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Abstract—Stress–strain relationships obtained by tensile test below room temperature for an austenitic 25Cr–
19Ni steel were analyzed by using the Kocks–Mecking model to make clear the effects of temperature and
strain rate on flow stress. A temperature range used here is between 77 and 296 K, a strain rate range between
10�9 and 10�2 s�1 and true strain below 0.2, where structure evolution depends on strain but scarcely on
temperature and strain rate. This means that work-hardening rate is almost independent of test temperature
and strain rate in the above ranges. Crosshead-arresting tests were performed to obtain flow stresses at 10�9

s�1 and the results suggested that the athermal stress could hardly be determined from the measurement of
stress relaxation behavior at low temperatures. Flow curves obtained by the above deforming conditions are
successfully described by using the Kocks–Mecking model with minor modifications. That is, we have
claimed that the work-hardening consists of the thermal stress and the athermal stress. It should be noted
that the flow curves for as hot-rolled specimens and for annealed specimens can be well simulated by changing
the athermal stress. 2001 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

The deformation behavior of metals and alloys has
been investigated experimentally and theoretically by
many workers. In modeling to understand the effects
of temperature and strain rate on flow stress, Kocks
[1] has proposed an empirical work-hardening law
from the viewpoint of work-hardening rate (�) versus
stress (s) relation based on thermal activation process
for dislocation density evolution. This work-harden-
ing law has been developed to describes-strain (e)
curves by Mecking and Kocks [2] and Follansbee and
Kocks [3], i.e., the so-called Kocks–Mecking (KM)
model. The KM model has been applied to several
metals and alloys so far, for example, Cu [3], Al [4],
Ni–C alloys [5] and Ti alloys [6–8]. The features of
the KM model include (1) superposition of different
thermal activation barriers for dislocation motion and
(2) evaluation of work-hardening associated with dis-
location accumulation and recovery principally based
on the Voce law [9]. This work-hardening law corre-
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sponds to the stage III of plastic deformation in a
polycrystalline material. We have examined the KM
model and a single barrier activation model [10] for
a Ti–Fe–O alloy and have found that the KM model
is more appropriate to describes–e curves at tem-
peratures between 77 and 296 K and strain rates
between 10�9 and 10�2 s�1 [8]. The application of
the KM model to austenitic steels has not been inves-
tigated yet although Kocks studied work-hardening
behaviour in an 18-8 stainless steel in his earlier paper
[1]. This may be because some austenitic steels are
metastable so that stress-induced martensitic trans-
formation may intrude during deformation. In this
study, tensile tests were performed for a stable aus-
tenitic stainless steel and the application of the KM
model was investigated. As a result, the KM model
is revealed satisfactorily to describes–e relations
obtained by tensile and creep deformations below
room temperature when tensile strain is limited below
0.2. This paper describes the results obtained by ten-
sile test and those by creep test will be reported in
another paper [11].
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2. OUTLINE OF THE KOCKS–MECKING MODEL
EMPLOYED

The KM model has been used with some modifi-
cations depending on a material examined. Here, flow
stress s is described as a function of test temperature
(T), strain rate (ė) and true strain (e) as follows,

s
m

=
ŝa

m
+ sI(ė,T)

ŝI

m0

+ sD(ė,T)
ŝD

m0

(1)

where m is temperature-dependent shear modulus [12]
and m0 the shear modulus at 0 K. The first term of
the right hand side, ŝa, is athermal stress which means
the yield stress at a temperature above the critical
temperature, Tc. Although ŝa, is usually regarded as
a material constant, it is expressed as a function of
strain for the present steel; work-hardening contains
the athermal stress. The second and third terms mean
two different kinds of obstacles for dislocation
motion accompanying relevant thermal activation
mechanisms; the second term refers to yielding, i.e.,
Peierls potential barrier and solid solution hardening,
where the mechanical threshold stress, ŝI, is lowered
with thermal activation by factor sI (ė,T); in the third
term ŝD, is a threshold stress to overcome a barrier
caused by dislocation–dislocation interactions, which
is also decreased by sD (ė, T). To be noted here is
that ŝD is increased during deformation by increasing
of dislocation density that depends on temperature
and strain rate because dynamic recovery takes place.

The following equations are frequently used for sI(
ė, T) and sD (ė, T), respectively [3],

sI(ė,T) = �1�� kT
g0Imb3ln

ė0I

ė �
1
qI� 1

PI (2)

sD(ė,T) = �1�� kT
g0Dmb3ln

ė0D

ė �
1

qD� 1
pD (3)

where g0, ė0, q and p are constants and their suffixes
I and D refer to yielding and work-hardening, respect-
ively. The threshold stress ŝD increases with strain as
the dislocation substructure evolves due to dislocation
accumulation and annihilation, which is connected
with the work-hardening law proposed by Kocks [1],

ŝD = ŝDs�1�exp���0e
ŝDs

�� (4)

Here, �0 means the stage II work-hardening rate and
ŝDs, the saturation stress of ŝD at an arbitrary tem-
perature and strain rate. Thus, ŝDs is associated with
the saturated dislocation substructure obtained by
extremely heavy plastic deformation and hence

dependent on deformation condition, which cannot
appear in tensile deformation because necking starts
before reaching such a situation. Equation (4) is
derived from the following Voce law [9],

� =
dŝD

de
= �0�1�

ŝD

ŝDs
� (5)

where � means actually observed work-hardening
rate at an arbitrary temperature and a strain rate,
which decreases linearly with increasing of stress in
the stage III deformation [1]. As was found in [1],
equation (5) has frequently been examined by using
the measured s instead of ŝD whose ratio is given by
sD (ė,T).

As mentioned above, ŝDs is dependent on defor-
mation temperature and strain rate because dynamic
recovery is controlled by thermal activation process
[3]. We should be careful about the difference
between ŝDs, and actually obtained saturated stress at
an arbitrary deformation condition, sDs. That is, the
saturated dislocation structure shows sDs at a given
deformation temperature and strain rate by which
condition it was evolved, but would show ŝDs if it
were tested at 0 K without any help of thermal acti-
vation for dislocation motion. Influence of testing
condition on ŝDs has been investigated and given by
Kocks [1] as follows:

ln
ŝDs

m
= ln
ŝDs0

m0

�
kT

g0Dmb3ln
ė0
ė

(6)

where k is Boltzmann constant, ė0 material constant
and sDs0 the imaginary saturated stress if deformation
were given at 0 K. The work-hardening law at arbi-
trary temperature and strain rate is given by combin-
ing equations (5) and (6),

� = �0�1�
ŝDs

ŝDs0

·
m0

m �ė0ė �kT/g0Dmb3� (7)

3. EXPERIMENTAL PROCEDURES

Table 1 lists the chemical compositions of an aus-
tenitic 25Cr–19Ni steel (JIS-SUS310S) used in this
study. Some of as received, i.e., commercial plates
were annealed at 1373 K for 1.8 ks. Tensile test speci-
mens with a gauge diameter of 3.5 mm and a gauge
length of 25 mm were prepared from the as-received
plates (material R) and the annealed plates (material
A). Figure 1 shows optical and transmission electron
micrographs of these two plates. As seen in (c), dislo-
cation substructure evolved during hot-rolling
remained in material R. Austenite grain size measured
by the ASTM method is 64.5 µm for material R and
91.3 µm for material A. Tensile tests with strain rates
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Table 1. Chemical composition of an austenitic 25Cr–19Ni steel used (mass%)

C Si Mn P S Ni Cr N

0.04 0.72 1.08 0.024 0.002 19.01 24.93 0.039

Fig. 1. Optical micrograghs (OM) and a transmission electron
microgragh materials A and R: (a) A, OM, (b) R, OM and (c)

R, TEM.

between 10�5 and 10�2 s�1 were performed at 77 K
(in liquid nitrogen), 210±1 K (in methanol) and 296
K (in air) by using a gear-driven type Instron
machine. An extensometer with a gauge length of 20
mm was capable of measuring displacement up to 5
mm, i.e., nominal strain of 0.25. In the crosshead-
arresting test [13], changes in load and displacement
were recorded while crosshead was arrested at several

strains from 0.05 to 0.1 at 77, 210 and 296 K. The
methods of these tests are identical with our previous
study for a Ti–Fe–O alloy [13]. Discs with approxi-
mately 600 µm in thickness for transmission electron
microscopy (TEM) were taken from the tensile test
specimens by using a low speed saw in such a way
that their flat plane was perpendicular to the tensile
direction. After mechanical polishing with #1200
emery paper, TEM foils were prepared by electrical
jet-polishing at 283 K in a solution of 10% acetic
and 90% methanol. Microstructures were observed by
using JEOL 2000FX operated at 200 kV.

4. RESULTS AND DISCUSSIONS

4.1. Flow curves obtained by the conventional tensile
tests at various temperatures and strain rates

Figure 2 presents true stress (s)–true strain (e)
curves for material A at 296, 210 and 77 K. They are
dependent of test temperature and strain rate. To be
noted here is that all the curves are almost parallel
with respect to s. Figure 3 shows (s–e) curves with
an initial strain rate of 3.3×10�4 s�1 at 296 and 77 K
for material R. The flow stress for material R is higher
than that for material A. As seen, the flow curves are
nearly parallel from each other for material R, too.
These parallel shifts suggest that the influences of test
temperature and strain rate on substructure evolution
are negligible. That is, the influence of dynamic
recovery during deformation is postulated to be
almost the same within the deformation conditions
employed here. If it is true, deformation substructure
evolution must be similar even when either test tem-
perature and/or strain rate are changed.

The microstructures of specimens after tensile
deformation were observed by TEM. Figure 4 shows
TEM microstructures for material R deformed at 296
and 77 K. When a specimen was deformed at 296 K,
planar dislocations were observed as shown in (a). At
77 K, similar substructure was evolved until the ten-
sile strain of 0.1 as is shown in (b). Figure 4(c) how-
ever reveals that deformation twinning was intruded
at a higher strain at 77 K. Consequently, the substruc-
ture evolution is found to be dependent on tempera-
ture when observed in a wide strain range. But, it is
almost similar when we limit our discussion within a
small strain range, for instance, below 0.2. In fact,
when we carefully examine the flow curves in Figs.
2 and 3, we can find the parallel shift from 296 to 77
K is lost at higher strains. This deviation must be
caused by the intrusion of deformation twinning at
77 K.
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Fig. 2. True stress–true strain curves with strain rates for the material A: (a) at 296 K, (b) at 210 K, and (c)
at 77 K.

Fig. 3. True stress–true strain curves obtained with strain rate
of 3.3×10�4 s�1 at 296, 210 and 77 K for the material R, in
which the detectable limits of stress and strain obtained by the

crosshead-arresting test were plotted.

4.2. Flow stress obtained by the crosshead-arrest-
ing test

The crosshead-arresting test [13] is a kind of stress
relaxation test, by which stress at a very low strain
rate can be measured. The realistic minimum strain
rate was considered to be nearly 10�9 s�1 in our pre-

vious study [8]. By using a stress relaxation test,
Gupta and Li [14] have determined “ internal stress”
which is equivalent with “athermal stress” in this
paper.

Figure 5 shows stress–strain relationships obtained
by the crosshead-arresting test and the conventional
tensile test at 77 and 296 K. When the crosshead was
temporarily stopped and kept at a fixed position, no
detectable change either in load or in displacement
was observed within 50 ks after holding for 360 ks
as shown in Fig. 6, at which the strain rate was esti-
mated below 10�9 s�1. When the test was re-started
after such arresting, flow stress showed a good coinci-
dence with the flow curve obtained by the conven-
tional continuous tensile test (see Fig. 5). This must
indicate that the microstructure evolution during ten-
sile deformation is scarcely influenced by strain rate.

If no change in stress was observed after a suf-
ficient time for stress relaxation due to thermal acti-
vation, the applied stress should show the athermal
stress which must be independent of test temperature.
But as is found in Fig. 6, a large discrepancy exists
between the stresses at different test temperatures
after the holding of 360 ks. This result suggests
strongly that the athermal stress cannot be determined
from stress relaxation test for the present steel. The
temperature dependence of flow stress at 10�9 s�1

was re-plotted in an inserted figure in Fig. 2. It is
clear the flow stress at 10�9 s�1 depends on test tem-
perature so that the stress–strain relationships
obtained by the crosshead-arresting test are revealed
to contain the thermal stress. Consequently, experi-
mental data at higher temperatures must be needed
to determine the athermal stress hence the crosshead-
arresting test cannot provide the athermal stress for
the present steel. Nevertheless, the stress–strain
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Fig. 4. TEM micrograghs for the material R after tensile deformation: (a) deformed by 20 % at 296 K, (b)
deformed by 10 % at 77 K (b) and (c) deformed by 20 % at 77 K.

Fig. 5. True stress–true strain relationships obtained by the
crosshead-arresting test and the conventional tensile test for the

material A at 296 and 77 K.

relationships at the strain rate of 10�9 s�1 are of use
to determine the several parameters in the KM model
as will be discussed later.

4.3. Application of the KM model

By putting T = 0 K in equation (1), the mechanical
threshold stress is given by the following three stress-
es:

ŝ = ŝa + ŝI + ŝD (8)

Here, the thermal stress is separated into two compo-
nents, i.e., yielding (mainly dislocation–interstitials
interactions in this steel), ŝI, and work-hardening

Fig. 6. Change in load (a), displacement (b) and true stress at
the crosshead-arresting test for the material A at e�0.1 to com-

pare with athermal stress.
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(dislocation–dislocation interaction), ŝD that depends
on strain.

The ŝI and ŝD are influenced by the values of p
and q as discussed by Follansbee and Kocks [3]. Ono
[15] has examined eight potentials associated with
various theoretical models which give different p and
q. As a result, he concluded that a pair of p = 0.5 and
q = 1.5 is the most appropriate to figure the observed
s–T relationship and that it is difficult to clarify
which hardening theory is correct from comparison
with measured results. The pair of p = 0.5 and
q = 1.5 was thereby chosen in the present analysis
commonly for ŝI and ŝD.

As mentioned above, the stress–relaxation tests
below room temperature are considered of no use to
determine ŝa, in the present steel. Ogawa et al. [10]
have utilized the following Larson–Miller parameter
(x) [16] to determine ŝa for various Ti alloys.

x = T(lnė0�lnė) (9)

where ln(ė0) was assumed to be 20 as will be
explained later. Although Ogawa et al. had estimated
ŝa from a L-M parameter at 15,000, we used 20,000
taking several experimental results into consideration
[8]. Figure 7 shows flow stresses at several strains as
a function of x for material A. As is apparently seen,
the extrapolations of these flow stresses toward high
temperature do not coincide even at x = 20,000, being
different from the case of the Ti alloy [8]. This means
that ŝa increases with strain although it was given as

Fig. 7. Flow stress at several strains as a function of the Lar-
son–Miller parameter (x) for the material A.

a material constant for several alloys, for instance, in
Cu [3] and Ti–Fe–O alloy [8]. In the present analysis,
ŝa was expressed by

ŝa = 110 + 1300e MPa (10)

for material A, while

ŝa = 150 + 1300e MPa (11)

for material R from fitting of extrapolated experi-
mental data. It should be noted that the difference in
ŝa for these two materials is 40 MPa being inde-
pendent of strain. As usual, the work-hardening con-
tributes to increasing the thermal stress in the KM
model [3, 6, 8], but the work-hardening in the present
steel is believed to consist of the thermal stress and
the athermal stress. Such a difference may stem from
the planar dislocation substructure due to low stack-
ing fault energy in the present steel (see Fig. 4).

The values of ė0I and ė0D are associated with the
maximum dislocation velocity. Here, according to
Sleeswyk’s analysis [17], we put ė0I = ė0D = 108 s�1,
thereby ln(ė0) = 18.4 (approximately 20).

In order to evaluate the ŝI, plots of (s–ŝa) as a
function of temperature and strain rate like Fig. 8 are
utilized. The ŝI was determined from the intersection
of the fitting line for experimental data with the verti-
cal axis (T = 0 K), while the value of g0I was obtained
from the slope of the fitting line. The obtained values

Fig. 8. Variation of the yield stress with test temperature and
strain rate for the material A. The results are plotted by using

equations (1) and (2).
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Fig. 9. Variation of the flow stress at several strains with test
temperature and strain rate for the material A. The results are

plotted by using equations (1) and (3).

for material A are, ŝI = 680 MPa and g0I = 0.17.
When we made similar plots for material R, we
obtained almost the same results so that these values
were commonly used in materials A and R.

The parameters which appear in equations (3) and
(4) can be determined by using equations (5)–(7). Fig-
ure 9 shows sD( = s�ŝa�s(T,ė)ŝI) at several strains
as a function of temperature and strain rate. The slope
of the plots provides the value of g0D and then we
obtained g0D = 0.26.

Figure 10(a) shows (dsD/de) versus sD relation-
ships at 77, 210 and 296 K. In this case, the athermal
stress contributed the work-hardening as seen in
equations (10) and (11) so that the work-hardening

Fig. 10. (a) Work-hardening rate for the dislocation–dislocation indication (dsD/de = �) as a function of on
for the materials A and R at 296, 210 and 77 K. (b) Variation of measured saturation stress as a function of

temperature and strain rate.

Table 2. Shear modulus used for the calculations [12]

Temperature (K) m (GPa)

0 93.2
77 90.8
210 84.7
243 83.3
296 81.2

rate minus (dsa/de) must be used to analyze the work-
hardening for sD. At the beginning of deformation,
(dsD/de) shows an extremely high value associated
with grain to grain yielding (the stage I and II). After
that, a linear relation is observed for each deformation
condition indicating that equation (5) holds. The
(dsD/de) at sD = 0 of the relevant linear fitting has
been considered to show the so-called stage II harden-
ing rate �0 [1]. Thus, we obtained �0 = 1600 MPa.
The saturation stress at 0 K, sDs0, is found from the
plotting based on equation (6) as shown in Fig. 10(b).
As a result, we obtained sDs = 840 MPa.

All the parameters of the KM model obtained for
materials A and R are tabulated in Tables 2 and 3.
Using these parameters, we computed flow curves at
various test temperatures and strain rates. Some

Table 3. The parameters in the Kocks-Mecking model for the austenitic
25Cr–19Ni steel

Parameter Value

sa A (as-annealed) R (as-rolled)
110+1300e (MPa) 150+1300e (MPa)

g0I 0.17
pI 0.5
qI 1.5
ŝI 680 (MPa)
g0D 0.26
pD 0.5
qD 1.5
ŝDs 840 (MPa)
�0 1600 (MPa)
ė0I 108

ė0D 108
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Fig. 11. Comparisons between the calculated stress–strain
curves by the KM model and the measured ones at 77 and 296

K for the materials A (a) and R (b).

examples at 77 and 296 K are shown in Fig. 11. As
seen s–e curves calculated by the KM model show
good agreements with the measured ones for
materials A and R. In consequence, the KM model
was found satisfactorily to describe the measured s–
e curves in the present steel. The flow curves for
materials A and R can be simulated only by changing
the athermal stress [equations (10) and (11)]. When
we have computed a flow curve at the strain rate of
103 s�1, the prediction showed reasonably good
agreement with a curve measured by means of the
Hopkinson bar method [18].

4.4. Discussions on related deformation behavior

4.4.1. Change of strain rate during tensile defor-
mation. Flow curves at low strain rates were calcu-
lated by using the KM model so as to compare them
with the measured curves obtained by the crosshead-
arresting test. Figure 12 shows the results at 77 and
296 K for materials A and R where the athermal
stresses were also drawn. As seen, the measured
curves are consistent with the calculated curves at the
strain rate of approximately 10�9 s�1. Moreover, the

Fig. 12. Comparison between true stress–true strain relation-
ships obtained by the conventional tensile test at 77 and 296
K and the test temperature change test for the material A: (a)

test T1 and (b) test T2.

measured curves are found much higher than the
athermal stress.

As described above, the flow curves obtained at
various conditions of test temperature and strain rate
were nearly parallel below e = 0.2, including the
curves at 10�9 s�1. When strain rate was changed dur-
ing deformation like the crosshead-arresting test, the
flow stresses before and after the strain rate change
coincides with the flow curves obtained by the rel-
evant constant strain rate tests. This means the evol-
ution of dislocations structure is not influenced by
strain rate within the examined strain rate range. In
some fcc metals like Al and Cu, flow stresses with
different strain rates have been reported to show the
Cottrell-Stokes law in which a ratio of (s1(e)/s2(e))
is constant being independent of e [19]. However, the
flow curves with different strain rates are nearly par-
allel in the present steel. This is a big difference
between this steel and previously reported Cu and Al.
Then, a question may arise what will happen if test
temperature is changed during deformation. This
point is discussed in the next section.

4.4.2. Change of test temperature during tensile
deformation. Concerning test temperature change
during tensile deformation, two kinds of tests, T1 and
T2, were carried out. In test T1, tensile deformation
was stopped at e�0.1. Temperature was then changed
from 77 to 296 K or vice versa after unloading and
finally reloaded to continue tensile test at the second
temperature. In test T2, the crosshead was arrested
for 360 ks at e�0.1 at the first temperature and the
following procedure was the same with test T1. The
results were summarized in Fig. 13. In all cases, the
flow stress at the second straining shows a good
agreement with the stress obtained by the constant
temperature tensile test at 77 or 296 K. The flow
stress is therefore independent of deformation history
so that the effect of temperature on the structure evol-
ution is found to be of negligible order below

Fig. 13. Comparisons between the calculated stress–strain
curves by the KM model at 77 and 296 K and the measured
detectable limits obtained by the crosshead-arresting test for
the materials A (a) and R (b). The athermal stress is described

to compare with the detectable limits in each figure.
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e�0.2. These results could be simulated well by the
KM model. In most fcc alloys, the structure evolution
is dependent on test temperature (better to say,
“deformation history” ) even at small strains [20–22]
so that such an agreement has not been observed. In
the case of Al, for example, the flow stress at a lower
testing temperature (the second temperature) after the
first straining at a higher temperature becomes smaller
than that obtained by the constant lower temperature
test. In order to consider such cases in the modeling,
a more detail investigation by Follansbee and Kocks
[3] must be applied.

4.4.3. Features of work-hardening of the present
steel. From the discussions in sections 4.4.1 and
4.4.2, the present steel seems to exhibit characteristic
work-hardening behavior. To obtain more insights on
this point, (ds/de) versus e plotting was made and the
result was shown in Fig. 14. It is interesting that all
points gather along one curve indicating that the
influences of temperature, strain rate and material
condition (materials A and R) were of negligible
order. The TEM observations for the deformed speci-
mens showed that the planar dislocations structure
was evolved (see Fig. 4). This result suggests that the
stacking fault energy of the present steel must be rela-
tively low and hence the cross-slip is not easy to
occur resulting in little influence of testing condition
on work-hardening rate below approximately e�0.2.
If we enlarge the discussion to higher strains and/or
higher temperatures, this conclusion must no longer
hold. Such a deviation is found at higher strains at
77 K where the intrusion of twining increases work-
hardening (see Figs 1 and 2).

Fig. 14. Work-hardening rate (ds/de) as a function of true
strain (e) for the materials A and R at 77 and 296 K.

5. CONCLUSIONS

The effects of temperature and strain rate on the
true stress (s)-true strain (e) relationship for hot-
rolled (R) and annealed (A) conditions of an aus-
tehitic 25Cr–19Ni steel were studied by experiments
and theoretical calculations. The main results
obtained are the following.

1. The s–e curves measured at 77, 210 and 296 K
with strain rates between 10�9 and 10�2 s�1 were
almost parallel with respect to s approximately
below e = 0.2.

2. According to TEM observations, microstructure
evolution with tensile deformation below e = 0.2
was hardly influenced by test temperature and
strain rate. In the present deformation conditions,
planar dislocations structure was evolved and
deformation twining was intruded at 77 K at
higher strains where the flow curve deviated from
the parallel shift.

3. The crosshead-arresting test was found to provide
the flow curve at the strain rate of 10�9 s�1 that
was apparently dependent on test temperature. The
athermal stress is much lower than the flow curve
at 10�9 s�1 and is difficult to estimate from the
stress relaxation behavior below room tempera-
ture.

4. To apply the Kocks–Mecking (KM) model to
material A, the athermal stress was expressed as
a function of strain, i.e., work-hardening contained
athermal stress. The KM model is successfully
applied to the flow curves at various test tempera-
tures and strain rates examined below e�0.2, in
which the flow stress at 10�9 s�1 was reasonably
explained. The model was applicable to materials
A and R only by changing the athermal stress.

5. Being different from the previous reports on fcc
metals, the work-hardening of the present steel
below e = 0.2 for the present testing conditions
was hardly influenced by temperature and strain
rate. This must be attributed to the planar con-
figuration of dislocations due to low stacking
fault energy.
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