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Cold deformation-induced martensitic transformation in 304 austenitic stainless steel (ASS) increases its sus-
ceptibility to hydrogen embrittlement (HE). In this study, low-temperature carburizing (LTC) was performed on
cold worked 304 ASS. Its effect on the mechanical properties and HE was investigated by electrochemical
cathodic hydrogen charging and slow strain rate tensile test. Microstructure, fractography, and hydrogen uptake
were analyzed to examine the hydrogen-induced failure. It has been found that LTC introduced the expanded
austenite on the steel surface, which increased strength and surface hardness but reduced the elongation. LTC
increased the initial strain hardening rate and suppressed strain-induced martensitic transformation, showing
higher strain rate sensitivity. Hydrogen uptake caused loss of ductility and formation of a quasi-cleavage layer
with some cracks on the surface of the steel. The HE resistance was significantly improved by LTC treatment.
Cold-worked 304 showed a higher HE index due to the martensitic transformation and a higher hydrogen
concentration. The remarkably reduced susceptibility to HE by LTC treatment was attributed to the carbon
stabilized austenite and consequently inhibited martensite transformation, as well as compressive stress in the

expanded austenite. These factors reduce hydrogen diffusion and hydrogen uptake.

1. Introduction

Austenitic stainless steels (ASS) are the preferred structural materials
of choice for hydrogen storage and transport [1] due to their low
hydrogen diffusion coefficient [2,3] and excellent resistance to
hydrogen embrittlement (HE) [4,5]. Austenite-stabilizing elements
(such as nickel) are costly in ASS. This makes metastable AISI 304 with
low Ni content attractive for hydrogen applications from an economic
point of view. However, the low yield strength of 304 ASS requires work
hardening to improve its mechanical properties [6-8]. The phase
transformation from y-austenite to o’ -martensite in a metastable ASS due
to plastic deformation can greatly increase its susceptibility to HE
[9-11]. Premature fracture of metallic materials caused by HE is an
unexpected catastrophic failure.

Reducing hydrogen diffusion or introducing hydrogen traps [12-17]
are two potentially effective strategies to improve HE resistance. Some
efforts have been made. Kim et al. [14] found that increasing nitrogen
content in Fe-15Cr-15Mn-4Ni-0.3Si alloy could reduce hydrogen
diffusion and consequently decrease susceptibility to HE in ASS. It has
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been reported that HE resistance of 304 ASS can be improved by refined
grain size by heat treatment [15], and tailored deformation structure by
controlling the rolling temperature [16]. The former, i.e., refined grain
size, alleviated strain localization, which might otherwise act as a
high-velocity channel for hydrogen diffusion to initiate a crack. The
latter, tailored deformation structure, could reduce the hydrogen con-
tent. Moshtaghi et al. [17] designed a high-strength martensitic steel by
introducing novel metal nanoprecipitates (Nb,V)C as hydrogen traps to
suppress HE. The methods above focus on tailoring alloy composition or
bulk microstructure. Note that a change in microstructure may
compromise the material’s strength. For example, the HE resistance of
solution-annealed 304 ASS is better than that of the cold-deformed one,
but the strength is significantly reduced [18]. To improve HE resistance,
surface engineering is another efficient way and is of great interest.

In recent years, the technology of low-temperature carburizing (LTC)
has attracted widespread attention. This is a surface thermochemical
treatment that can avoid significant modification of the bulk micro-
structure. It introduces a carbon supersaturated solid solution called
"expanded austenite" [19] on the surface without forming carbides.
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Typically, the content of the interstitial carbon (C) in expanded austenite
can reach up to 12 at% [20], which is several orders of magnitude larger
than the equilibrium solubility at these temperatures. Michal et al.
attributed this colossal supersaturation to para-equilibrium [21]. While
substitutionally dissolved atoms are essentially immobile at low treat-
ment temperatures. Within the typical processing time, a high intersti-
tial content of C is obtained. Meanwhile, precipitation is avoided. It is
generally accepted that the carburizing temperatures for expanded
austenite are lower than 500 °C [20].

Expanded austenite can be formed by both interstitially dissolved
carbon and nitrogen. Usually, it exists on the surface with high
compressive residual stress due to lattice expansion caused by in-
terstitials [20]. It is ideal for components that require high surface
hardness and good resistance to wear, fatigue and corrosion [21-23].
Compared to N stabilized expanded austenite, C stabilized expanded
austenite has higher load bearing capacity and toughness, further
improved fatigue properties, as well as better thermal stability [24]. It
has been found that for ASTM 316Ti steel, the supersaturated austenite
layer stabilized by nitrogen decreased hydrogen uptake in the under-
lying steel substrate due to lowered concentration of diffusible hydrogen
in the expanded austenite layer [25]. Hydrogen absorption in 304L
austenitic stainless steel has also been reported to be suppressed by low
temperature gas carburizing treatment [26]. O. Takakuwa et al. pointed
out [27,28] that cavitation peening introduced compressive stress and
reduced the hydrogen-assisted fatigue crack growth, attributed to the
lowered local hydrogen concentration level ahead of the crack tip. The
high compressive residual stress in the expanded austenite has a similar
effect, which inhibits hydrogen penetration and initiation and propa-
gation of cracks [26].

So far, only a few studies focused on the effect of LTC on the HE of
metastable ASS in recrystallized conditions prior to LTC treatment [26,
29]. Industrially manufactured ASS components are often in
cold-worked states. It is well known that cold working introduces a high
density of dislocations and martensitic phase transformation in meta-
stable ASS, affecting HE resistance [9-11]. In this study, commercial 304
ASS in a cold-worked condition was subjected to LTC treatment to
obtain expanded austenite at the surface. Hydrogen was introduced into
the steel using the electrochemical cathodic charging method. Slow
strain rate tensile tests were used to examine the effect of LTC treatment
on the mechanical behavior and HE of cold worked 304. This work
evaluates the potential of alleviating cold-worked 304 austenitic stain-
less steels from hydrogen embrittlement by LTC treatment. The corre-
lation between HE resistance, microstructure, and hydrogen uptake will
be created and discussed.

2. Experimental procedure
2.1. Material and conditions

The material used in the present work was a commercial AISI 304
austenitic stainless steel with a chemical composition of Fe-0.06C-
0.39Si-1.58Mn-18.22Cr-8.02Ni-0.33Cu (wt.%). The as-received sam-
ples were cold-drawn bars with an area reduction of 20 %, and their
mechanical properties are listed in Table 1. Here Rpg o denotes yield
stress at 0.2 % offset and Ry, is tensile strength. Low-temperature
carburizing was performed by Bodycote using the commercial Kolster-
ising® K22 process [30]. All the tested materials were treated in a
carburizing atmosphere at a low temperature (<500 °C) for several days.

Table 1
Mechanical properties at room temperature of AISI 304 used in this study.

Rpo.2 R Hardness Elongation Reduction Area
(MPa) (MPa) (BHN) (%) (%)
710 820 231 34 75
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2.2. Hydrogen charging and slow strain rate tensile (SSRT) tests

The cylindrical tensile specimens were prepared according to ASTM
standard (E8M — 04) with the longitudinal axis parallel to the cold-
drawing direction. The gauge length and diameter were 25 mm and 5
mm, respectively. Hydrogen charging was performed by electro-
chemical cathodic method in an aqueous solution of 0.2 mol/L
H,SO4+ 1 g/L NagHAsO4. Hydrogen was introduced into the tensile bar
at a current density of 30 mA/cm? for 72 h at 80 + 5 °C. After hydrogen
charging was completed, surface morphologies of the tensile bar were
examined and no obvious cracks were found, as shown in Supplemen-
tary Fig. S1. The material conditions in this investigation are summa-
rized in Table 2.

The tensile samples were tested immediately after hydrogen
charging at a constant slow strain rate of 1 x 10 >s ' and 5 x 107> 57!
at room temperature using a universal testing machine (Instron 5500R,
USA). The strain data in the stress-strain curve was recorded by an
extensometer (with a gauge length of 10 mm). All the tests were per-
formed three times to ensure data reliability. In order to evaluate the
susceptibility to hydrogen embrittlement, indices §; and ¢7, namely
relative plasticity loss, as defined in Egs. (1) and (2), were determined.

60 - 51-1

o =——— x 100%
So

@

Po— Pu « 100%

%o

Pr= )

where 8y and y are the total elongation of uncharged and H-charged
specimens, respectively. g and @y are area reductions in the percentage
of uncharged and H-charged specimens, respectively. In general, higher
8y, or ¢, indicates higher ductility loss, i.e., more susceptible to hydrogen
embrittlement.

2.3. Microstructural characterization

Metallographic samples were prepared by mechanical grinding and
polishing using OPS (Struers) silica suspension as the final step, and
examined by scanning electron microscope (SEM) using a LEO Gemini
1550 FE-SEM. The hardness profiles were obtained on cross-section as a
function of depth using a DuraScan 70 G5 micro-Vickers hardness tester
with a load of 10 gf. The indentation size was measured by SEM. The
hardness was an averaged value from five points. The carbon content in
the depth of the carburized layer was measured using JEOL Electron
probe microanalyzer (EPMA, JXA-8230). The phase identification was
performed on a Bruker D8 Discover X-ray diffractometer equipped with
Cu Ka radiation and operated at a voltage of 40 kV and a current of 40
mA. Electron backscatter diffraction (EBSD) was also used to examine
the microstructure of the samples before and after tensile tests. It was
performed using a LEO Gemini 1550 FE-SEM coupled with an Oxford
Nordlys collection system. The step size of EBSD map acquisition was
0.1-1 pm. The accelerating voltage was set at 20 kV, and the working
distance was about 14 mm. HKL* Channel 5 data analysis software was
used for inverse pole figure (IPF), grain boundary (GB), and phase
analysis. The fracture surfaces of tensile specimens were examined by
TESCAN MIRA4 FE-SEM. The hydrogen content of the samples was
measured by means of thermal desorption spectroscopy (TDS) using
Galileo G8 from Bruker. The samples were heated from room

Table 2
Samples used in this study.

Name of samples Conditions

304 As received cold worked 304

304-H Cold worked 304 charged with hydrogen

304 LTC Carburized cold worked 304

304 LTC-H Carburized cold worked 304 followed by hydrogen charging
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temperature (RT) to 800 °C in an infrared quartz tube furnace at a
heating rate of 0.5 °C/s.

3. Results
3.1. Initial microstructure

The microstructure of the initial cold-worked 304 is shown in Fig. 1.
Austenite grains with typical twin structures had a color gradient in the
inverse pole figure (IPF) map, as shown in Fig. 1a, indicating gradient
orientations within the grains, characteristic of a deformed structure.
The measured austenite grain size (D,) was 16.3 & 8.7 pm. In grain
boundary (GB) map (Fig. 1b), the red solid line indicates the low-angle
boundary (2-15°), and the black solid line indicates the high-angle
boundary (>15°). The high density of small-angle boundaries also
revealed deformation within the grains.

Secondary electron micrographs from the cross-section of carburized
AISI 304 coupons are shown in Fig. 2a. A continuous distinguishable
expanded austenite (y.) layer with a thickness of ~22 pm was observed
on the steel surface. This carburized layer was featureless compared to
the substrate. Slip bands extended into the expanded austenite were
observed. Vickers microhardness as a function of depth is shown in
Fig. 2b. The surface hardness of the S-phase reaches 1000 HV due to the
introduction of supersaturated interstitial carbon. The S-phase was
observed to show a high carbon concentration of 1.25 wt% at the top
surface in Fig. 2c. The hardness profile followed carbon concentration
and gradually decreased with depth. The slow variation of C concen-
tration below the observed expanded layer in the SEM image indicated
that the carburization process was controlled by diffusion. The XRD
pattern in Fig. 2d reveals the formation of martensite (a") in the cold-
worked 304, the content of which was estimated to be ~25 % by Riet-
veld Refinement method using Profex software [31]. Interestingly, 304
LTC mainly shows stable austenite (y.) peaks. The absence of martensite
was supposed to be related to the reversal of martensite to austenite [32,
33] transformation due to the thermal energy provided during LTC
treatment. Carbon is a strong austenite stabilizer. Supersaturated C
induced by LTC is expected to dramatically decrease the martensitic
transformation temperature M, therefore, austenite is stabilized
significantly by this treatment. As a result, deformation-induced
martensite transformation is supposed to be inhibited during plastic
deformation. This will be confirmed later. For 304 LTC, note the
austenite diffraction peaks shift to lower angles due to lattice expansion.

3.2. Effects of low-temperature carburizing and hydrogen uptake on
tensile stress-strain response

In order to study the effect of LTC on mechanical properties and HE,
two common strain rates (1 x 10 3sland5 x 107° s’l) were used in
the tensile test. The detailed mechanical properties including yield
strength (Rpo.2), tensile strength (Rpy), uniform elongation (8,), total
elongation (8), area reduction (¢) and hydrogen embrittlement index &y,

@D =16.3+

6,°

"‘t
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@, are listed in Table 3.

For hydrogen-free 304, the LTC treatment increased the yield
strength and tensile strength of 304 but caused a decrease in uniform
and total elongation. The change appeared more obvious at 1 x 1073
s1, indicating that 304 LTC has a higher strain-rate sensitivity than as-
received 304. Fig. 4 gives the strain hardening rate as a function of
strain, derived from true stress-true strain curves, at two strain rates.
Notice the true strain corresponding to the onset of necking (maximum
uniform deformation) is marked by the symbol “ x . There were two
interesting observations. First, LTC treatment gave rise to a significantly
higher work hardening rate in the initial stage of plastic deformation,
compared to the samples without this treatment. This is related to the
factors such as solid solution strengthening due to interstitially dissolved
C, and potentially increased density and altered distribution of dislo-
cations. However, the work hardening rate of LTC samples dropped
more sharply with strain. It was equivalent to that of the as-received 304
at a true strain of ~13 %. Second, the work hardening rate gradually
increased beyond a certain true strain level at the slow strain rate of 5 x
107° 571, which was ~14 % and ~8 % for the samples with and without
LTC treatment, respectively. This phenomenon might be associated with
strain-induced martensite (SIM) [34,35]. Beyond this strain level, 304
LTC had a lower strain hardening rate, meaning LTC treatment inhibited
the martensitic transformation. At a higher strain rate of 1 x 10357},
no increase in the work hardening rate was observed for 304 LTC. It
seemed that the martensitic transformation was inhibited more by LTC
treatment at this strain rate.

For hydrogen-charged samples, hydrogen uptake in as-received 304
resulted in a significant increase in yield strength but a decrease in
elongation and area reduction. The higher yield strength is due to the
increase in dislocation density and martensitic transformation induced
by hydrogen charging [36]. This also explained the high hydrogen
embrittlement susceptibility index (5.>45 % and ¢.>25 %) at both
strain rates for cold worked 304. Note that the slow strain rate caused a
significant decrease in the uniform elongation of 304-H, indicating an
earlier start of the localized deformation (necking). Hydrogen may
accelerate the strain localization at a slow strain rate. Interestingly, LTC
treatment reduced susceptibility to HE (8, = 10.4 % and ¢, = 19.6 % at
5 x 107> s7!) and improved HE resistance significantly at both strain
rates, attributed to the inhibited martensite transformation, as stated
previously. It is well known that a triaxial stress state is induced after
necking, and stress correction is needed to obtain uniaxial stress.
However, the stress correction factor is close to 1 when nonuniform
deformation is small. A comparison of the work hardening rate of 304
LTC-H and 304 LTC, derived from true stress-true strain curves without
correction, can still provide indicative information, at least for the
beginning of necking. At the slower strain rate of 5 x 107> s}, the work
hardening rate of 304 LTC-H is higher than that of 304 LTC beyond the
true strain level ~12 % associated with strain-induced martensite
transformation. This confirmed that hydrogen uptake facilitated
martensitic transformation. At a higher strain rate of 1 x 1073 571, the
quick deformation makes the redistribution of H more difficult. 304

Fig. 1. IPF (a) and GB maps (b) of the cold worked 304.
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Fig. 2. (a) Secondary electron image, (b) microhardness profiles, (c) carbon profiles, and (d) XRD pattern of the 304 LTC.
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Fig. 3. Tensile stress-strain curves of specimens at different strain rates. (a) 1 x 10~3/s and (b) 5 x 1075/s.

LTC-H showed a continuous decrease in work hardening rate.

Low temperature carburizing on cold worked 304 provided excellent
mechanical properties including improved tensile strength and signifi-
cantly reduced hydrogen-induced ductility loss. Considering that cold-
worked 304 is often used in industrial applications, the results of this
study are of significant technical importance.
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3.3. Fracture morphology

Fig. 5 shows the fracture surface of the 304 and 304 LTC in both H-
free and H-charged conditions. The as-received 304 had a completely
ductile fracture characteristic, as demonstrated by the well-defined
central dimples and surrounding shear regions throughout the whole
fracture surface with prominent necking (Fig. 5a). The surface of 304
LTC shows pineapple-peel-like structures as shown in Fig. 5b, as a
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Table 3
Mechanical properties of the specimens with and without hydrogen uptake.
Sample Strain rate s ! Rpo.2 (MPa) Rm (MPa) 54(%) 5 (%) ¢ (%) 8. (%) oL (%)
304 1x10°3 589 + 11 809 +6 32.0+£0.3 53.2+0.6 78.5 + 0.5 46.7 27.0
304-H 681 + 13 808 + 7 20.1 £ 0.5 28.4 £ 0.1 57.3+0.4
304 LTC 733 + 12 861 +5 14.0 £ 0.4 38.8 +£0.2 76.5 + 0.5 11.9 22.0
304 LTC-H 729 + 11 855+ 3 12.3 £ 0.3 342+0.7 59.7 £ 0.8
304 5x107° 609 + 10 812+ 3 38.6 £ 0.7 53.8 £ 0.3 77.5 £ 0.5 45.7 33.9
304-H 692 + 13 804 + 2 10.5 £ 0.6 29.2 £ 0.6 51.2+0.4
304 LTC 711 £ 11 842 +5 142 £ 0.5 42.4 £ 0.5 77.0 £ 0.3 10.4 19.6
304 LTC-H 703 + 12 848 + 3 12.5 £ 0.6 38.0£0.2 61.9+ 0.4
5000 5000
(a) strain rate1x10"%/s (b) strain rate 5x10°/s
4000 —304 4000 - —304
—J04H ——304-H
= 304 LTC = ——304 LTC
s —— 304 LTC-H a —— 304 LTC-H
2. 3000 = 3000
N N’
W o
<] <
,g 2000 _g 2000 F
1000 1000 |
() 1 1 1 I 1 L 1 0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

True strain (%)

True strain (%)

Fig. 4. Strain-hardening rate as a function of strain at different strain rates. (a) 1 x 10~3/s and (b) 5 x 10 5/s. True strains corresponding to necking (maximum

”»

uniform deformation) under each condition are marked by the symbol “ x

consequence of reduced ductility. The shear region showed rough tears.
In the local high-magnification images, the center region of 304 LTC
shows fine dimples (Fig. 5bp). Elongated dimples were observed on the
shear lips of both 304 and 304 LTC samples (Fig. 5as & by). Overall, the
fracture surfaces of H-charged samples were flatter from macroscopic
observation. Two different regions with varied features (Fig. 5c and d)
were displayed, i.e., a brittle layer at the edge (Fig. 5co & d3) and a
ductile region with dimples in the sample interior (Fig. 5¢; & dj). In
addition, the final fracture area was larger than that of the H-free
samples, i.e., smaller area reduction. Apparently, hydrogen uptake
resulted in the premature fracture of the sample. The high-magnification
images of Fig. 5a; and b; exhibited fine and deep dimples in the H-free
samples, while the H-charged samples possessed shallower dimples, as
shown in Fig. 5¢; and dj. In hydrogen-enhanced localized plasticity
mechanism [37], hydrogen accelerates dislocation mobility, promotes
the initiation and agglomeration of micropores, and thus forms shal-
lower dimples. Interestingly, in the brittle layer at the edge of the
H-charged sample, quasi-cleavage morphology was observed (Fig. 5cy &
ds), which was completely different from the H-free samples. Notice that
electrochemical hydrogen charging led to extremely high hydrogen
concentration in the surface region, forming a hydrogen supersaturated
solid solution. The interaction of hydrogen and stress gave rise to
quasi-cleavage characteristics. The brittle layer thickness of 304-H
(~175 pm) was larger than that of 304 LTC-H (~137 pm). This was
attributed to the suppression of deformation induced martensitic
transformation by LTC treatment. Generally, martensite has a higher
hydrogen diffusivity and consequently larger susceptibility to HE.

3.4. Initiation and propagation of cracks

To examine hydrogen-induced cracking, samples were cut along the
longitudinal direction after the tensile tests. Fig. 6 shows the
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morphology of the cross-section. As-received 304 showed necking
without obvious crack at the edge (Fig. 6a). For 304 LTC, besides
necking, micro cracks were observed at the edge, as shown in the inset of
Fig. 6b. This was consistent with the pineapple peel appearance in
Fig. 5b. The extremely high hardness of expanded austenite made
cracking easier during plastic deformation [38]. However, the crack
length remained small in the order of micrometers. In the H-charged
samples, as shown in Fig. 6¢ and d, larger cracks were observed at the
edge. Hydrogen uptake promoted crack initiation and propagation
under tensile load, leading to cracking of the brittle layer. Note that the
open cracks of the 304 LTC-H were shallower and smaller than those of
the 304-H, indicating that LTC treatment inhibited the initiation and
propagation of hydrogen-assisted cracks. Interestingly, the final fracture
was at an angle of ~45° with respect to the tensile direction. The pri-
mary cracks tended to propagate along the plane of maximum shear
stress, resulting in the characteristic 45° fracture surface.

The microstructure near the fracture surface on the longitudinal
section of the H-charged samples was further examined, as shown in
Fig. 7. For 304-H, the crack started from the edge and propagated nearly
perpendicular to the tensile direction towards the internal zone
(Fig. 7ajp). It is well known that high hydrogen concentration on the
surface can induce cracks under load. Small cracks could also be formed
by aggregation and growth of microvoids beneath the surface. These
cracks could be connected afterwards. Fine fragmented grains due to
heavy deformation were observed from the IPF map (Fig. 7ag). The
phase map showed dominant martensite o’ in 304-H. For 304-H,
cracking occurred preferentially within the o’grains or its grain
boundaries, as marked with white dashed lines (Fig. 7ag). There was an
interesting observation on orientation-related phase transformation.
The <001> orientation was found to have stable y austenite after un-
dergoing deformation, while the <110> orientation showed o’
martensite. Generally, the slip system in fcc austenite is {111}/<110>.
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Fig. 5. SEM fracture morphologies of samples in different conditions (a) 304, (b) 304 LTC, (c) 304-H and (d) 304 LTC-H. The middle column (a;-d;) is from the
middle of the sample, while the right column (ap-dy) is from the edge of the sample.

The <110> orientation is prone to slip-induced martensite while <001>
is the most difficult. Compared to 304-H, 304 LTC-H exhibits fewer
cracks, as shown in Fig. 7b;. The grains are dominated by < 111> and
<001 > along the tensile direction (Fig. 7by). Since austenite is stabilized
by supersaturated carbon, only a small amount of @’ was observed in the
substrate after tensile deformation (Fig. 7cg). It is worth noting that the
o’ content of 304 LTC-H is significantly lower than that of 304-H, con-
firming that LTC treatment inhibits martensitic transformation. This was
consistent with the results in section 3.2 and can explain the improved
hydrogen embrittlement resistance after LTC treatment.

8821

4. Discussion

In this study, expanded austenite was introduced into cold-worked
304 ASS to improve HE resistance through LTC treatment. The
improved mechanical properties and HE resistance are closely related to
the microstructure and hydrogen uptake, as discussed below.

4.1. Effect of LTC treatment on tensile properties

Low temperature carburizing is performed below ~500 °C for dozens
of hours [20,21]. During LTC treatment, two fundamental
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Fig. 6. Morphology of the cross-section along the longitudinal direction after tensile testing of samples in different conditions (a) 304, (b) 304 LTC, (c) 304-H and (d)

304 LTC-H.

) _Tensile direction
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ey

H- ¥0€
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Fig. 7. Microstructures of the H-charged samples on the longitudinal section close to the fracture surface.

microstructural changes occurred: i) formation of a carbon supersatu-
rated solid solution with extremely high hardness in the surface region,
and ii) recovery caused by the thermal energy provided. Some literature
reported [32,33] that recovery in this temperature range may cause
martensite to revert to austenite. Interstitial carbon reduces the trans-
formation temperature Mg and thermodynamic stability of martensite.
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However, recrystallization will not occur at such a low temperature.
Consequently, the change in mechanical properties due to recovery is
limited. Microstructural examinations by optical microscope and SEM
showed no changes in the center of the sample with and without LTC. No
softening was revealed there by the hardness measurement. Increased
yield and tensile strength but decreased elongation at both strain rates,
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as shown in Fig. 3 and Table 3 are attributed to the formation of
expanded austenite in the surface region.

Carbon as an interstitial atom provides a solution-strengthening ef-
fect. The supersaturated interstitial carbon introduced by LTC treatment
causes severe lattice distortion [39,40], as indicated by the broadened
and shifted diffraction peaks from austenite in Fig. 2d. The induced
stress field around the solute atoms hinders the movement of disloca-
tions, improving strength. LTC treatment may also introduce a high
density of dislocations, and thus increasing the strengths. Although the
expanded austenite layer shown in the SEM image in Fig. 2 a) is only
~22 pm, the influence on the mechanical properties is large. Expanded
austenite is a supersaturated solid solution with a carbon gradient.
Carbon diffusion during LTC treatment makes the carbon concentration
below this layer higher than that of the uncarburized sample. Extrapo-
lating the carbon profile in Fig. 2¢ suggests that the carbon diffusion
zone is thicker than 200 pm. The hardness of the surface region is much
higher than that of the substrate. During tensile deformation, the hard
surface layer restricts the plastic deformation of the softer austenite in
the substrate. This constraint effect leads to an increase in the strength.
Second, the mismatch in hardness between the expanded austenite and
the substrate causes stress redistribution, thereby delaying the onset of
yielding. Moreover, the expanded austenite causes compressive residual
stresses due to lattice expansion, which offsets the applied tensile load
and thus delays plastic deformation. In addition, carburization at low
temperatures introduces a strain gradient. Dislocations are accumulated
not only in the expanded austenite but also in the underlying austenite
substrate, contributing to the overall improved strength.

As a natural consequence of increased strength, ductility is decreased
for 304 LTC. For as-received 304, the strain-induced martensitic trans-
formation occurs during tensile deformation, leading to transformation-
induced plasticity (TRIP). Ryoo et al. [41] reported that the martensite
content in 304 ASS increased significantly from 2.5 % to 21 % when the
tensile strain increased from 20 % to 50 %. For 304 LTC, low tempera-
ture carburizing stabilizes austenite and inhibits martensite formation,
suppressing the TRIP effect with consequently reduced ductility, at least
in the surface region. Notice that the carbon concentration gradient
arising from the diffusional LTC process causes a compressive stress
gradient. The largest stress is on the surface. For a ~30 pm thick
carburized layer, the surface compressive residual stress can be as high
as ~ — 2.2 GPa [42]. This leads to early crack initiation and propagation
in the surface region during the uniaxial tension test. The stress-induced
cracking in 304 LTC is confirmed in Fig. 6b. Early cracking of the
outermost layer greatly reduces the ductility. This is consistent with the
findings reported by Jiang et al. [42].

4.2. Effect of LTC treatment on HE

Asrevealed in Fig. 3 and Table 3, hydrogen uptake in as-received 304
results in a significant decrease in elongation and area reduction. This is
related to hydrogen-facilitated martensitic transformation in the steel,
which affects HE resistance negatively. Hydrogen uptake promotes
deformation-induced martensitic transformation primarily by affecting
the thermodynamics and kinetics of the transformation. Hydrogen in-
creases the mobility of dislocations, leading to higher strain localization
[37]. This promotes stress-assisted martensitic nucleation at dislocation
pile-ups and grain boundaries. Hydrogen also reduces the stacking fault
energy of austenitic steels [43], making it easier for partial dislocations
to move and create stacking faults, which serve as nucleation sites for
martensite.

It is shown from SSRT results that LTC treatment significantly im-
proves the HE resistance of cold worked 304. The LTC treatment in-
troduces stable expanded austenite, surface residual compressive stress
and a recovered microstructure in the core. These factors have positive
effects on suppressing HE. Supersaturated carbon in expanded austenite
increases the stacking fault energy (SFE) by changing atomic in-
teractions [20]. Higher SFE promotes planar dislocation slip rather than
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deformation-induced phase transformation. This prevents deformation
twinning and strain-induced martensite formation [9-11]. Austenite is
therefore stabilized in the surface region, which is the first place for
hydrogen uptake. Austenite has been widely reported to have excellent
resistance to HE due to its extremely low hydrogen diffusivity [1,5]. The
dominant austenite in 304 LTC-H inhibits crack propagation (Fig. 6d)
and reduces the thickness of the quasi-cleavage layer (Fig. 5d). Surface
residual stress is another important factor affecting HE. Hydrostatic
stress can lead to hydrogen enrichment at the crack tip or elastic-plastic
boundary [44,45]. Tensile residual stress can accelerate hydrogen up-
take, while compressive residual stress can reduce hydrostatic stress and
lower the distance between atoms, thereby inhibiting hydrogen diffu-
sion [46]. Takakuma et al. introduced compressive stress in 316L ASS by
cavitation peening to reduce hydrogen-assisted fatigue crack growth
[27,28]. Numerical simulations demonstrated that compressive stress
reduced the local hydrogen concentration level in front of the crack tip
and that the higher the compressive stress generated, the lower the
hydrogen concentration [28]. Brass et al. [47] believed shot peening of
low-carbon steel made the distribution of hydrogen more uniform in the
cold-worked layer produced at the surface, and the compressive stress
inhibited the initiation of cracks. In this study, LTC introduced
compressive stress in the expanded austenite on the surface, which can
act as a barrier inhibiting hydrogen diffusion. In addition, the accom-
panied recovery during carburizing reduces internal tensile stress
caused by previous cold working and overall dislocation density in the
underlying substrate, which reduces hydrogen-induced cracking.

4.3. Effect of phases on hydrogen diffusivity and uptake

As shown in Fig. 5, a brittle layer with quasi-cleavage morphology
was observed on the surface after the tensile test for samples with
hydrogen uptake (304-H and 304 LTC-H), the thickness of which de-
pends on hydrogen diffusivity. 304 LTC-H has a thinner brittle layer
compared to 304-H, indicating that LTC treatment reduces hydrogen
penetration depth. The general low hydrogen diffusivity in austenite
makes it reasonable to assume a hydrogen concentration gradient from
the surface to the inner region during hydrogen charging, with the
highest concentration on the surface (constant). The diffusion flux and
the concentration of H at some particular location of the steel vary with
time. Fick’s second law can be used to describe the diffusion behavior.
Assuming a semi-infinite solid, the hydrogen concentration at depth Z
during hydrogen charging can be expressed by Eq. (3).

C(z,t)=C; + (Cs — Ci){l —erf ( 3)

)

Where z: depth from the surface.

t: charging time.

C(z,t): hydrogen concentration at depth z after time t.

C;i: initial hydrogen concentration in the steel.

C,: saturated hydrogen concentration at the surface during hydrogen
charging.

Xu et al. [48] reported that when C, = 0.12Cg, the hydrogen pene-
tration depth (z) is approximately equal to the brittle layer thickness. In
this study, 304-H and 304 LTC-H have the same charging time of 72 h.
The brittle layers are 175 and 137 pm for 304-H and 304 LTC-H,
respectively. Assuming the initial hydrogen concentration C; in the
steel is 0, hydrogen diffusivity could be estimated roughly by using Eq.
(3). The calculated D,p), for 304-H and 304 LTC-H are 2.44 x 10~ m?/s
and 1.49 x 1071 m?%/s, respectively. Obviously, LTC treatment reduces
the hydrogen diffusivity of 304. Li et al. [29] also reported that at
300 °C, the hydrogen diffusivity of 304 LTC is lower than that of 304.

One factor that affects hydrogen diffusivity is the crystal structure of
the phases. Hydrogen diffusivity differs significantly in martensite and
austenite phases. Martensite has a higher hydrogen diffusivity than
austenite, making it more susceptible to HE. Sezgin et al. [49] reported
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that the hydrogen diffusivity in o is 5 orders of magnitude higher than
that of y at 143 °C. For the metastable 304 ASS, deformation induces
martensite transformation. In this work, as received 304 has a small
amount of o’ due to cold-drawing process. After hydrogen uptake and
tensile deformation, Fig. 7ag verifies that o’ is dominant close to the
fracture surface for 304-H. The high hydrogen diffusivity and low sol-
ubility of martensite cause hydrogen to accumulate within martensite
and at martensite/austenite boundaries. Localized stress concentrations
at high hydrogen pressure facilitate the initiation and propagation of
cracks, leading to premature fracture of the steel [50]. On the other
hand, 304 LTC has stable austenite, as shown in Fig. 2d. The difference
in phase constituents explains the varied hydrogen diffusivity and HE
resistance. After the tensile test, the microstructure of 304 LTC-H is
mainly y austenite (Fig. 7bs) with fewer cracks, because the
deformation-induced martensite transformation is inhibited by C stabi-
lized austenite.

Hydrogen content also affects HE. Hydrogen exists in the micro-
structure as diffusible hydrogen and trapped hydrogen. Thermal
desorption analysis as a function of temperature is useful for detecting
diffusible hydrogen. Fig. 8 shows the hydrogen desorption spectra ob-
tained at a constant heating rate of 0.5 °C/s for 304-H and 304 LTC-H.
Both samples showed two distinct peaks, which appeared in the tem-
perature range of 150-180 °C (Peak 1) and 350-380 °C (Peak 2),
respectively. Table 4 summarizes the obtained hydrogen content and
peak temperature for 304-H and 304 LTC-H. Both peak 1 and peak 2 of
304 LTC-H were lower than those of 304-H. The total hydrogen content
of the 304-H is 3.2 ppm, approximately twice that of 304 LTC-H (1.7
ppm). This means that LTC treatment inhibits hydrogen uptake and thus
reduces hydrogen content. It is known that peak 1 is due to the capture
of diffusible hydrogen by the lattice, dislocations, grain boundaries, etc.
[51], while peak 2 at a higher temperature is for non-diffusible hydrogen
captured by locations such as twin boundaries and incoherent pre-
cipitates [17].

For as received 304, martensite transformation occurs during cold
working and hydron charging. The change in crystal structure from FCC
(austenite) to BCC (martensite) is achieved by a deformation of the
parent phase. As a result, martensite undergoes transformation twinning
and/or slipping. The typical substructure of martensite is transformation
twins and densified dislocations. Compared to 304 LTC with expanded
austenite, 304 has a considerably higher martensite content, as revealed
in Fig. 2d. Peak 2 for 304-H is significantly higher than that for 304 LTC-
H (Fig. 8). This may correspond to hydrogen in the martensite, associ-
ated with its substructure.

5. Conclusions

In this study, the mechanical properties and hydrogen embrittlement
of low-temperature carburized cold-worked 304 austenitic stainless
steel were investigated and correlated with the microstructure. The
conclusions obtained are summarized as follows.

(1) Low-temperature carburizing introduced a 22 pm thick expanded
austenite at the surface, which increases the strength and surface
hardness of cold-worked 304 but reduces the elongation.
Compared to 304, 304 LTC showed a higher strain rate sensitivity
and an increased strain hardening rate, but the difference in
strain hardening rate became smaller with strain.

(2) Hydrogen uptake caused loss of ductility. The elongation loss of
304-H was ~46 %. After LTC treatment, the ductility loss due to
hydrogen uptake was much smaller (the elongation loss was ~11
%), and HE resistance was significantly improved.

(3) A quasi-cleavage layer with some cracks formed on the surface of
steel with hydrogen uptake. 304-H showed higher surface crack
density and a thicker quasi-cleavage layer compared to 304 LTC-
H.
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Fig. 8. H desorption rate curves obtained from thermal desorption spectra of
304-H and 304 LTC-H. All samples were hydrogen charged at 80 °C for 5 h with
a current density of 30 mA/cm? after exposure for 48 h.

Table 4
Peak temperatures and concentrations of desorbed H measured from the thermal
desorption spectra.

Sample Total H Peak 1H Peak2H  Peak Peak
(wppm) (wppm) (wppm) temperaturel temperature 2
(9] (9]
304-H 3.2 1.2 2.0 168 359
304 1.7 1.0 0.7 165 372
LTC-
H

(4) The higher sensitivity to hydrogen embrittlement of 304-H was
due to the higher martensite content and more hydrogen uptake.
For 304 LTC-H, stable austenite with compressive stress was
dominant in the surface region, reducing hydrogen diffusion and
uptake, thus showing improved hydrogen embrittlement
resistance.

Expanded austenite formed by low temperature carburizing is a
stable austenite that can inhibit martensitic phase trans-
formation, improve strength, provide excellent resistance to
hydrogen embrittlement, and act as a hydrogen diffusion barrier.
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