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Lowering Strain Rate Simultaneously
Enhances Carbon- and Hydrogen-
Induced Mechanical Degradation
in an Fe-33Mn-1.1C Steel
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We investigated the strain rate dependency of the
hydrogen-induced mechanical degradation of
Fe-33Mn-1.1C steel at 303 K within the strain rate
range of 10�2 to 10�5 s�1. In the presence of hydrogen,
lowering the strain rate monotonically decreased the
work hardening rate, elongation, and tensile strength
and increased the yield strength. Lowering the strain
rate simultaneously enhanced the plasticity-related
effects of hydrogen and carbon, leading to the observed
degradation of the ductility.
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The quest for new steels lighter and stronger than
conventional alloys has been ongoing as a part of the
drive for improved energy efficiency. In 1888, Sir Robert
Hadfield demonstrated the importance of the simulta-
neous addition of high concentrations of manganese and
carbon in austenitic steels, resulting in an improved

work hardening rate and associated uniform elonga-
tion.[1] In this context, it is known that the major roles of
manganese and carbon in work hardening are triggering
deformation twinning[2,3] and dynamic strain aging
(DSA).[4–6] Furthermore, austenitic steels containing
high concentrations of manganese and carbon have
been noted as hydrogen-resistant, high-strength steels
used for hydrogen-energy-related infrastructures; this is
due to the close-packed fcc structure, which exhibits a
low diffusivity of hydrogen.[7] Thus, in light of these two
energy-related aspects, the intrinsic effects of man-
ganese, carbon, and hydrogen on strength and ductility
have been of great concern for steel scientists and
engineers.
Regarding the effects of carbon, we have found that a

high concentration of interstitial carbon degrades the
ductility of austenitic high-manganese steels, even with-
out hydrogen uptake, when the stacking fault energy is
relatively high and the strain rate is below 10�3 s�1.[8]

For instance, an Fe-33Mn-1.1C* steel satisfies this

condition. The main cause of this behavior was deter-
mined to be deformation heterogeneity, associated with
DSA-induced Portevin–Le Chatelier (PLC) effect.
Moreover, even at a high strain rate of around
10�2 s�1, where the PLC banding effect is not signifi-
cant, hydrogen uptake causes remarkable mechanical
degradation, which is associated with deformation
localization.[9] In this context, our special interest in
this study is to determine whether lowering the strain
rate can simultaneously enhance the carbon and hydro-
gen-induced mechanical degradation in a high-man-
ganese steel, which contains a high amount of interstitial
carbon. According to a previous study of an
Fe-23Mn-0.5C twinning-induced plasticity steel, the
effect of hydrogen on mechanical degradation must be
more pronounced when the strain rate is lowered to
below 10�3 s�1.[10] In Ni-C face-centered cubic (fcc)
alloys, interstitial carbon can suppress the effects of
hydrogen on the increase in dislocation mobility[11] and
mechanical degradation[12] at low strain rates. Based on
these considerations, we present strain rate dependency
of the hydrogen embrittlement susceptibility of the
Fe-33Mn-1.1C steel.
An ingot of the Fe-33Mn-1.1C steel was prepared by

vacuum induction melting, which was then forged and
rolled at 1273 K. The rolled bar was solution treated at
1273 K for 1 hour, followed by water quenching. The
average grain size was measured to be 33 lm. The
detailed chemical composition and microstructure have
been presented elsewhere.[9] Tensile specimens were
extracted from the bar by electric discharge machining
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(EDM) to the gauge geometry featuring 4 mm width,
1 mm thickness, and 30 mm length. The EDM-affected
layer was removed by chemical polishing with a
H2O2:HF = 10:1 solution.

Tensile tests were carried out at a temperature of 303
K and at initial strain rates of 10�2, 10�3, 10�4, and
10�5 s�1 with and without hydrogen pre-charging. The
deformation temperature was controlled by a thermo-
static chamber attached to the tensile testing machine.
Furthermore, the strain distributions in the specimens
without hydrogen pre-charging were measured at 20 pct
macroscopic strain by digital image correlation (DIC).
The random pattern used to apply the DIC method was
formed by using a black spray on a specimen under-
coated with white enamel. Prior to the tensile deforma-
tion experiments, hydrogen was introduced by
electrochemical charging at 353 K for 72 hours in a
3 pct NaCl aqueous solution containing 3 g/L
NH4SCN. The current density was fixed at 100 A m�2

with a platinum wire acting as the counter electrode. In
order to remove a thin contamination layer formed on
the specimen surface during hydrogen charging, the

specimens were mechanically polished only with water
on buff for 20 minutes every 12 hours. After this
water-polishing process, the thickness of the specimens
did not change, but a shiny surface appeared. For the
mechanical polishing with water, hydrogen charging was
stopped for 25 minutes every 12 hours. The tensile tests
were carried out within 30 minutes after the hydrogen
pre-charging. The diffusible hydrogen content was
44.0 ppm, which was measured by thermal desorption
spectroscopy from room temperature up to 573 K.[9]

After the tensile tests, the fracture surfaces of the
post-mortem specimens were characterized using scan-
ning electron microscopy.
The tensile deformation experiments (Figure 1(a))

showed that lowering the strain rate degrades the tensile
ductility even without hydrogen charging, which is
attributed to deformation heterogeneity associated with
the carbon-induced PLC banding.[8] The hydrogen
charging decreased the elongation and flow stress and
increased the yield strength, irrespective of the strain
rate. The increase of the 0.2 pct proof stress due to
hydrogen charging was estimated to be 5, 1, 4, and 7 pct

Fig. 1—(a) Engineering stress–engineering strain curves with and without hydrogen charging. The black/gray and red curves indicate the results
without and with hydrogen charging, respectively. (b) True stress–true strain curves with hydrogen charging up to 0.2 true strain and (c) work
hardening curves with hydrogen charging up to a true strain of 0.07. (d) Strain rate dependence of the tensile properties of the hydrogen-charged
specimen and the magnitude of the hydrogen-induced ductility loss (Color figure online).
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for strain rates of 10�2, 10�3, 10�4, and 10�5 s�1,
respectively. The effects of strain rate on these respective
hydrogen effects can be seen clearly in Figures 1(b) and
(c): both elongation to failure and work hardening rate
decreased with decreasing strain rate, while the yield
strength increased.

Figure 1(d) quantitatively summarizes the mechanical
properties of the hydrogen-charged specimens at differ-
ent strain rates. Here, we note the strain rate dependence
of ductility loss, and the ductility loss is defined as

De ¼ e0 � ewithH
e0

; ½1�

where e0 and ewithH are the total elongations without
and with hydrogen charging, respectively. The negative
strain rate dependence of the ductility loss indicates
that the effects of both carbon and hydrogen on
mechanical degradation were enhanced at lower strain
rates.

The work hardening capacity of Fe-Mn-C-based
austenitic steels has been reported to increase with
decreasing strain rate because of the promotion of
DSA,[5,6,13] which is consistent with the present results
obtained without hydrogen pre-charging. In contrast,
the work hardening rate of the hydrogen-charged
specimens decreased with decreasing strain rate. A
previous study revealed that the presence of hydrogen
in the steel at an initial strain rate of 10�2 s�1 decreased
the apparent work hardening rate because of the
decreased cross-sectional area resulting from the forma-
tion of numerous surface cracks.[9] More specifically, the
reduction in the work hardening rate could be explained
based on one assumption: the ductile fracture area on
the fracture surface is regarded as the remaining
cross-sectional area at the fracture strain. Figures 2(a)
through (d) show the fractographs of the hydro-
gen-charged specimens for different strain rates. Both
brittle and ductile fracture features are observed, and we
note here that the brittle fracture area increases with
decreasing strain rate. The magnified images shown in
Figures 2(e) and (f) more clearly indicate this increase in

the brittle fracture area as the strain rate decreases from
10�2 to 10�5 s�1. Figure 2(g) shows a summary of the
quantitative estimates of the strain rate sensitivity of the
brittle fracture area. Accordingly, if compared at the
same strain of 0.08, which corresponds to the fracture
elongation at the strain rate of 10�5 s�1 with hydrogen,
the brittle crack propagated more significantly when the
strain rate was lower. Therefore, the flow stress and the
work hardening rate decreased with decreasing strain
rate due to the reduction in remaining cross-sectional
area.
Another characteristic change in the macroscopic

deformation behavior observed after hydrogen uptake is
an increase in the yield strength. This increase in yield
strength has been reported to stem from the solution
hardening of hydrogen in austenitic steels[14] and fcc Ni
alloys.[15,16] However, solution hardening by hydrogen
alone cannot explain the increase in yield strength
observed with decreasing strain rate, which is inversely
related to other considerations, based on the thermally
activated process of dislocation motion.
With this motivation, we discuss a strain-rate-depen-

dent hardening mechanism. First, note that there are
generally a significant number of pre-existing disloca-
tions in steels, and in carbon steels annealed without
rapid cooling, an interaction between the pre-existing
dislocations and carbon during furnace/air cooling
controls the upper yield strength.[17] Therefore, the
negative strain rate sensitivity of the yield strength can
be attributed to the interaction between pre-existing
dislocations and solute hydrogen in the present case. In
terms of hydrogen-dislocation competitive motion, the
drag force on the dislocation by the solute hydrogen is
key to understanding the strain rate dependence.[11]

Occurrence of a drag force requires two conditions: (1)
formation of hydrogen atmospheres at the dislocations
and (2) the hydrogen atmospheres move with but lag
behind the dislocations. Therefore, the drag force
increases with decreasing strain rate owing to the
formation of a hydrogen atmosphere at the dislocation.
Then, the drag force decreases with decreasing strain

Fig. 2—Overviews of the fracture surfaces obtained at (a) 10�2, (b) 10�3, (c) 10�4, and (d) 10�5 s�1. The dashed lines indicate the boundaries
between the ductile and brittle fracture areas. Magnified images of the left upper corner of the surface at strain rates of (e) 10�2 and (f) 10�5 s�1.
(g) Fraction of brittle fracture area plotted against strain rate.
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rate due to a reduction in the lag between the motion of
the dislocation and hydrogen. The former strain rate
dependence of the drag stress explains the negative
strain rate sensitivity of the yield strength.

In terms of elongation and ductility loss, deformation
heterogeneity is key to revealing the underlying mech-
anisms of the carbon and hydrogen effects. Figures 3(a)
and (b) show the strain distributions at 20 pct macro-
scopic strain during deformation at strain rates of 10�5

and 10�2 s�1 without hydrogen pre-charging. The spec-
imen tested at the strain rate of 10�5 s�1 exhibited
sub-millimeter-scale deformation heterogeneity, while
significant deformation heterogeneity was not observed
at the strain rate of 10�2 s�1. This indicates that
lowering the strain rate enhances carbon-induced defor-
mation heterogeneity, i.e., PLC banding. This sub-mil-
limeter scale deformation heterogeneity results in
premature ductile fractures with dimple surfaces and
does not cause brittle cracking in the Fe-33Mn-1.1C
steel.[8] In fact, micro-damage, such as a crack or void,
evolves with the plastic strain in Fe-Mn-C austenitic
steels even before the external stress reaches the tensile
strength.[18,19] Since the damage evolution is a plas-
tic-strain-dependent phenomenon, micro-damage
appears preferentially in the PLC band where the strain
is locally high.[20] The micro-damage growth determines
the work hardening behavior and associated elongation
in Fe-Mn-C austenitic steels.[19,20] In this regard, pre-
mature ductile fracture occurs at a low strain rate when
the maximum local strain in the PLC band reaches a
failure strain under uniform deformation, such as the

10�2 s�1 case. As mentioned above, hydrogen charging
does cause brittle cracking, and the fraction of brittle
fracture area was found to increase with decreasing
strain rate. The brittle crack surface involves a consid-
erable number of slip traces as shown in Figure 3(c),
which has been observed when plasticity-driven inter-
granular cracking occurs in pure Ni[21] and high-Mn
steel.[22] This indicates that lowering the strain rate
assists the plasticity-driven brittle-like cracking along
microstructural interfaces such as grain boundaries.
Since the brittle-like cracking did not occur when
hydrogen was not introduced, hydrogen contributes to
the occurrence of the plasticity-driven cracking. More
specifically, the hydrogen-assisted cracking would occur
within the carbon-induced PLC bands (as shown
schematically in Figure 4), which explains how the
effects of carbon and hydrogen simultaneously facilitate
the observed strain rate effect on mechanical
degradation.
In conclusion, lowering the strain rate from 10�2 to

10�5 s�1 assists both the carbon- and hydrogen-induced
localized plasticity in Fe-33Mn-1.1C austenitic steel,
which causes remarkable mechanical degradation. More
specifically, lowering the strain rate with hydrogen
significantly decreases the work hardening rate, elonga-
tion to failure, and tensile strength, while the yield
strength is increased. The decrease in work hardening
rate with decreasing strain rate results from acceleration
of hydrogen-assisted brittle crack growth that causes a
reduction in the cross-sectional area of the specimens at
each strain level. On the other hand, the increase in yield

Fig. 3—(a) Distribution of strain along the tensile direction in the hydrogen-uncharged specimens deformed up to 20 pct macroscopic strain at
strain rates of (a) 10�5 and (b) 10�2 s�1. The green part of the specimen schematically indicates the region used for the DIC analyses. (c)
Fractography image showing slip traces on the intergranular fracture region in the hydrogen-charged specimen deformed at the strain rate of
10�5 s�1 (Color figure online).

Fig. 4—Schematics of deformation heterogeneity at the low strain rate.
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strength with decreasing strain rate cannot be concluded
here. In terms of local phenomena, decreasing the strain
rate enhances carbon-induced deformation heterogene-
ity, i.e., PLC banding, and simultaneously enhances
hydrogen-assisted plasticity-driven intergranular crack-
ing. The combined effects of carbon and hydrogen result
in the remarkable degradation of elongation when the
strain rate is decreased in the presence of hydrogen.
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