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Room temperature tensile tests have been conducted at different strain rates ranging from
2 9 10�6 to 1 9 10�2/s on hydrogen-free and hydrogen-charged 304 stainless steel (SS). Using a
ferritescope and neutron diffraction, the amount of strain-induced martensite (SIM) has been
in situ measured at the center region of the gage section of the tensile specimens or ex situ
measured on the fractured tensile specimens. The ductility, tensile stress, hardness, and the
amount of SIM increase with decreasing strain rate in hydrogen-free 304 SS and decrease in
hydrogen-charged one. Specifically, SIM that forms during tensile tests is beneficial in increasing
the ductility, strain hardening, and tensile stress of 304 SS, irrespective of the presence of
hydrogen. A correlation of the tensile properties of hydrogen-free and hydrogen-charged 304 SS
and the amount of SIM shows that hydrogen suppresses the formation of SIM in
hydrogen-charged 304 SS, leading to a ductility loss and localized brittle fracture. Consequently,
we demonstrate that hydrogen embrittlement of 304 SS is related to hydrogen-suppressed
formation of SIM, corresponding to the disordered phase, according to our proposition.
Compelling evidence is provided by the observations of the increased lattice expansion of
martensite with decreasing strain rate in hydrogen-free 304 SS and its lattice contraction in
hydrogen-charged one.
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I. INTRODUCTION

IT is well known that bcc martensite is formed in
austenitic stainless steels from austenite by plastic
deformation, which is termed herein SIM, and that
SIM is beneficial in increasing the ductility of austenitic
stainless steels, which is a principle of transforma-
tion-induced plasticity (TRIP) steel.[1–4] Considering
that the bcc martensite is larger in volume than the fcc
austenite phase, however, the driving force for nucle-
ation of bcc martensite with a larger volume in fcc
austenite remains unclear for around half a century
despite the hypotheses proposed by Olson and Cohen[5]

and Bogers and Burgers.[6] Besides, it also remains
unresolved why SIM increases the ductility and the
content of SIM produced during plastic deformation
strongly depends upon strain rate and temperature. It
has been observed that SIM is formed only at temper-
atures below the Md and the higher content of SIM is
generated at the lower strain rate. In association with
the role of SIM in hydrogen embrittlement (HE) of
austenitic stainless steels, there is also a controversy. The

first school claims that SIM is detrimental to HE
because it acts as a hydrogen path, leading to accumu-
lation of hydrogen at the grain boundary and enhancing
HE susceptibility.[7–9] However, Vennett and Ansell[10]

observed that exposing a 304 SS with pre-formed
martensite to high-pressure hydrogen gas showed no
loss in tensile properties upon tensile tests in air,
indicating that merely exposing a martensitic or partially
martensitic steel to high-pressure hydrogen resulted in
no damage. In fact, the tensile properties of austenitic
steels are affected not only by SIM formed during tensile
tests but also by pre-formed martensite, but the former
is beneficial in increasing ductility and the latter is
harmful. The second school[11,12] suggests that there is
no effect of hydrogen on SIM formation only if the
amount of SIM formed in austenitic stainless steels with
and without charged hydrogen is compared at the same
plastic strain during tensile deformation. In other words,
they believe that the less content of SIM formed in
hydrogen-charged austenitic steels is caused not by the
hydrogen effect but by the decreased plastic strain
arising from a ductility loss by hydrogen. The weakness
of the latter is that there are no feasible explanations
about the ductility loss by hydrogen, the beneficial role
of SIM in increasing the ductility of TRIP steels,
and a decrease in the yield and tensile stresses by
hydrogen, which is called hydrogen softening. In con-
trast, Shyvaniuk[13] and Mine[14] showed that SIM was
suppressed in hydrogen-charged 304 and 316L SS even
at the same plastic strain than in hydrogen-free ones and
a reverse transformation from SIM to austenite was

YOUNG SUK KIM and SUNG SOO KIM, Principal Researchers,
are with the Korea Atomic Energy Research Institute, Daeduk-daero
1045, Yuseong, Daejeon 305-353, Republic of Korea. Contact e-mail:
yskim1@kaeri.re.kr SANG HWAN BAK, Graduate Student, for-
merly with the Korea Atomic Energy Research Institute, is now with
Sungkyunkwan University, Suwon, Republic of Korea.

Manuscript submitted May 9, 2015.
Article published online October 20, 2015

222—VOLUME 47A, JANUARY 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-015-3198-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-015-3198-4&amp;domain=pdf


enhanced when the strained 304 SS to 45 pct was
exposed to hydrogen gas of 100 MPa at 543 K (270 �C)
but not when it was exposed to vacuum at 573 K
(300 �C), evidently indicating that hydrogen accelerated
a reversion transformation from SIM to austenite.
Consequently, the role of hydrogen in SIM formation
in austenitic stainless steels remains in dispute.

In this work, we demonstrate that the ductility of
austenitic stainless steels is related to the amount of
SIM generated during plastic deformation irrespective
of the presence or absence of hydrogen and that the
hydrogen effect is to suppress SIM formation which
takes place during plastic deformation, leading to
losses in ductility, yield stress and tensile stress, and
localized deformation. Specifically, we will show that
hydrogen embrittlement in austenitic stainless steels is
related to hydrogen-suppressed formation of SIM.
Considering that SIM is defined as the bcc phase
detected by a ferritescope and neutron diffraction, SIM
corresponds to the ferrite phase. To this end, RT
tensile tests were conducted on hydrogen-charged and
hydrogen-free 304 SS at different strain rates from
2 9 10�6 to 1 9 10�2/s.

II. EXPERIMENTAL PROCEDURES

The specimen used was as-received (AS) 304 SS plate
that was lightly cold-worked according to the measured
hardness and microstructural observation. The chemical
composition is shown in Table I. Hydrogen charging
was carried out using an electrolytic charging method
using a 0.5 N H2SO4 solution containing 0.25 g/L
NaAsO2 at 353 K (80 �C) with a current density of
500 A/m2 applied for 20 hours. The content of hydro-
gen charged into the 304 SS was analyzed with a LECO
RH-404 analyzer using five different samples. The mean
hydrogen content charged in the 304 SS was 51 ± 5 ppm
just after hydrogen charging. As soon as hydrogen
charging was finished, tensile tests were conducted
immediately on the hydrogen-charged 304 SS specimens
and later on the hydrogen-free 304 SS samples. To check
if martensite is formed during hydrogen charging in 304
SS specimens, the amount of martensite in hydro-
gen-charged specimens was measured using a ferritescope
(Feritscope�-MP30), confirming no martensite formation
during hydrogen charging. The amount of SIM was
determined by the ferritescope and neutron diffraction.
After the ferritescope was calibrated against the five
standard samples with the ferrite content ranging from
0.51 to 63.4 pct, the amount of martensite was ex situ
measured at five different locations at a distance starting
from less than 1 mm from the fracture surfaces or in situ
measured at the center and its periphery of the gage
section of the tensile specimens during tensile

deformation as a function of strain. For the latter, the
amount of SIM was measured three times at the time
interval of either 5-10 seconds at the strain rate of
2 9 10�2/s or 2-2.5 hours at the slowest strain rate of
2 9 10�6/s, from which the average value was determined
to represent the amount of SIM. Furthermore, using
neutron diffraction patterns obtained by a neutron
diffractometer at Hanaro, the Korea Atomic Energy
Research Institute, the amount of martensite was also
determined as the relative ratio of the integral intensity of
the (110) ferrite peak over the sum of the integral
intensities of the (111) austenite and (110) ferrite peaks.
The values determined by neutron diffraction were
always higher than those determined by the ferritescope,
but both measurements showed the same strain-rate
dependence of the amount of SIM. RT tensile tests were
conducted at strain rates varying from 2 9 10�6 to
1 9 10�2/s on duplicate samples of hydrogen-free and
hydrogen-charged 304 SS except at the slowest strain rate
of 2 9 10�6/s, where a single specimen was used. The
tensile properties of 304 SS were taken as the average of
two measured values. The 304 SS tensile specimens were
rod shaped with a diameter of 4 mm and a gage length of
25.4 mm. Changes in the lattice parameters of austenite
and martensite in 304 SS during RT tensile tests were
determined using neutron diffraction by a change in
the peak positions, and their confidence level was
Dd/d @ 0.004 pct.

III. RESULTS

The tensile properties of 304 SS strongly depended on
strain rate and charged hydrogen. As shown in Figure 1,
hydrogen-free 304 SS exhibited a significant increase in
tensile stress and ductility and a slight decrease in yield
stress with decreasing strain rate. This strain-rate
dependence of the tensile properties of hydrogen-free
304 SS agrees perfectly with the previous observations in
301 SS,[15–17] Fe-Ni-C,[18,19] and 304 or 304L SS.[20–25] In
hydrogen-charged 304 SS, however, hydrogen had little
effect on the yield stress except at the slowest strain rate
of 2 9 10�6/s leading to a very slight decrease in the
yield stress but a significant decrease in tensile stress and
ductility at all strain rates. However, the loss in tensile
stress and ductility by hydrogen in hydrogen-charged
304 SS showed a strong strain-rate dependence
(Figures 1a and b). In other words, the largest loss in
tensile stress and ductility by hydrogen occurred at the
slowest strain rate of 2 9 10�6/s. This hydrogen soften-
ing corresponding to a decrease in the flow stress by
hydrogen has also been observed in 316L SS,[26]

iron,[27,28] and mild steels.[29] Figure 2 shows the fracture
surfaces of hydrogen-free and hydrogen-charged 304 SS
after RT tensile tests. The dominant fracture mode of

Table I. Chemical Composition of 304 Stainless Steel

Composition Cr Ni Mo C Si Mn P S N Co Cu Fe

304 SS 18.17 8.03 0.11 0.043 0.46 1.04 0.001 0.04 0.047 0.12 0.18 bal

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 47A, JANUARY 2016—223



the former was uniformly ductile fracture with fine
dimples whose size seems to change little with decreasing
strain rate, as shown in Figure 2(a). The fracture mode of
the latter changed significantly with decreasing strain
rate, i.e., it showed uniformly ductile fracture with fine
dimples at 2 9 10�2/s but localized brittle fracture of
rectilinear shape parallel to each other at slower strain
rates below 2 9 10�2/s (Figures 2b and c). Thus, it is
evident that hydrogen promoted localized brittle fracture
in hydrogen-charged 304 SS, which became more striking
with decreasing strain rate, and that the slower the strain
rate, the larger the difference in the fracture mode
between the hydrogen-free and hydrogen-charged 304 SS.

To show the strain-rate dependence of SIM formation
during the tensile tests, the amount of SIM was
determined in hydrogen-free and hydrogen-charged
304 SS deformed at different strain rates by neutron
diffraction and a ferritescope. As shown in Figure 3, the
amount of SIM increased with decreasing strain rate in
hydrogen-free 304 SS but decreased in the hydro-
gen-charged one. Note that although the amount of
SIM determined by neutron diffraction was 2 to 3 times
higher than that by the ferritescope in hydrogen-free and
hydrogen-charged 304 SS, respectively, the strain-rate
dependences of the amount of SIM formed in

hydrogen-free and hydrogen-charged 304 SS were
observed to be similar, irrespective of whether the
amount of SIM was determined by neutron diffraction
or the ferritescope. Talonen[20,21] also used a correction
factor of 1.7 multiplied to the ferritescope reading to
calculate the actual martensite content, which was
obtained by comparing X-ray diffraction results and
those by the ferritescope. Surprisingly, the amount of
SIM formed in 304 SS at 3 9 10�4/s, which was
determined by Talonen,[20] was 66-67 pct, which agrees
perfectly with that at 2 9 10�4/s, corresponding to
68 pct, when determined by neutron diffraction, as
shown in Figure 3 and Table II.
The increased amount of SIM with decreasing strain

rate in hydrogen-free 304 SS coincides perfectly with the
previous observations.[15–25] However, the amount of
SIM formed upon tensile tests was lower in the
hydrogen-charged 304 SS than in the hydrogen-free
one, independent of the strain rate, as shown in
Figure 3. This observation indicates that hydrogen
suppressed SIM formation in 304 SS during the tensile
tests. This hydrogen-suppressed formation of SIM has
also been observed in Type 304 SS with pre-charged
hydrogen during tensile tests at RT[13] or during
high-pressure torsion,[14] in 301 SS tensile tested in 108
kPa H2 gas,[9] in 316 SS deformed in a hydrogen gas
environment,[30] in 301/302 SS after fatigue tests in 1 atm
H2 gas,[31] and in austenitic stainless steels during
cathodic hydrogen charging.[32] The most significant
decrease in the amount of SIM by hydrogen occurred at
the slowest strain rate of 2 9 10�6/s. Considering the
hypothesis of the second school that hydrogen has no
effect of the amount of SIM, in situ measurements of
SIM were conducted in hydrogen-charged and hydro-
gen-free 304 SS during tensile tests at different strain
rates ranging from 2 9 10�6 to 2 9 10�2/s using a
ferritescope. As shown in Figure 4, the amount of SIM
formed in 304 SS during tensile tests was observed to be
dictated by strain rate and hydrogen: the lesser amount
of SIM was formed in hydrogen-charged 304 SS than in
hydrogen-free one, irrespective of the magnitudes of
strain and strain rate. In other words, hydrogen sup-
pressed SIM formation in 304 SS even at the same
plastic strain. Furthermore, hydrogen-suppressed for-
mation of SIM was significantly enhanced at the lowest
strain rate of 2 9 10�6/s when compared to that at the
higher strain rate of 2 9 10�2/s. Note that the observa-
tions of Figure 4 excellently agree with those of Shyva-
niuk[13] and Mine[14] that the less amount of martensite
was formed in hydrogen-charged 304 and 316L SS when
compared to that in hydrogen-free ones, irrespective of
the magnitude of strain.
To show a correlation between the amount of SIM

and the tensile properties of 304 SS, the ductility, strain
hardening, and tensile stress of hydrogen-free and
hydrogen-charged 304 SS were described as a function
of the amount of SIM, as shown in Figure 5. Note that
the strain hardening shown in Figure 5 is denoted as the
ratio of a stress increment from the yield stress to the
tensile stress over the yield stress or (TS-YS)/YS where
TS and YS are the tensile and yield stresses of 304 SS,
respectively. All tensile properties of hydrogen-free and

Fig. 1—Strain-rate dependence of room-temperature tensile proper-
ties of hydrogen-free and hydrogen-charged 304 SS: (a) yield and
tensile stresses and (b) ductility.
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hydrogen-charged 304 SS showed a strong dependence
on the amount of SIM formed during the tensile tests:
the ductility, strain hardening (Figure 5a), and tensile
stress (Figure 5b) increased linearly with the amount of
SIM independent of the presence of hydrogen. Specif-
ically, SIM was beneficial in increasing the ductility,
strain hardening, and tensile stress of 304 SS indepen-
dent of the presence of hydrogen, which is consistent
with the so-called TRIP effect in which SIM

transformation leads to an increase in ductility and
tensile stress.[2–4,18–25,33,34] Given these correlations of
Figure 5 and hydrogen-suppressed formation of SIM
shown in Figures 3 and 4, it is evident that the lower
ductility, strain hardening, and tensile stress of hydro-
gen-charged 304 SS are related to the decreased
amount of SIM formation during the tensile tests in
the presence of hydrogen. In other words, hydro-
gen-suppressed SIM formation is the origin of the loss
in ductility, strain hardening, and tensile stresses, i.e.,
hydrogen softening in hydrogen-charged 304 SS. In
short, we demonstrate that hydrogen embrittlement
and softening of 304 SS are related to hydrogen-sup-
pressed SIM formation.
To show if a change in the lattice parameters of

hydrogen-free and hydrogen-charged 304 SS occurred
during the RT tensile tests, the d-spacing of austenite
and martensite was determined as a function of strain
rate, using neutron diffraction. Note that the percent
variation in the d-spacing is termed a fractional change
in the peak positions of the austenite (111) and
martensite (110) planes before and after the tensile tests.
Especially, for hydrogen-charged 304 SS, the lattice
parameters of the austenite (111) and martensite (110)
before and after tensile tests were determined from the
grip parts and the gage sections, respectively, of the
tensile specimens after tensile tests. As shown in
Figure 6(a), the d-spacing of the martensite (110)
formed in the hydrogen-free 304 SS increased with
decreasing strain rate, indicating that the martensite

Fig. 2—Fracture surfaces of (a) hydrogen-free and (b) hydrogen-charged 304 SS with strain rate. (c) Lower magnification photos of (b) deformed
at 2 9 10�4 and 2 9 10�6/s, showing localized rectilinear fracture.

Fig. 3—The amount of strain-induced martensite with strain rate
formed during tensile tests in hydrogen-free and hydrogen-charged
304 SS determined primarily by a ferritescope (FS) and neutron
diffraction (ND).
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showed a lattice expansion during the tensile tests and
the magnitude of the lattice expansion increased with
decreasing strain rate. In contrast, the d-spacing of the
austenite (111) plane in the hydrogen-free 304 SS was
decreased slightly with decreasing strain rate, revealing
that a little lattice contraction occurred in the austenite.
The increased lattice expansion of martensite and lattice
contraction of austenite with decreasing strain rate
shown in Figure 6(a) agree perfectly with the observa-
tions of Tao[33] and Oliver[35] that austenite and

martensite in TRIP steels showed lattice contraction
and expansion, respectively, upon RT tensile tests the
degree of which increased with increasing martensite
volume fraction. In the hydrogen-charged 304 SS, as
shown in Figure 6(b), however, the martensite (110)
showed a lattice contraction during the tensile tests
which is in contrast with its lattice expansion in the
hydrogen-free 304 SS (Figure 6a). The d-spacing of the
austenite (111) plane showed little change with decreas-
ing strain rate.

Table II. Hardness and the Amount of Strain-Induced Martensite (SIM) of Hydrogen-Free and Hydrogen-Charged 304 SS with

Strain Rate upon RT Tensile Deformation as Compared to the As-Received 304 SS

Specimen Properties of 304 SS As-received

RT tensile deformation

Strain rate (1/s)

2 9 10�6 2 9 10�4 2 9 10�2

H-free 304 SS hardness (Hv) 261 464 417 360
amount of SIM (percent) 0 75 68 38

H-charged 304 SS hardness (Hv) 247 311 381 368
amount of SIM (percent) 0 12 45 38

Fig. 4—Stress–strain curves of 304 SS and the amount of SIM
formed at different strain rates under in situ hydrogen charging con-
ditions: (a) 2 9 10�2/s and (b) 2 9 10�6/s.

Fig. 5—Linear dependences of (a) the ductility and strain hardening
and (b) the tensile stress of 304 SS on the amount of SIM formed
during room-temperature tensile tests, irrespective of the presence or
absence of hydrogen.
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IV. DISCUSSION

A. Strain-Rate Dependence of Tensile Properties of
Hydrogen-Free 304 SS

Hydrogen-free 304 SS showed a strain-rate depen-
dence of the tensile properties: with decreasing strain
rate, hydrogen-free 304 SS showed a decreased yield
stress and increased ductility and tensile stress, as shown
in Figure 1. Furthermore, by correlating their tensile
properties to the amount of SIM in each, as shown in
Figure 5, the strain-rate dependence of the tensile
properties of hydrogen-free 304 was observed to be
related to the amount of SIM formed during tensile
tests. The above observations agree with the results
reported by other workers.[2–4,15–25] Thus, SIM forma-
tion during tensile tests is beneficial in increasing the
tensile stress, ductility, and strain hardening of austeni-
tic stainless steels.

The cause of the strain-rate dependence of the amount
of SIM formed in austenitic stainless steels, as shown in
Figures 3 and 4, has remained unresolved hitherto
although a higher temperature rise in the specimen at
a higher strain rate was suggested to be part of the cause
by Bressanelli[15] and Hecker.[23] However, considering
Tamura’s observations[18,19] that a similar strain-rate

dependence of the amount of SIM occurred in austenitic
steels upon tensile tests in gas as well as in liquid where
little temperature rise occurred due to fast cooling, it
seems that a strain-rate dependence of the amount of
SIM in austenitic stainless steels is related not to a
temperature rise at a higher strain rate but to something
else. Similar remarks have also been made by
Tamura.[18] Supportive evidence of SIM formation in
austenitic stainless steels during tensile tests is a hard-
ness change in austenitic stainless steels with strain rate.
As shown in Table II, the hardness of hydrogen-free 304
SS increased with decreasing strain rate owing to the
negative strain-rate dependence of the amount of SIM
formed during the tensile tests shown in Figure 4. These
observations show that SIM has a higher hardness than
austenite. Note that the lower hardness of hydro-
gen-charged 304 SS agrees perfectly with Mine’s obser-
vation.[14] However, it is difficult to understand why a
larger amount of hard SIM led to a higher ductility, as
shown in Table II and Figure 5.

B. Hydrogen-Suppressed Formation of SIM in
Hydrogen-Charged 304 SS

As shown in Figure 1, the presence of hydrogen
resulted in a decrease in the tensile stress, i.e., hydrogen
softening, and a ductility loss in 304 SS when compared to
the hydrogen-free samples. Furthermore, hydrogen sup-
pressed the formation of SIM inhydrogen-charged 304 SS,
resulting in the formationof lessSIMduring tensile tests, as
shown inFigures 3 and4.Considering thebeneficial roleof
SIM in the tensile properties of austenitic stainless steels in
hydrogen-free 304 SS (Figure 5), ductility losses and
hydrogen softening in the hydrogen-charged 304 SS are
related to thehydrogen-suppressed formationofSIM.This
hydrogen-suppressed formation has also been observed
during RT tensile deformation or high-pressure torsion in
hydrogen-charged 304 SS after exposure to hydrogen gas
pressureof 100 MPaat543 K(270 �C) for 100 hours.[13,14]

Hydrogen-suppressed formation of SIM in 304 SS was
observed more significantly at the slowest strain rate, as
shown in Figures 3 and 4, providing definitive evidence
that it occurred due to the hydrogen effect even at the
same plastic strains. The lowest content of SIM formed at
the slowest strain rate of 2 9 10�6/s in hydrogen-charged
304 SS resulted in the lowest ductility of 304 SS, as shown
in Figures 1, 4 and 5. It is worthy of noting that the
strain-rate dependence of ductility of 304 SS was negative
in hydrogen-free sample but positive in hydrogen-charged
one.
Given that SIM is harder than austenite[14] and that

hydrogen suppresses the formation of SIM in hydro-
gen-charged 304 SS as shown in Figures 3 and 4,
hydrogen-charged 304 SS should have a lower hardness
than hydrogen-free ones. As expected, the former indeed
exhibited lower hardness than the latter, as shown in
Table II, which provides compelling evidence that
hydrogen suppressed the SIM formation. Note that
the lower hardness of hydrogen-charged 304 SS agrees
perfectly with Mine’s observation.[14] Thus, the localized
brittle fracture of hydrogen-charged 304 SS when
compared to that of the hydrogen-free versions, as

Fig. 6—Variations of d-spacing of martensite and austenite in (a)
hydrogen-free and (b) hydrogen-charged 304 SS during the RT ten-
sile tests.
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shown in Figure 2, is related to the lower amount
of SIM formed during tensile deformation owing to
the hydrogen-suppressed formation of SIM. Conse-
quently, we demonstrate that this hydrogen-sup-
pressed formation of SIM is the cause of hydrogen
embrittlement and hydrogen softening in austenitic
stainless steels.

C. The Nature of Strain-Induced Martensite (SIM)

Given the observations that SIM is beneficial in
increasing the ductility of austenitic stainless steels,
some workers[18,19,36,37] proposed that SIM would delay
the formation of necking by the c fi a transformation
during tensile deformation, promoting more uniform
deformation. This hypothesis is very similar to the
proposed mechanism explaining the enhanced ductility
of TRIP steels.[36] If this delaying mechanism is valid,
310 SS with no SIM formation during tensile tests
should not show a strain-rate dependence of ductility.
Given Form and Baldwin’s observation[38] that 310 SS
with no c fi a transformation showed a similar strain-
rate dependence to that of 304 SS, they claim that the
strain-rate dependence of ductility in austenitic stainless
steels may not be wholly related to the c fi a transfor-
mation. Consequently, the hypothesis that the c fi a
transformation may suppress the formation of necking,
leading to a higher ductility, may be at least partly
invalid.

Form and Baldwin[38] observed that the strain-rate
dependence of ductility occurred not only in 304 SS with
SIM formation but also in 310 SS without it. Further-
more, it is well known that the disordered phase has a
lower yield stress, and a higher ductility and strain
hardening, than the ordered phase.[39–41] By correlating
Form and Baldwin’s observations and RT tensile
properties of the disordered phase, it is suggested that
SIM formed in 304 SS would correspond to the
disordered phase which would also be induced in 310
SS by the passage of dislocations during tensile tests at
RT.[42–44] Disordered phase formation arising from the
destruction of the ordered phase by moving dislocations
is termed strain-induced disordering (SID),[45] and the
disordered phase is formed predominantly by plastic
deformation in metals at low temperatures where the
rate of disordering exceeds the rate of strain-induced
ordering (SIO),[46] i.e., the rate of ordering. Hence, a
linear increase in the ductility and strain hardening of
304 SS with increasing amount of SIM despite a hard
phase, as shown in Figure 5, suggests that SIM corre-
sponds to the disordered phase. Compelling evidence is
the observations of Figure 6(a) that the martensite
showed a lattice expansion whose magnitude increased
with decreasing strain rate. Furthermore, considering
that the degree of lattice expansion is related to the
amount of the disordered phase,[47] the increased lattice
expansion of the martensite with decreasing strain rate,
as shown in Figure 6(a), indirectly demonstrates that a
higher amount of the disordered phase, i.e., SIM, is
formed with decreasing strain rate, as evidenced by the
observations of Figures 3 and 4. A correlation of the
amount of the disordered phase and the degree of lattice

expansion results from the fact that the disordered phase
has a higher volume than the ordered phase[47] as with a
higher volume of the disordered liquid than that of the
ordered solid.
Conversely, the hydrogen-suppressed formation of

SIM, shown in Figure 3 and 4, corresponds to
hydrogen-suppressed disordering or hydrogen-enhanced
ordering, leading to lattice contraction. Compelling
evidence is the higher lattice contraction of the marten-
site (110) with the lower strain rate in hydrogen-charged
304 SS shown in Figure 6(b). Given that the lattice
contraction is caused by ordering,[47–49] as with solidi-
fication shrinkage occurring in the disordered liq-
uid-ordered solid phase transition, a lattice contraction
of the martensite (110) by hydrogen corresponds to
hydrogen-enhanced ordering. This rationale perfectly
agrees with our observation[49] in Alloy 600 and the
previous observations in Pd3Mn,[50] pure Ni,[51] and
Fe[52] that hydrogen enhances ordering, consistently
validating our proposition. Further support is provided
by Shyvaniuk’s observation[13] that hydrogen enhances
the reverse transformation from martensite to austenite
even without plastic deformation, corresponding to
hydrogen-suppressed formation of martensite, i.e., the
disordered phase. Consequently, a ductility loss by
hydrogen is due to suppressed formation of the disor-
dered phase by hydrogen or hydrogen-suppressed for-
mation of SIM. In view of this rationale, the negative
and positive strain-rate dependences of the tensile stress
and ductility of hydrogen-free and hydrogen-charged
304 SS, respectively, as shown in Figure 1, are related to
the disordering rate in the former and the ordering rate
by hydrogen in the latter, respectively, accompanied
during tensile tests at RT. Therefore, considering that
either disordering or ordering is related to the diffusion
of atoms, the rate of ordering or disordering will be
enhanced with decreasing strain rate. This rationale can
explain the negative and positive strain-rate depen-
dences of the amount of SIM in hydrogen-free and
hydrogen-charged 304 SS, respectively, as shown in
Figures 3 and 4. However, if a temperature rise is
accompanied during tensile tests, the increased temper-
ature suppresses SID and instead enhances SIO, sup-
pressing the formation of the disordered phase or SIM,
as suggested by Bressanelli[15] and Tamura.[18,19] Given
this rationale, the Md temperature above which SIM is
suppressed is a critical temperature where the disordered
phase corresponding to SIM is suppressed due to SIO.
Thus, the positive strain-rate dependence of ele-
vated-temperature tensile properties of austenitic stain-
less steels would occur owing to SIO as with that of RT
tensile properties of hydrogen-charged 304 SS, as shown
in Figure 1. Given the characteristics of SIO occurring
at high temperature, which leads to a lower ductility,
enhanced SIO in austenitic Ni-Cr-Fe alloys with
decreasing strain rate would lead to an enhanced
ductility loss and intergranular cracking susceptibility
with decreasing strain rate in unirradiated and irradiated
304 SS, as observed by Ehrnsten[53] and Manahan,[54]

respectively. In other words, the strain-rate dependences
of mechanical properties always occur in all metals,
although the strain rate effects differ depending on
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whether SIO or SID becomes predominant at the
operating conditions to which they are exposed.

The above discussions assume that SIM is the
disordered phase of the bcc structure. Considering that
the ordered phase to be formed in Fe-based steels is DO3

Fe3Ni[55–60] and the disordered phase of the ordered
DO3-Fe3Ni is bcc,[61,62] SIM would be the disordered
bcc-Fe3Ni generated by the destruction of short-range
ordered DO3-Fe3Ni by moving dislocations, which is
termed the SID transformation. Specifically, the SIM
would be a nickel-rich disordered phase with the nickel
content increasing to around 25 at. pct when compared
to that of the austenite phase. Supportive evidence is
provided by the observations of Saha et al.’s[63] that the
nickel-rich clusters in retained austenite contain up to
30 at. pct Ni. Prokoshkin[55] and Menshikov[64] also
observed short-range order of Fe3Ni with about 30 pct
Ni in Fe-Ni austenite alloys for quenching temperatures
up to 1373 K (1100 �C) and higher. Superstructure
Fe3Ni with a DO3 structure was observed to be formed
upon heating an Fe-29 at. pct Ni alloy consisting of
austenite only, which was transformed to another
ordered phase with a B2 structure at 873 K (600 �C)
with the second transformation from B2 to disordered
bcc a phase at 1073 K (800 �C).[60] Furthermore, Post
and Eberly[65] also claimed that SIM would be
chromium nickel ferrite. Just recently, using atom probe
tomography and small-angle neutron scattering, we
have successfully observed the presence of nickel-rich
clusters in solution-annealed (SA) 316 SS and aged SA
316 SS at 673 K (400 �C) for over 1000 hours which has
the composition of (Fe,Cr)3Ni. These results will be
published somewhere else.

Considering that the disordered phase formed in
austenitic stainless steels strongly depends on the chem-
ical composition of the austenite phase, and that the
chemical composition of 310 SS is quite different from
that of 304 SS, the disordered phase formed in 310 SS
seems to have a different chemical composition from
SIM formed in 304 SS. Thus, the reason why no SIM is
formed in 310 SS during tensile tests at RT is related to
the formation of the disordered phase with different
chemical composition from that of SIM.

V. CONCLUSIONS

Negative and positive strain-rate dependences of RT
tensile properties are observed in hydrogen-free and
hydrogen-charged 304 SS, respectively; the ductility,
tensile stress, hardness, and SIM content increase with
decreasing strain rate in hydrogen-free 304 SS but
decrease in hydrogen-charged 304 SS. By correlating the
amount of SIM formed during the tensile tests with their
tensile properties, we show that the ductility, strain
hardening, and tensile stress of hydrogen-free 304 SS are
dictated by the amount of SIM formed during the tensile
tests, irrespective of the presence of hydrogen. In other
words, SIM is observed to be beneficial in increasing the
ductility, tensile stress, and strain hardening and leading
to ductile fracture with fine dimples in hydrogen-free
304 SS. In contrast, hydrogen suppresses SIM formation

in hydrogen-charged 304 SS, leading to significant losses
in ductility, tensile stress, and strain hardening and to
localized brittle fracture, which is augmented with
decreasing strain rate. Given the beneficial role of
SIM, this hydrogen-suppressed formation of SIM is
the cause of a ductility loss by hydrogen, i.e., hydrogen
embrittlement, in hydrogen-charged 304 SS. Conse-
quently, we demonstrate that hydrogen embrittlement of
austenitic stainless steels is related to the hydrogen-sup-
pressed formation of SIM. Considering that SIM
increases the ductility and decreases the yield stress of
austenitic stainless steels, we propose that SIM is a
disordered bcc phase ((Fe,Cr)3Ni) created by the destruc-
tion of short-range ordered DO3-(Fe,Cr)3Ni by moving
dislocations, which can account for strain-rate depen-
dences of tensile properties of hydrogen-free and hydro-
gen-charged 304 SS. Compelling evidence is provided by
the observations of a change in the lattice parameter of
martensite with strain rate in hydrogen-free and hydro-
gen-charged 304 SS during the RT tensile tests: the lattice
expansion with decreasing strain rate increases in hydro-
gen-free 304 SS and its lattice contraction occurs in
hydrogen-charged 304 SS. Thus, the hydrogen-sup-
pressed formation of SIM corresponds to hydrogen-en-
hanced ordering, which agrees with the previous
observations.
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