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Strain- induced t ransformat ion and plastic 
deformat ion behaviour of a 17Cr -7Ni -1AI  
steel at high hydrostatic pressure 
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Tensile tests of a 17Cr -7Ni -1AI  steel were carried out at 0.1,300 and 600 MPa 
hydrostatic pressure, and the mechanical properties of the material were found to be 

i 

considerably changed by the pressure. The martensitic transition temperature Ms ~-+~ 
decreased under pressure. The volume fraction of ~-martensite induced by tensile 
deformation increased with strain, but was suppressed by hydrostatic pressure. The 
yield stress increased with pressure. The yield surface became a nonlinear cone with a 
pointed apex. The stress-strain curve was considerably changed by pressure, and was 
expressed by a modified identical-strain model (law of mixture) as a quantitative 
function. Uniform-strain limit increased with pressure. It was found that these changes 
were not caused by the mechanical effect of hydrostatic pressure, but by its thermo- 
dynamic effects. 

1. Introduction 
Modern plasticity theory is based on the experi- 
mental fact that the yielding of a metal is, to a 
first approximation, unaffected by a moderate 
hydrostatic pressure or tension [1,2]. Theory also 
predicts that, as hydrostatic pressure has no effect 
on yielding behaviour, it should also have no 
effect on the form of the stress-strain curve and 
on the initiation of necking [3]. However, increase 
in ductility (reduction in area) after necking has 
been found in aluminium, copper, iron, Cu-Zn  
alloy, Cu-Ge alloy [4], magnesium, zinc, cobalt, 
tungsten and AISI 1045 steel [5], brasses [6, 7], 
free-machining brass [8], spheroidized 0.5% carbon 
steel [9], and aluminium alloy [10], because the 
initiation, growth and coalescence of voids were 
suppressed by high hydrostatic pressure. An 
increase in yield stress was also found in experi- 
ments on AISI 4/310 and 4330 steels under high 
hydrostatic pressure [11], and a plastic analysis 
was carried out [12]. 

On the other hand, it was found that the 
stress-strain curve of material such as an 18-8 
stainless steel, which exhibited strain-induced 

transformation, varied remarkably at various 
testing temperatures because the quantity of the 
strain-induced ~-martensite (~'-phase) changed 
with temperature [13, 14]. Since the specific 
volume of the transformed c~'-phase was different 
from that of the austenite (7-phase) of the matrix, 
so that the ~ '~  ~' transformation was expansile, 
a hydrostatic pressure might have suppressed the 
transformation and changed the stress-strain 
curve. 

Nevertheless, in research on the influence of a 
high hydrostatic pressure on the flow stress of an 
18-8 stainless steel [15], tensile tests were carried 
out at atmospheric pressure and a high hydro- 
static pressure of 1.2 GPa, and the quantity of the 
strain-induced ~'-phase was unaffected by pressure. 
The stress strain curve at a hydrostatic pressure 
of 1.2GPa exhibited only a monotonic stress 
increase by about 12% as a whole during overall 
strain, compared with that at atmospheric pressure. 
The above results were quite different from the 
results from the same sort of material obtained 
at various testing temperatures under atmospheric 
pressure [13, 14]. The difference between the 
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influence of temperature and pressure resulted 
from the fact that e-martensite (e'-phase) was 
easily induced under a high hydrostatic pressure 
[151. 

If  experiments could be performed under con- 
ditions where the e'-phase was not induced, the 
relationship between the stress-strain curve and 
the strain-induced a'-phase, and the influence of 
hydrostatic pressure on this relationship, would 
be clarified. A 17Cr-7Ni-IA1 steel was found 
to be suitable for this condition. Tensile tests on 
this material were then carried out at atmos- 
pheric pressure, and at high hydrostatic pressures 
within the range over which the e'-phase was not 
induced. The influence of hydrostatic pressure 
on the martensite transition temperature M~ 7 ~ , 
on the change in quantity of the strain-induced 
a'-phase, and on the change in the stress-strain 
curve, and the relationship among these phenom- 
ena, are reported in the present paper. 

2. Materials and experimental procedure 
2.1. Materials 
The specimen used in the experiment was cold- 
drawn wire having a diameter of 1.1 mm. The 
chemical composition of the specimen was C: 
0.088, Si: 0.47, Mn: 0.60, Cr: 17.15, Ni: 7.03, 
AI: 1.06wt%, respectively. The specimens were 
annealed for 1.8ksec at 1323K and were water- 
quenched after being cut to the length of the test 
piece. These test pieces were called Specimens A. 
The remnants were kept at 1273 K (Specimens B), 
1243K (Specimens C), 1213, 1153, 1093 and 
1033K for 5.4ksec in each case and water- 
quenched; these were used as test pieces for inter- 
mediate transformations. The mean crystal grain 
diameter was about 5 to 10/.tm for Specimens 
A, B and C. 

and at pressures of 300 and 600MPa, for e'- 
phase was not induced in the specimen at pressures 
up to 600 MPa. 

2.3. Phases of specimens and, 
measurements of Ms ~-*~ 

The kind of phases that appeared in the specimen 
used in the present experiment after heat treat- 
ment and during tensile tests at atmospheric 
pressure and high hydrostatic pressure were aus- 
tenite (3'-phase), 8-ferrite (8-phase), c~-martensite 
(a'-phase), and e-martensite (e'-phase) which was 
induced at a very high pressure above 900MPa. 
The authentication of these phases and the meas- 
urement of the volume fraction of each phase 
were carried out by means of optical microscopy, 
X-ray diffraction and the measurement of mag- 
netic properties. Incidentially, the 3`-phase and 
e'-phase were paramagnetic, while 8-phase and 
a'-phase were ferrogmagnetic. 

The measurement of the volume fraction of 
the a'-phase that was induced during tensile 
deformation was carried out by means of a mag- 
netic measurement. The coil used for the measure- 
ment had 300 turns of fine silk-covered wire of 
0.08mm diameter, The change in inductance 
(2xL) of the coil, when the specimen was inserted 
into the coil, was measured by means of a Maxwell 
bridge. The current and frequency were 2.5 mA 
and 1.0 kHz. 

The measurement of the temperature of 3' -+ ~' 
transformation of the specimen was carried out 
only at atmospheric pressure, because the ambient 
temperature of the apparatus for the tensile test at 
a high pressure could not be changed. Dry ice and 
alcohol were used as a freezing mixture. The 
initiation of the generation of a'-phase was exam- 
ined by. the magnetic measurement. 

2.2. Tensile tests at high hydrostatic 
p ressu re 

The apparatus for tensile tests at high pressure is 
described below only briefly, as it is fully reported 
elsewhere [16]. Unleaded gasoline was used as a 
pressure-transmitting medium. The tensile test 
could be carried out at any pressure up to the 
maximum of 1.5 GPa. However, the testing tem- 
perature could not be changed from the room tem- 
perature of 288K. The gauge length of the test 
piece was 15 mm. The tensile speed was 8.3/1m 
sec -1. The strain rate was 0.55 x 10 -6 sec -1. The 
tensile test was carried out at atmospheric pressure 

3. Experimental results 
3.1. Crystal structures and lattice 

constants 
The observation of the microstructure by optical 
microscopy and X,ray diffraction were carried out 
on the annealed Specimen A and the other six 
kinds of intermediate-transformation specimens 
including Specimens B and C. The three kinds of 
Specimens A, B and C were found to consist of 
7-phase for the most part, and of a small quantity 
of 6-phase. However, a considerable amount of 
c~'-phase was observed in the other four kinds of 
intermediate-transformation specimen. No differ- 
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Phase~ Structure Lattice constants (nm) 

3' FCC a = 0.3594 
6 BCC a = 0.2876 
~' BCT a = 0.2876, e/a ~ 1.0 
e' HCP a = 0.2534, e = 0.4132, 

c/a = 1.63 
t t 

tAV 3"-'c~ =+0.1737cm 3mol -~, AV 3"~e =--0.093 12 
c m  3 m o l  -~ 

*Cobalt target, K c~ wavelength 0.1790 nm; iron filter 

ences in the optical-microscopic microstructure 
were found among Specimens A, B and C. No 
e'-phase was observed in any of  the seven kinds 
of  specimen. 

The crystal structures and lattice constants 
measured with X-ray diffraction are shown in 
Table I. The measured values of  the lattice con- 
stants of  the e'-phase were obtained at the initial 
stage of  the tensile test at very high pressure above 
900 MPa, and will be mentioned later. The values 
of the volume change of 3, -~ a '  and 3, ~ e' trans- 
formations obtained by calculation of  the meas- 
ured values of the lattice constants are also shown 
in Table I. The 3, -+ c~' transformation is expansile 
and the 3, ~ e' transformation is contractile. 

3.2. Magnetic properties and Ms ~-~' 
The inductance of  the measuring coil was changed 
in the case of  the annealed specimens and the inter- 
mediate-transformation specimens. The results of  
the measurements of  magnetic properties are 
shown in Fig. 1. At least ten samples were tested 
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T A B L E I Crystal structure and lattice constant meas- 
ured by X-ray diffraction* 

for each kind of specimen. Little scatter was found 
in the measured values. A small amount of  mag- 
netic property remains in Specimens A, B and C 
as shown in Fig. 1. Optical microscopy and X-ray 
diffraction revealed that this magnetic property 
was caused by 6-phase. The magnetic properties 
of  the four kinds of specimen which had been heat 
treated below 1213 K increased remarkably with 
decrease of  the treatment temperature. The reason 
for this is that transformation from 7,-phase to 
c~'-phase occurred, because the M~ --'~ tempera- 
ture was raised above room temperature by the 
intermediate-transformation treatment. The vol- 
ume fraction of the 8-phase was not changed by 
this treatment. 

Quantitative magnetic measurement of  the 
a'-phase was performed by the following proced- 
ure. The specimen which was heat-treated at 
1033K and contained the most a'-phase was 
cooled to liquid nitrogen temperature, and was 
subjected to tensile deformation at room tem- 
perature. In this way the residual "}'-phase was 
transformed to the a'-phase as much as possible. 
X-ray diffraction measurement revealed that the 
specimen had no residual 3,-phase. The magnetic 
intensity (corrected for the reduction in area) of  
the above specimen was taken to be the magnetic 
intensity of  a specimen with 100% a'-phase. The 
volume fractions of  the a'-phase in other speci- 
mens were calculated on the basis of  this mag- 
netic intensity. However, the specimen had a 
small amount of  6-phase as stated above, and did 
not exactly have 100% a'-phase. The magnetic 
intensity per unit volume of  the 6-phase is almost 
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Figure 1 Variation of inductance 
of measuring coil and volume 
fraction of a-martensite with 
heat-treatment temperature. 
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TABLE lI Martensitic transition temperatures Ms 7~c~ 
(K) 

Pressure (MPa) 0.1 300 600 

Specimen A 229 205* 176" 
Specimen B 258 236* 214" 
Specimen C 278 258* 235* 

*Obtained from Fig. 4. 

numbers and letters in Fig. 2 represent the experi- 
mental pressure (MPa) and the kind of  specimens. 
At least ten specimens were tested for each experi- 
mental condition. The scattering of  results under 
each condition was very small. The mean value of  
the measured volume fraction of  c~'-phase under 
each set of  conditions is plotted in Fig. 2. 

the same as that of  the c~'-phase [17], and the 
volume fraction Of the 6-phase included in Speci- 
mens A, B and C was estimated at 2% of a whole 
specimen. The magnetic intensity of the 6-phase 
was therefore subtracted from the whole mag- 
netic intensity, and the remainder exhibited as 
a volume fraction of  c~'-phase on the vertical axis 
of  the right side in Fig. 1. Quantitative measure- 
ment of  the c~'-phase by means of  this method 
was used in all the following discussions. Three 

kinds of  specimens (A, B and C) out of  seven kinds 
were suitable for the purpose of  the present invest- 
igation, because these three specimens contained 
no c~'-phase before the tensile test. The results on 
these three Specimens A, B and C are discussed 
below, but the results on the other specimens are 
not discussed. 

The results of the measurement of  the transi- t 
tion temperature M~ --''~ for Specimens A, B and 
C at atmospheric pressure are shown in the column 

t 

headed 0.1 MPa in Table II. Values of  M~ -~'~ 
obtained in this study were ahnost the same as 
those obtained by Krauss et al. [18] on the same 
kinds of material. 

3.3 .  S t r a i n - i n d u c e d  t r a n s f o r m a t i o n  
Tensile tests on Specimens A, B and C were carried 
out at 0.1, 300 and 600MPa of  hydrostatic pres- 
sure. The change in the volume fraction of strain- 
induced c~'-phase, M, is plotted against the strain 
(true strain) during the tensile test in Fig. 2. The 

3.4 .  Y i e l d  stress 
The macroscopic yield stress, Oy, of each kind of  
specimen obtained from the stress-strain curve at 
each pressure is shown in Table III. The numerical 
values listed are averaged from at least ten speci- 
mens tested at each pressure. There is little varia- 
tion of  the values from specimen to specimen. It is 
obvious that the yield stress of  each specimen 
increases steeply and nonlinearly with increasing 
hydrostatic pressure. 

3.5. S t ress-s t ra in  curves 
Stress-strain curves (the plastic-Now curves of 
true stress and true strain, o - e  curves)were 
obtained from the same specimens used for the 
measurement of  the volume fraction of  strain- 
induced c~'-phase as in Fig. 2; they are shown as 
solid lines in Fig. 3. The curves are displaced in 
origin (in the  same order as the curves shown in 
Fig. 2) to avoid confusion. The numbers and 
letters represent the intensity of  pressure and the 
kind of  the specimen, respectively. The end of 
each curve corresponds to the starting-point of  
necking or the limit of  uniform strain. 

Fig. 3 shows that the uniform-strain limit of  
each specimen increased with increase of  envir- 
onmental pressure under tensile testing. Com- 
paring the uniform-strain regions of  the three 
kinds of  specimen tested at the same pressure, 
the uniform-strain limit of  Specimen A is larger 
than that of  Specimen C. 

1.0 o.1 c 
/ ,,1.oo o.,B 3ooc 

i i ! 0.1 A60 ~ B 
�9 - - o . ,  

I 
o o.1 o.2 0.5 

strain, 
Figure 2 Changes in volume fraction of 
e~-martensite with strain. 
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T A B L E I I I Yield stresses and material constants of yield function 

Yield stress, Cry (MPa) 

Pressure (MPa) 0.1 300 600 

Material constants of yield function* 

Specimen A 295 351 366 
Specimen B 274 342 363 
Specimen C 261 337 347 

184.29 --0.04250 -- 1.650 X 10 -s 
174.10 --0.05273 --1.951 X 10 -s 
168.60 --0.06149 --2.729 • 10 -s 

*Yield function: j~/2 = ~o + cqll + c%I12 

4 .  D i s c u s s i o n  

4.1. Change in Ms ~ -~ '  caused by 
intermediate-transformation treatment 

The values of Ms ~ c ~  for Specimens B and C 
were different from that of Specimen A. This is 
explained as follows [ t7,  18]: M23C6 (where M = 
metal), a carbide of  chromium, was slightly pre- 
cipitated in the T-phase during the intermediate- 
transformation treatment,  and dissolved carbon 
and chromium, which had the effect of  decreasing 
Ms ~ - ~  , decreased in the y-phase so that the 
7-phase became more unstable and resulted in a 
rise of Ms ~-~e . Therefore, Specimens A, B and C 
not only had different values of  Ms ~ + a  , but 
might have different mechanical properties 
because Specimens B and C might have been 

affected by the effect of the precipitation-harden- 
ing of  M23C6. However, Yukawa et al. [17, 19] 
observed microstructure of  the same kind as in 
the present material by transmission electron 
microscopy, and concluded that precipitates of  
M23C6 during intermediate-transformation treat- 
ment were very few; they could hardly have 
caused precipitation hardening, though they 
made the 7-phase unstable and raised Ms ~-*a . 
Consequently, we were able to make a com- 
parison between the s tress-strain curves of Speci- 
mens A, B and C, assuming that differences were 
caused only by differences in Ms ~-+a , even 
though they were differently heat-treated. 

4.2. Changes in Ms ~ - ~  caused by 
hydrostatic pressu re 

Since the 7 -* a' transformation is expansile, 
the transformation is suppressed by a high hydro; 
static pressure and Ms ~'-'c~ decreases. Ms ~--'~ 

could not be measured directly by changing the 
testing temperature in the present high-pressure 
testing, apparatus. Accordingly, the change in 
Ms ~-+a caused by hydrostat ic  pressure was 
calculated by using the thermodynamic quantities 
and lattice constants shown in Table I. 

The thermodynamic equation involving the 
effects of  the chemical composit ion of  the mat- 
erial, derived by Kaufman et al. [20, 21], was used 
to calculate Ms ~-~c~ in the present study. The 
difference in free energy during the 3' -* a '  trans- 
formation under a hydrostat ic  pressure A F  " r ~ '  is 
expressed by 

A F  "r-~ ~' (x,  y ,  T, P) = A F  ~--' ~' (x,  y ,  T) 

+ P z x v  "~-~'~' ( x , y )  (1) 

where x and y represent the atomic fraction of  
nickel and chromium and T and P represent tem- 
perature and hydrostat ic  pressure, while A V rep- 
resents the volume change in the transformation. 
The first term on the right hand side of  Equation 1 
represents the chemical energy, while the second 
term represents the mechanical energy. Equation 1 
reduces to 
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Figure 3 Stress-strain curves at 
various pressures (solid lines) 
and predicted stress-strain 
curves (broken lines). 
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AF 3`-+~' (x ,y ,  T,P) = --4.184 {(1 - - x - - y )  

x (1202--2.63 x 10-3T 2 

+ 1.54 x 10-6T3) + y ( 4 6 0  + T) + X(--3700 

+ 7.09 x 10-4T 2 + 3.91 • 10-7T 3) 

+ y ( 1  - -x  - -y )  (--2800 + 0.75 T) 

+ x(1 - x  - y )  [36oo + 0.58T(1 --lnT)] } 

+ pA V 7--* c~' j mol-t (2) 

where the coefficient 4.184 is the coefficient of 
conversion from calories to Joules. Although the 
effects of nickel and chromium as main alloying 
elements were considered in Equation 2, it was 
necessary to compensate the equation for the 
effects of secondary elements such as aluminium, 
carbon etc. Compensation was accomplished by 
adding terms like w A H  3`-+~ to the right hand 
side of Equation 2, according to Kaufman and 
Cohen [22]; w is the atomic fraction of each sec- 
condary element, while 21H 3`+c~' is the differ- 
ence between the heats of solution of each ele- 
ment in the 3'-phase and in the a'-phase. The 

r 

value of AH3` -'c~ for each element is as follows: 
carbon +3.4  x 10  4, silicon --2.0 x 10 a, manga- 
nese + 1.1 x 104 , aluminium --5.4 x 103jmo1-1 

[221. 
Equation 2 was calculated by using the value 

of the change in volume obtained from the lat- 
tice constants shown in Table I and the results of 
chemical analysis of the present material, and was 
compensated for the effects of small amounts of 
elements such as aluminium and carbon. The value 
of AF 3`-+a' was then obtained at atmospheric 
pressure, 300 and 600MPa, respectively. The 
results are shown in Fig. 4. The difference in free 
energy necessary for the 3' -+ a' transformation of 
Specimen A at atmospheric pressure is obtained 
from Fig. 4 as AF 3`'+c~ = - - 1 . 8 7 k J m o 1 - 1 ,  

t 

because Ms v->~ for the specimen is 229K at 
atmospheric pressure. Since transformation under 
high pressure is considered to occur at the same 
value of the difference in free energy as at atmos- 
pheric pressure, Ms v-*a is obtained at 205K at 
300MPa and 176K at 600MPa; the results from 
Fig. 4 are shown in Table II. Ms v + a  for Speci- 
mens B and C under high hydrostatic pressure are 
obtained by the same procedure in for specimen A, 
and are also shown in Table II. The change in 
M~s -~c~', dMTs-+~'/dP, caused by hydrostatic 
pressure is then about -- 70 to -- 100 deg (GPa) -1 . 
This value is comparable to experimental values of 
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Figure 4 Difference  in free energy  necessary  for  3' - '  c~' 
t r ans fo rma t ion .  

- -  75 ~ -- 83 deg (GPa) -1 obtained by Fisher and 
Turnbull [23] and Patel and Cohen [24] in steel 
and 70Fe-30Ni alloys. 

4.3. Strain-induced transformation caused 
by tensile deformation 

Deformation induces a 3̀  -+ c( transformation, 
called strain-induced transformation, in the tem- 

t 

perature range above M~ -->a and below M a (the 
maximum temperature at which the 3' ~ a' trans- 
formation can be induced). In this temperature 
range, the lower the experimental temperature, the 
more the degree of strain-induced transformation. 
In the case of the present study, every experiment 
was carried out at the temperature of the pressure- 
transm!tting medium (288K). However, the 
Ms "r+c~ was changed by intermediate heat-treat- 
ment and by hydrostatic pressure. Experimental 
results were therefore classified by the tempera- 
ture difference, 21T, between the experimental 
temperature and the value of M~ + a  shown in 
Table II. 

In Fig. 2, +the volume fraction of the trans- 
formed a'-phase of Specimens A, B and C at the 
same strain decreases with increasing pressure, 
because the 3' ~ a' transformation, which is 
expansile, is suppressed under higher pressures. 
Comparing the three kinds of specimen at three 

r 

pressures, we see that the lower value of M~ -->a , 
(Table II), that is to say the larger the temperature 
difference AT, the less the volume fraction of 
transformed a'-phase at the same strain. However, 
observation of the microstructure of the specimen 
by optical microscopy revealed that the volume 
fraction of &phase was unchanged by the applica- 



tion of  pressure and by tensile tests under pressures 
up to 600 MPa. The reason was that the experimen- 
tal temperature was low and the 6-phase was ther- 
modynamically stable. 

The same kind of  experiment was carried out 
at higher pressures, namely at 900MPa and 
1.2 GPa. A small amount of e'-phase appeared at 
the initial stage of  the tensile deformation, through 
"7-+ e' transformation. It was observed that in 
response to this phenomenon the stress-strain 
curve rose at the initial stage of  the test. The 
e"-phase disappeared through e' -+ a '  transforma- 
tion with increasing deformation, so that it was 
not observed by the middle stage of  the defor- 
mation. The lattice constants of  the e'-phase, 
obtained by X-ray diffraction of  a specimen for 
which the tensile test was discontinued at the ini- 
tial stage o f  deformation, are shown in Table I. 
Analyses of  the results of  tensile tests under these 
higher pressures were omitted from the present 
paper, because they were not relevant to its 
purpose. 

There are two reasons for the occurrence of  
the 3' -~ a '  transformation induced by deforma- 
tion temperatures higher than Ms " r ~  . One reason 
is that the tensile stress acting as a hydrostatic 
tension changes the sign of  the second term of 

r 

Equation 1, and opposes the decrease o f M ~  -+c~ 
shown in Fig. 4 so that Ms ~--'~ is raised. Another 
is that the shear stress promotes martensitic trans- 
formation because the transformation occurs as a 
form of  shear deformation. The external work 
necessary for the 3  ̀ -+ a '  transformation, U, was 
given by Patel and Cohen [24] as 

U = rTo + aeo 

= ~ [3`ootsin20 -+ eoat(1 + cos20)] (3) 

where r and a are shear stress and tensile stress 
acting on the habit plane respectively; eo and 
3`o are expansile volume strain and shear strain, 
0 is the angle between the tensile axis and the 
normal to the habit plane, and a t is the applied 
tensile stress. In Equation 3 the maximum value, 
Urea,,, is obtained when 

tan20 = -+7o/eo (4) 

The lattice constants shown in Table I were used 
for the calculation by matrix algebra analysis of  
the martensitic transformation according to 
Bowles-Mackenzie theory [25], and the following 
values were obtained: 

eo = 0.02486 
3'0 = 0.2247 

3'o/e0 = 9.041 
0 = 0.73 rad (U = Um~,) (5) 

The rate of  increase of  Urn, x due to external ten- 
sile stress was obtained from the above values as 

dUmax/da t = 0.883J(molMPa) -1 (6) 

On the other hand, from the relation between the 
difference in chemical free energy AFV--" and 
the temperature shown in Fig. 4, we obtain 

d 2 ~ V - ' ~ ' / d T  = + 2.1J(moldeg)  -1 (7) 
r 

Therefore, the rate of increase o f M ~  +c~ due to 
external tensile stress becomes 

dMVs -~ oL'/da = (d Umax/do,)/(dAF "/-' @d T) 

= 0.42 degMPa -~ (8) 
t 

Consequently, as M~ "-'a shown in Table II is 
higher, the 3' ~ a '  transformation is induced more 
easily. 

When a martensitic crystal is initiated during a 
tensile deformation, a stress field is created near 
the crystal by its deformation. The stress field 
promotes the initiation of another new martensitic 
crystal. In other words, transformation is pro- 
moted by an auto-catalytic effect [26]. Conse- 
quently, the volume fraction of the a'-martensite, 
M, should be the function of  the strain e. As an 
empirical equation for M as shown in Fig. 2 we 
obtained 

M = e3/(e 3 + K). (9) 

where K is a constant. The solid lines in Fig. 2 are 
drawn by using Equation 9, for which K was 
obtained by the least-squares method. The linear 
relationship between the constant K and AT~ 
M~ -*a is shown in the logarithmic plot of  Fig. 5. 
This relationship is expressed by the empirical 
equation 

K = 0.1 (AT/Ms v~~ 2 

= 0.1 [ A T / ( 2 8 8 - - A T ) ]  2. (10) 

Equation 9 is then rearranged to give 

M = e3/{e s + 0.1 [AT/(28S--AT)]2}. (I1)  

Equation 11 shows that the volume fraction of  
the strain-induced a'-phase, M, may be expressed 
as a function of strain, e, and ATwhich  is the dif- 
ference between the experimental temperature and 

J 

M 7  - ' ~  . 
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Figure 5 Constant K (Equation 9) against AT/M~s - ~  . 

4.4. Change in yield stress caused 
by hydrostatic pressure 

In general, the yield stress of metals increases at 
high hydrostatic pressures. However, compared 
with many polymers the degree of increase in yield 
stress of many metals is small, and is not more 
than 2.0% per 700MPa of hydrostatic pressure 
[27], though Spitzig e t  aI. [11] obtained values of 
4.8% and 3.7% per 700 MPa as the increase in yield 
stress under high hydrostatic pressure from experi- 
ments on AISI 4310 and 4330 steels, respectively. 
As compared with this fact, the increase in yield 
stress of the present material is remarkably large. 
Moreover, in contrast with many other materials 
[11, 27], the yield stress of the present material 
increased nonlinearly. 

This increase in yield stress of the present 
material caused by hydrostatic pressure can be 
explained qualitatively as follows, a'-phase is 
certainly induced to a small degree when the 
tensile test is at the initial stage (including the 
elastic zone and the initial plastic zone where 
plastic strain is almost zero). In this case the vol- 
ume of expansion due to 7 + a '  transformation is 
not negligible, as compared with the amount of 
strain due to deformation. This expansion results 
in stress-relaxation. The volume fraction of the 
initiated a'-phase near zero strain is not clear 

from Fig. 2: However, as in the case of large 
strain, 7 -~ a '  transformation must be active at 
low pressures, and this stress relaxation effect 
should be large. At high pressures, the stress 
relaxation effect becomes less, because 7 -+ ~' 
transformation is suppressed. Therefore, with 
increasing pressure, macroscopic yield stress 
apparently increases much higher than with usual 
metallic materials. 

This change in yield stress due to pressure may 
also be approached from the point of view of the 
theory of plasticity. From this viewpoint, whether 
the material is a metal [12] or a polymer [28], 
the yield condition is of the form 

f ( I~ ,J~ /2)  = 0 (12) 
and N 

J1/2 = E OLi(fl) i (13) 
i=O 

where 11 is the first invariant of the stress tensor, 
]2 is the second invariant of the deviatoric stress 
tensor, and cq is the material constant. 11 and-/2 
are expressed as follows: 

11 = O1 + a2 + 03 (14) 

J2  = [(Ol - -  02)  2 "j- (02 - -  03)  2 -}- (03  - -  01)  2 ] / 6  

(is) 

where %,  o~ and aa are principal normal stresses. 
Equation 13 may be reduced to various forms 
depending on the value of N [28]. If N = 0, it 
reduces to von Mises' yield criterion 

J~ = a 2 (16) 

If the yield stress increases linearly with pressure, 
as obtained on AISI4310 and 4330 steels [11] 
and polyoxymethylene [28], it is expressed by 
the following equation [12, 28], 

J2  a/2 = ao + cqI1 (N = 1) (17) 

If the yield stress increases nonlinearly against 
pressure as obtained with polypropylene, it is 
expressed by 

J 2 1 / 2 =  0L0"{-~111-~0~2/2  2 ( N = 2 )  (18) 

Though the present material is a metal, the behav- 
iour of the change in yield stress due to hydro- 
static pressure is expressed exactly by Equation 18 
because the change in yield stress is nonlinear. 
The values of a l ,  a2 and a 3 were calculated by 
the least-squares method to fit the values of yield 
stress in Table III, and are also given there. As a 
representative of the three kinds of specimen, the 
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yield surface of Specimen B calculated from 
Equation 18 is shown in three principal stress 
coordinates in Fig. 6. In Fig. 6, three principal 
stresses are normalized by being divided by the 
yield stress at atmospheric pressure, O~,o. The 
yield surface is a nonlinear cone with a pointed 
apex at the hydrostatic axis. The small circles 
represent experimental data, and the solid line 
represents the theoretical prediction. Yield sur- 
faces similar to that of Specimen B were obtained 
for Specimens A and C. 

The crystal structure and the bonding forces 
in a metal are quite different from those of a poly- 
mer. In the case of the polymer, the yield stress 
changes under hydrostatic pressure because 
Young's modulus changes considerably at high 
pressures [29]. However, the increase in yield 
stress of the present material under pressure is 
caused by the transformation expansion. Though 
the physical meaning of the cause of the increase 

is different from that of the polymer case, the 
changes in yield stress of both materials are phen- 
omenologically analogous, so that they are 
expressed by the same form of equation from 
the viewpoint of plasticity theory. 

4.5. Change in stress--strain curve caused 
by hydrostatic pressure 

The shape of any o - e  curve after yielding (Fig. 3) 
was mainly decided by the balance of the strain 
hardening of the "), phase (whose volume fraction 
decreases with strain) and of the c(-phase (whose 
volume fraction increases with strain), and the 
stress-relaxation due to the expansion associated 
with 3' ~ c~' transformation. This balance was 
changing continuously with strain, so that the 
o - e  curve adopted a peculiar shape in which two 
points of inflection appeared between the yielding 
point and the starting point of necking. Since the 
shape of the o - e  curve was strongly affected by 
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the volume fraction of transformed ~'-phase, the 
shapes of the nine o - e  curves shown in Fig. 3 
were closely related to those of the volume frac- 
tion of the transformed ~'-phase of each specimen 
against strain as shown in Fig. 2, namely to the 

t 

temperature Ms v-*~ which was determined by 
the kind of specimen and the testing pressure. The 
serrations which sometimes appear in the o - e  
curve with strain-induced 3'-+ a'  transformation 
were not observed in the present experiments, 
because the grain size was small compared with 
the diameter of the specimen. 

The o - e  curves shown in Fig. 3 were con- 
sidered to be affected secondarily by the strength 
of the &phase and by the mechanical effect of 
hydrostatic pressure. However, the volume frac- 
tion of the &phase was no more than 2.0% and 
was considered to contribute about 2.0% to the 
overall strength. The mechanical effect of 700 MPa 
of pressure on the strength of many metallic mat- 
erials has been reported to be about 2.0% [27]. 
These two secondary effects on the a - e  curves 
were therefore negligibly small in the present 
study. 

Attempts have been made to express these o - e  
curves as quantitative functions, and the predicted 
a - e  curves calculated from the functions com- 
pared with the experimental curves. In general, it 
is difficult to express the o - e  curve of a dual- 
phase alloy with a function. However, Ludwigson 
and Berger [30] tried to express the a - e  curve of 
materials in which the 3' -~ a '  transformation 
occurs as functions of strain and volume fraction 
of transformed a'-phase. They proposed the fol- 
lowing expression; 

o = Ae R (1 - -M)  + CM z) (19) 

where A, B, C and D are material constants. In the 
present study, as mathematical models for the 
form of the function and the roles of 3'- and 
c~'-phase, we used the Ludwigson model [30]; the 
identical-strain model (law of mixture) assuming 
that the strain of 3'- and a'-phases were the same; 
the identical-stress model assuming that the stress 
of 3'-phase and a'-phase was the same; an inter- 
mediate between identical-strain and identical- 
stress models, and so forth. After many trials and 
calculations we found the following equation 
which was as simple as possible and agreed well 
with the experimental a - e  curve; 

o = Rve,~(7)'(1 --M)+Rc~'e~'(c~')M (20) 
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where Rv,  n(3') for the 3'-phase andRa, ,  n(c~') for 
the a'-phase are material constants common to 
three kinds of specimen under all pressures; 
% and ea'  are the strains of 3'- and a'-phases, 
respectively. We found 

R 7 = 144 

n(3')  = 0.3 

R~' = 180 

n(c~') = 0.1 

~3 '  = e 

eo = 0.02486 

e~, = e - -  %/3 = e - -  0.0082 (21) 

M is given by Equation 11. Equation 20 is a modi- 
fied equation for an identical-strain model (law of 
mixture). In the equation, the strain of the 3`-phase 
was considerect to be the same as the strain of the 
specimen, and the strain lag of the ~'-phase due to 
dilatation by the transformation was considered. 
eo/3 is a linear expansion due to the transforma- 
tion. The numerical value of eo is obtained from 
Equation 5. In Equation 20 the volume fraction, 
the strength and the strain hardening of 3'- and 
a'-phases, and the stress-relaxation due to trans- 
formation with expansion are considered. The 
o - e  curves calculated from Equation 20 are shown. 
as broken lines in Fig. 3. These theoretical predic- 
tions do not strictly agree with the experimental 
curves, for Equation 20 is based on the above- 
mentioned hypothesis and disregards small factors. 
However, the qualitative o - e  relations of the 
present materials under three kinds of pressure can 
be roughly expressed by Equation 20. 

4.6. Change in uniform-strain limit caused 
by hydrostatic pressure 

In general, changes in the uniform-strain limit of 
normal single-phase metals and alloys due to 
hydrostatic pressure are scarcely observable. The 
great increase in ductility of the present material 
due to pressure is considered to be influenced by 
the change with strain of the volume fraction of 
transformed ~'-phase (Fig. 2). The change in 
uniform-strain limit due to pressure exhibited in 
the present study is considered to be essentially 
the same as transformation-induced plasticity, 
which occurs when the strain-induced transform- 
ing material is deformed between temperatures 
Ms v--'~' and Md. However, in the present experi- 
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Figure 7 Uniform-strain limit against A T. 

ments the experimental temperature was constant 
(288K) but Ms ~-*c~ was changed. Consequently, 
the uniform strain (true strain) is plotted against 
the temperature difference between M~ - ~  
(Table II) and the experimental temperature, as 
shown in Fig. 7. As shown in Fig. 7, the uniform 
strain f u increases against 2xT independently of 
the kind of specimen within the experimental 
pressure range. The relationship between fu and 
AT is expressed by the following equation and is 
shown by the solid line in Fig. 7; 

~u = 1.16 x 10 -1 + 2.67 x 10 -a AT 

-- 7.06 x 10 -6 AT 2 (22) 

Incidentally, the uniform strain of a normal mat- 
erial is given by 

da/de = o (23) 

because the volume of the specimen is constant 
during a tensile test. However, the relationship of 
Equation 23 cannot be used in the present study 
because the material undergoes a volume change 
during the 3' -+ c~' transformation. In addition, in 
the usual transformation-induced plasticity the 
maximum ductility lies midway between Ms v-*c~', 
and Ma, and the ductility decreases near M]  --'~ 
and M d. From this point of view, in Fig. 7, a 
maximum au should be exhibited if AT increases, 
and after this point ~u should decrease with 
increasing ,:1 T. 

5 .  C o n c l u s i o n s  

In general, the mechanical properties of normal 
metallic materials such as yield stress, stress-strain 
curve and uniform strain are scarcely affected by 
hydrostatic pressure. In the present study, however, 
tensile tests of a 17Cr-7Ni-lA1 steel, which was 
a strain-induced transforming material, were car- 
ried out uMer three pressures, (0.1, 300 and 600 
MPa) and the mechanical properties of the mat- 
erial were found to be changed by hydrostatic 
pressure. The main results obtained are as follows: 

1. Three kinds of specimen which had the same 
microstructure but different Values of Ms ~c~ '  
could be made by appropriate heat treatment. 
M~ - ~ '  decreased under pressure for all speci- 
mens. The amount of the decrease was about -- 70 
to -- 100 deg GPa -1. 

2. The volume fraction of c~-martensite (c~'- 
phase) induced by tensile deformation increased 
with strain e, but was suppressed by hydrostatic 
pressure. It could be expressed as a function of 
strain e and the temperature difference 2x T between 
the experimental temperature and Ms ~--'~', which 
was determined by the heat treatment and the 
magnitude of the pressure. 

3. Yield stress increased under hydrostatic pres- 
sure, because under high pressure the transforma- 
tion from austenite (3`-phase) to cd-phase (3' -+ ~' 
transformation) was suppressed, and the amount 
of stress-relaxation due to the expansion of trans- 
formation decreased. The relationship between 
yield stress and hydrostatic pressure was expressed 
by the yield function proposed by Pae [28]. The 
yield surface became a nonlinear cone with a 
pointed apex. 

4. The stress-strain curve was changed consid- 
erably by hydrostatic pressure. As a result of the 
suppression of 3' -+ c~' transformation by high 
pressure, the slope of the stress-strain curve 
became moderate, and the uniform-strain limit 
increased. The remarkable change in the stress- 
strain curve owing to the pressure was correlated 
roughly with the volume fraction of 3'-phase and 
transforming c~'-phase, the strength and the strain 
hardening of both phases, and the stress-relaxation 
by expansion of the 3' -+ ~' phase transformation. 
Taking these factors into consideration, the 
stress-strain curve was expressed by a modified 
identical'-strain model (law of mixture) as a 
quantitative function. 

5. The uniform strain limit, which gave an 
index of the ductility of the specimen, increased 
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with increasing pressure. The increase in uniform- 
strain limit resulted from transformation-induced 
plasticity. In the pressure range of  the present 
experiments, the increase was related to an increase 
in the,temperature difference, 2~T, between the 
M~ --'c~ and the experimental temperature. 

The above-mentioned results were not caused 
by the direct mechanical effect of  hydrostatic 
pressure on the deformation of  the materials. The 
main cause was that M~ --'a decreased at high 
pressures, because the chemical free energy differ- 
ence of the 3' -+ a' transformation was added to 
the mechanical energy term, which was the pro- 
duct of the specific volume change of the trans- 
formation and the pressure. In other words, these 
results were caused by the thermodynamic effect 
of a hydrostatic pressure. 
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