transformation must proceed in the context 

of slip within the previously fonned slip and shear bands containing 

the martensite which formed in the initial process of Luders-type 

slip band/transformation band extension. 

The ~0 vs. vo1-% martensite curves of the [123] and [110] single

slip specimens are quite similar in shape and have a close correspon

dence of slopes at equal volume-fractions of martensite. The ~0 vs. 

vol- % curves rise rapidly to ma.'dmum slope values between 6% and 9% 

vo1-%, after the initial constant-stress stage of slip/transformation 

band propagation. These slopes are significantly reduced and nearly 

constant at voL-fractions above 1296-15%. The 6.0 vs. vo1.-% marten

site curve for the [l12] specimens shows a positive and increasing 

slope from the outset of plastic strains, reflecting the absence of an 

initial constant-stress stage of deformation in which the strain occurs 

solely by initial slip/transformation band propagation rather than by 

deformation within the regions where martensite has been formed. The 

[112] ~0 vs. voL -% curve fal1s rapidly after about 8% voL -fraction, 

and at vol. -% above 10% has less than half the slope of the ::'J VS. 

vo1.-% curves of the single-slip specimens at similar vol.-fractions 

of martensite. Comparison of the ~0 vs. vol. - % curves beti'ieen the 

single-slip and [1121 specimens may indicate that the martensite con

tributes proportionately much less to the strain-hardening rate of 
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the [112] specimen at vol. - % above lO~ than to the strain-hardening 

rate of the [1231 and [110] specimens. 

D. Effect of Tensile Orientation on 
Volurne- Fraction of ~lartensite 

7 Patel and Cohen have considered the interaction of an applied, 

stress with the displacive shear and dilatation normal to the shear 

plane during the martensitic transformation. Goodchild and Roberts 8 

have used this analysis to predict the effect of the stress axis on 

the distribution of martensite among the 24 possible variants. The 

24 variants are distributed so that six possible variants are associ-

ated with each {Ill} slip plane. The shear system for the martensitic 

transformation studied here is sho~TI to be {ll2}-<110> in previous 

studies. The three {l12} shear planes perpendicular to each {Ill} 

pl~le intersect that plane in a <110> line, and the transformation 

shear may occur in either direction along this <110> line of inter-

section. Hence the martensite needles are found in twin variants 

along the direction of the shear along that line. Such twins are 

seen in Fig. 14, and the light contrast results from the opposite 

shear directions of the two halves of the twins. Each of the 24 

variants is identified by its unique transformation shear, Stone has 

found the shear to have a magnitude of yO::: .20, with a dilatation of 

EO = .04 nOlmal to the shear plane. 

Using the formulation of Coodchild and Roberts adapted from the 

Patel and Cohen analysis, 
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U + 

where U = work done 

T =. resolved shear stress on the habit plane 

On = resolved stress normal to the habit plane 

The magnitude of Ufo for any variant is a relative indication of how 

effective and applied stress will be in assisting the transformation 

shear and dilatation. In Table II values of U/a, Tla, and a la are n 

shOiffi for all tensile orientations studied here, but only for the 

variants wnich are associated with the planes upon \vnich slip and 

transformation to martensite were observed at each orientation. Stone 

has shOi"'!1 that even those variants with relatively high values of Ula 

will not occur unless they are associated with a {Ill} plane upon 

which slip is occurring because of a sufficient resolved shear stress 

on that plane. The distribution of varifu~ts on an active slip plane 

has been found to correlate well with the values of Ula among those 

variants, however. For the [100] and [1l2] tensile orientations, only 

the variants on one of the several active slip planes are tabulated in 

Table II, since the other active slip planes have an orientation rela-

tive to the tensile axis that is symmetrical to that of the {Ill} 

plane considered. The values of U/a for the variants on each plane 

are summed, to give a measure of the relative tendency for the tensile 

stress to assist the transformation shear and dilatation on the active 

slip planes at each tensile orientation. Comparison of these summation 

values with a plot of vol. - % martensite vs. tensile stress for the 

-9ZoC specimens (Fig. 18) reveals that, apart from the [110] specimen, 
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the orientations tested shoH a sequence of decreasing tendency to 

martensitic transfom.ation (e.g., [123], [112], [100]) that is 

identical to the sequence predicted by the Diu criterion. Ho,\ever, 

the vol.-% martensite observed at a given stress differs much more 

greatly between these orientations than the values of Diu do. ,!\not her 

way of sorting out these curves by the number of active slip planes 

operation at each tensile orientation. In this resp~ct there is a 

sequence of decreasing tendency to martensitic transformation identi

cal to the sequence of increasing nt~bers of active slip planes. In 

accordance with this trend, it is seen that the tendency to martensitic 

transformation relative to normal stress is nearly identical for the 

[1101 and [123] single-slip specimens; this is evident from the close 

correspondence of the vol.-% martensite vs. tensile stress curves for 

t.wo orientations in Fig. 19. These results, except for [1101, 

correspond well Idth t.hose reported by Stone, who measured vol. <-% 

at 5% strain for all orientations studied here. Stone 

that the partitioning of the austenite by sheets of E-hcp on 

active slip planes would restrict the size of martensite bursts in a 

-slip specimen such as [llZ] , and hence accOlmt for the fact 

the [112] orientation displays less martensite relative to the 

[123] orientation than its only slightly 1m-Jer Diu I'.rould lead one to 

expect. While the vol. - 95 data from the [110] specimen does not con

fonn to the expectation from the Diu criterion that this orientation 

should sho\\ the least l1urtensite at a given level of stress, it tends 

to support the idea that the number of active slip systems is the 
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mam detenninant of tendency to martensitic transfonnation at a gIVen 

stress level. 

The curves of vol.-% martensite vs. €p for the -9ZoC specimens 

do not conform to an equation of the fonn (vo1. - %) '" A e1/ 2 (e '" 

true strain). In fact, they would exhibit either linearity (for [nO] 

orientation) or a small upward parabolic shape ([123] and [1121 

orientations) if plotted against true strain e. However, if the 

tendency tm-;ards suppression of the martensitic transfonnation by an 

increase in the number of active slip is correlated to an increase in 

the average number of slip planes in operation in the grains of a 

TRIP steel as strain is increased, a curve of the fonn (vol. -90 

martensite) = A el / 2, could result. Such a relationship has been 

reported for a polygranular TRIP steel by Gerberich. 9 

~~gonon and Thomas lO have shohTI that yield strength of a 304 

stainless steel varies linearly Ivith the &~ount of martensite previ-

ously fonned by thermal and thermal/mechanical treatment. The curves 

of vol. - % martensite vs. € tend to iustif)" this observation. p -

Presumably a grain of polycrystalline material will not have an 

initial range of strain during which a "Luders band" of initial slip 

and transformation will propagate across the grain. So the section 

of the single-crystal, single-slip strain-hardening curves relevant 

to a polycrystalline analogy lies beyond this initial stage. As seen 

m Fig. 8 the relationship between vol.-% martensite and € is nearly 
p 

linear for the single-slip specimens. The tendency for the slope to 

increase at higher stresses could possibly be bo.lanced by a tendency 
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for a greater a\"erage number of slip systems to be act i\'e In the 

grains of specimens subj ected to more severe \,'ork- hardening processes, 

thus leading to a lower voL-% of martensite corresponding to a given 

level of yield stress. 
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VII. eONeLUSIO~S 

The effect of the martensitic transformation product in 

increasing the strain-hardening modulus is demonstrated by comparison 

the strain-hardening curves obtained by taking specimens at both 

-gZOe and -IOoe for different orientations. The superposition of 

strain-hardening effects due to the martensite upon the normal strain

dependent and orientation-dependent strain-hardening behavior is 

evident. When the effect of the tensile orientation and its intrinsic 

effect on the strain-hardening rate the austensite and the rate of 

martensitic transformation is partially discounted by making a plot of 

60 vs. vol.-% martensite~ a similarity is evident among these curves 

for three different orientations. 

A yielding phenomenon associated with the initial formation and 

propagation of bands of slip and transformation product occurs in the 

single-slip specimens~ and this too must be discounted when examining 

and isolating the effect of the martensitic transformation as it 

interacts with more usual single-phase strain-hardening behavior at 

different tensile orientations. 

The effect of tensile orientation on the rate of transformation 

to strain-induced martensite as tensile deformation proceeds is 

determined by the number of active slip planes in operation in a 

specimen of a particular orientation. Single-slip specimens \d 11 have 

the highest transfonnation rates. A specimen \liith the maximum number 

of active slip planes (four) will SOOtll' the least amount of strain

induced transformation. 
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Table I. Yield Points of Tensile Specimen. 

This Study Stone's Data 
eRSS in psi. e~ss in psi. 

I 

[112] -92°e 4300 I -92°e 4900 
-lOoe 4300 I aoc 8400 

I ~ .. 

[123] -92°e 3900 I -88°e 5800 
-lOoe 4900 I aoe 6800 

\ 

[110] -92°e 4300 -88°C 5800 

-looe 4300,4800 

[100] 92°e 5900 -88°e 8700 
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Table II. Values of T./o, 0 /0, and -u/o for martensite variants, n 
computed for the four tensile axes. 

[001] 

slip plane shear plane shear direction 't/o °nlo Ufo 
(Tll) (211) [all] .288 .167 .064 
(111) (211) [Oln -.288 .167 -.051 

(IU) (112) [110] 0 .667 .027 
(Tll) (112) [110] a .667 .027 

(Ill) (Ul) [101] .Z88 .167 .064 

(Ill) (U1) [1011 -.288 .167 -.051 

L U./o "" .080 
i 1 

[all] 

(Ill) (211) [all] 0 .333 .013 

(Ill) (211) [0111 0 .333 .013 

(111) (112) [1101 .144 ,0832 .• 032 

(Ill) (112) [1101 -.144 .0832 -.025 

(Ill) (TIl) [101] -.144 .0832 -.025 

(Ill) (121) (101] .144 .0832 .032 

}: U·/o '" .0406 
i 1 

[123] 

(In) (211) [011] -.103 .0l18 -.020 

(111) (211) [OllJ .103 .0118 .022 

(1 ll) (1l2) [110] .432 .583 .110 

(Ill) (ll2) [110] - .432 .583 -.063 

(111) (121) [1011 -.659 . 761 -- .101 

(ITl) (121) [Iol] .659 .761 ,162 

---
LU/o ::: .110 

i 
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FIGURE CAPTIONS 

Fig. 1 Dendritic pattern of bcc martensite locations, observed on 

(100) face of [110] orientation. 

Fig. 2 Side vieH of [100] tensile specimen, shortly before necking 

at IS "" AI. 
P 

3 Single-crystal tensile specimen. 

4 Magnetic Measurement Apparatus. 

5 Strain .. hardening onve of [100] specimen, -

Fig. 6 Strain-hardening curves o£-92oC and --IOoe [123] specimens. 

'? {).o vs, <lSp ' [123] orientation. 

• 8 - % martensite vs. plastic strain, all orientations. 

9 Iv; vs. " % martensIte ~ [1 orientation. 

({1 } of a [1 

b) Electropolished surface~ [123] specimen, "" ,06. 

] specimen gage surface after additional increment 

of strain following electropolishing of surface. 

") (1 as Fig, 10 c) at higher magnification. 

. 11 curves of -92°C and -IOoe [112] specimens . 

, 12 /:1,0 VS. , [112] orientation. 

Fig. 13 60 vs. -% a. [112] orientation. 
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Fig. 14 Gage surfaces of [112J specimens, shmving all non-

transformation-related slip on one {Ill} plane, all 

transformation on an intersecting {Ill} plane. 

a) -92°C, € ::; 

P 
.20 

b) -92°C E: "" .20 , 
P 

c) -10°C, € .54 
P 

Fig. 15 Strain-hardening curves of -92°C and -IOoC [110] specimens. 

Fig. 16 ~0 vs. E: p' (110] orientation. 

F" ... lg. 17 ~0 vs . vol. -% a, [110] orientation. 

Fig. 18 % a vs. 0, for all -92°C specimens. 
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