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This study investigates the hydrogen embrittlement resistance of directed energy deposition additive
manufactured 316 L stainless steels with heat treatments. The hydrogen embrittlement sensitivity has
been examined throughmicrostructural investigation correlated with grain orientation and dislocation
density. The synergistic effect of heat-treatment and hydrogen on strain distribution and instability
evolution behavior was revealed. The heat treatment reduced the sub-grain structure and dislocation
density, resulting in a more homogeneous microstructure with trace of recrystallization. Hydrogen
uptakebehaviorwas closely affectedby themicrostructure changesand thushydrogenembrittlement
sensitivitywas reducedby increasing annealing temperature.AMedsamplesafter heat treatment have
a similar hydrogen embrittlement index with conventional manufactured samples. In the heat treated
1200 °C specimens, more strain and instability hotspots were initiated, becoming uniformly
distributed and developed. In contrast, the AMed samples initiated fewer strain accumulation sites,
which developed into stress/strain concentration areas, leading to wider secondary cracks and
ultimate failure.

Research in additive manufacturing (AM) of alloys has attracted increased
interest and alsomade significant developments1, particularly in developing
high-performance components for harsh environments like nuclear power
reactors2, aerospace3, automotive industry, andhydrogen energy sector4 and
oil refinery applications5. The growing popularity of AM production offers
thepotential toproduce complex geometries (functionally gradematerials6),
minimize material waste, and customize parts for specific requirements or
repairs7. Despite its advantages and superiority, AM still faces many chal-
lenges thatmust be addressed for broaderand safer application5,8,9, especially
hydrogen embrittlement10–12. One main obstacle is the limited under-
standing of the connection between the printing process, optimizing para-
meters, microstructure, and corresponding mechanical properties13–15.
Moreover, the scarcity of hydrogen embrittlement data for AMed samples
underscores the significance and importance of this study.

Direct energy deposition, also known as DED, is a widely used and
versatile method capable of integrating with other manufacturing techni-
ques to create a hybrid process7,14,15.While DED allows for the fabrication of
heterogeneous materials with preferred properties7, the imperfections (like

surface defects and pores) and anisotropic grain structures cannot be
ignored16. Therefore, post processing heat treatment for DED samples is
necessary to relieve residual stress and tailor the microstructure-property
relationship17. Key objectives of heat treatment include reducing defects and
porosity through hot isostatic pressing (HIP), achieving the desired
mechanical properties, and enhancing characteristics like high-temperature
creep resistance and hydrogen embrittlement resistance.

Many researchers17–19 have investigated the effect of microstructure
changes, such as dislocation, precipitation and low angle grain boundaries,
on themechanical properties, creep behavior and corrosion resistance of as-
built 316 L. Y. Li et al.5 found that the thermal stability of dislocation cell
structures, controlled by the chemical micro-segregation, was the dominant
factor determining the tensile and creep properties. They5 also reported that
AMed samples have a comparative microstructure and mechanical/creep
properties with CMed samples after heat treatment above 1100 °C. How-
ever, openly available studies and in-depth analyses are very limited
regarding the influence of heat treatments on the HE sensitivity of AMed
316 L. G. Álvarez20 et al. investigated the combined influence of
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post-processing, printing direction, temperature and pre-straining on
hydrogen embrittlement susceptibility of AMed 316. They found that heat-
treated AM316 L at 1100 °Cmay exhibit improved hydrogen compatibility
over CM 316 L in cryogenic environments and contributed this improved
HE resistance to the reduced propensity of strain-induced martensite for-
mation. L. Claeys et al.16 also studied the effects of subsequent heat and
surface treatments on AMed 316 and found that the trapping sites, dis-
location density and residual stress levels were reduced after heat treated at
1066 °C. They16 found that the oxide layer formed during heat treatment
reduced the hydrogen absorption, leading to lower hydrogen solubility and
concentration, compared to the higher equilibriumhydrogen concentration
at the surfaces of polished samples. The above-mentioned research16,20 only
focused on a specific heat treatment temperature range between 1050 and
1100 °C and failed to provide a wider temperature range (600–1200 °C) and
a more in-depth discussion on the improved HE resistance mechanism by
heat treatment.

Previous investigation by our group4 found that the hydrogen
embrittlement index of AMed samples was slightly higher than the CMed
samples due to the higher dislocation density and higher misorientation
angle within the large grains. However, it remains unclear how the com-
bined effects of microstructure evolution, changes in grain size, and the
reduced trapping sites induced by heat treatment influence hydrogen
uptake, diffusion, and hydrogen-induced cracking behavior in AMed
samples. In this study, we systematically investigated the microstructural
evolution of AMed 316 and its effects on hydrogen embrittlement perfor-
mances after heat treatments at different temperatures. Observations of in-
situ strain evolution were performed on tensile-tested samples, both
hydrogen free (HF) and hydrogen charged (HC), before and after heat
treatments.We introduced digital image correlation as a pioneeringmethod
to track the onset and development of strain/instability at microscale,
enhancing the correlation betweenmicrostructure and tensile behavior. The
results from this study will help fill the gap in understanding how increased
heat treatment temperatures affect the hydrogen embrittlement behavior of
additively manufactured stainless steel 316.

Results
Microstructure evolution with annealing temperature
Figure 1 shows the cellularmicrostructural evolution of L-DED sampleswith
different annealing temperatures. These images were taken at three magni-
fications from optical microscopy and SEM. The as-deposited sample has a
characteristic structure of overlapping layers and a periodic array of
deposition tracks/melting pools21, whichwere highlighted by dashed red and
black lines in Fig. 1 (a1). It was reported that the high cooling rate during
AMed-DED process derived the ‘cubes’microstructure on AD samples9. As
shown in Fig. 1 (a2) and (a3), hexagonal and elongated cellular structures
were found on the AD samples, consisting of the equiaxed and dendrite
grains. It is worth noting that the cellular structures in samples began to
dissolve after annealing at 600 °Cand completely disappeared after annealing
at 1200°C. After heat treatment at 600 °C and 800 °C, the melting pool
became less visible, and the cellular grains grew larger compared to AD
samples. Recrystallized grains were found in Fig. 1 (b3), (c3) and (d3), as
indicated by black arrows. The cellular structures in AMed samples were
reported to exhibit prominent thermal stabilityup to600 °C17,22, as the cellular
walls started to vanish and decompose after annealing at 600 °C. At 800 °C,
the overall cellular structure became less visible in Fig. 1 (c3), while the
dislocations started to disentangle5 within cell walls17. After heat treatment at
1200 °C, the cellular structureswere eliminated completely, as shown inFig. 1
(d1–d3). Literature suggests that a homogeneous microstructure is expected
to form, and dislocation cells also disappear at annealing temperatures above
1000 °C5,17. As shown in Fig. 1 (d2–d3), the microstructure reveals entirely
different equiaxedgrainswithout sub-grain structures, alongside thepresence
of annealing twins, indicating that recrystallization has occurred17. As shown
in Fig. 1 (a3–d3), pores were typical microstructure of AMed samples and
were visible on all the samples, indicating that heat treatment without proper
Hot Isostatic Pressing cannot eliminate these pores.

For further examination of orientation and morphology evolution of
the grains, EBSD analyses were carried out for samples before and after
each heat treatment. Figure 2a, b show the inverse pole figures and cor-
responding grain referencemisorientationmaps. The statistical grain sizes
obtained fromFig. 2c are 41.2, 26.7, 28.4, 47.3 μmforAD,HT-600,HT-800
andHT-1200 samples, respectively. Themisorientation anglewas found to
decreasewith increasing annealing temperature, as shown inFig. 2b, d.We
found a highly heterogeneous microstructure characterized by a higher
misorientation angle at the grain boundaries (GBs) of AD sample in
Fig. 2(a1, b1). Small recrystallization regions with lower misorientation
angles were found in HT-600 and HT-800 samples, indicated by black
circles in Fig. 2 (a2& a3) and (b2& b3). After annealing at 1200 °C, there is
a significant increase in grain size, accompaniedby characteristic annealing
twin boundaries, as shown in Fig. 2 (a4 and b4), indicating the activation of
recrystallization at this temperature. This is alignedwith thework reported
in ref. 17, where the microstructure shows near defect-free grains with
annealing twins and a decrease in LAGBs. Li5 reported the thermal stability
of dislocation cells is directly linked to the recrystallization ability22. In this
study, the thermal stability of dislocation cells remains stable up to 600 °C,
with notable recrystallization occurring at this temperature and above.

Dislocation density measurement by XRD
The samples consist of single austenite phase when annealed at tem-
peratures below 1200 °C, as indicated by XRD results shown in Fig. 3a.
Ferrite was detected in samples annealed at 1200 °C, which agrees with
the refs. 9,23,24. Other researchers25,26 reported a whole single austenite
phase in L-PBF samples regardless of the annealing temperature. It
should be noted that the phase transformation of ferrite in austenitic
stainless steels depends on many factors such as heterogeneities of as-
built materials, cooling rate after heat treatment and the chemical
composition (ratio of Cr/Ni) of the alloy17,25. The possibility of ferrite
formation is suppressed by the combined effect of a low Cr/Ni ratio and
high dislocation density, the latter resulting from the rapid solidifica-
tion during the process25,26. As reported in the literature, dislocation
density is significantly reduced after high temperature annealing23,27,
making phase transformation much more likely to occur.

Following rapid cooling during AMed-DED process, the unstable
dislocation structure, caused by the retained excess energy, can be alleviated
through post-heat treatment via homogenization and recrystallization22,23.
The density of dislocation can be calculated byWilliamson-Hall equation28,
which correlates the relationship between δhkl cosθhkl/λ and 4sinθhkl/λ by
measuring the full width at half-maximum (FWHM) of the four peaks
corresponding to (111), (200), (220) and (311) reflections, taken from
Fig. 3a4. Figure 3b presents the linear relation between δhkl cosθhkl/λ and
4sinθhkl/λ, aswell as the corresponding linearfit. By estimating the line slope
of each sample, the dislocation densities for AD, HT600, HT800 and
HT1200 were calculated to be 11.22 × 1013m−2, 4.89 × 1013m−2,
3.69 × 1013m−2, and 1.58 × 1013m−2 respectively. After heat treatment, the
dislocation density decreased monotonically with increasing temperature,
consistent with ref. 17, which reported a reduction in lattice strain and
FWHM at annealing temperatures of 600 °C and above.

To further validate the above result from XRD, TEM analysis was
conducted to assess the dislocation distribution and density, as shown
in Fig. 4, where the dislocations appear as dark lines in bright field
image. The as-received sample showed a high density of uniformly
distributed dislocations throughout the sample, while HT1200 sample
showed fewer visible dislocations, which were distributed sporadically.
To quantify dislocation density, the TEM images were processed by
image segmentation method from Image Processing Toolbox in
MATLAB. The images were converted to grayscale and then segmented
based on its grayscale intensity level using adaptive threshold method,
separating dark (dislocation) and light pixels. And the dislocation ratio
was calculated as the area percentage of dark pixels. As shown in Fig. 4
insets, the as-received sample exhibited a higher dislocation ratio of
20.61%, compared to 9.5% for HT1200 sample. The intercept method29
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was also performed on the TEM segmented images, the dislocation
density value for AD and HT1200 samples were calculated to be
14.9 × 1013m−2 and 2.9 × 1013m−2, respectively. It should be noted that
the dislocation difference ismuch larger thanwhat the ratio indicates, as
the dislocation image in Fig. 4b was taken from a surface where the
dislocations were distributed randomly. The effect of dislocation den-
sity on the hydrogen uptake and mechanical properties will be further
discussed in this paper.

Mechanical properties and hydrogen embrittlement behavior
Mechanical behavior. Tensile tests were conducted at room tempera-
ture for hydrogen free (HC) and hydrogen charged (HC) as-deposit
samples and heat-treated samples at different annealing temperatures. It
was found the engineering stress-strain curve was not changed sig-
nificantly with printing direction30. So, in this study, one building
directionwas chosen for the hydrogen embrittlement test for consistency.
Three repetitive tests were performed for each condition, and the average

Fig. 1 | Optical and SEMmicrographs. a as-DED material and as-DED specimens
heat treated at (b) 600 °C (HT-600), (c) 800 °C (HT-800), (d) 1200 °C (HT-1200),
the built direction is out of plane. abbreviation ‘D’ and ‘E’ stands for ‘dendrite and

equiaxed’ respectively. The dashed lines in (a3–c3) means the growth of cellular
structure. Pores from the manufacturing process were always visible in (a3–d3).
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value of tensile strength, strains and HEI was plotted in Fig. 5. The
detailed raw data can be found in Supplementary Information. The test
with the closet result to the average value was deliberated selected as the
representative case in this study for further digital image correlation and
the sequent test/figures. Figure 6a, b show this representative engineering
and true stress-strain curve, respectively. Table 1 summarized this

representative tensile properties and hydrogen embrittlement index as
function of annealing temperature.

For hydrogen-free conditions, the yield strength decreased slightly for
all heat-treated samples, but ultimate tensile strength increased when
annealing at temperature above 800 °C. The lower yield strength of heat-
treated samples with smaller grain sizes is also surprisingly different than

Fig. 2 | EBSD images and misorientation maps. Effect of heat treatment tem-
perature on the microstructure. a EBSD Inverse Pole Figure grain orientation maps
for each material condition: (a1) as-DED, as-DED specimens heat treated at (a2)
600 °C, (a3) 800 °C, (a4) 1200 °C. bMisorientation distribution map with angle for

corresponding AMed samples (number assignment for b is same with a). c, d Grain
diameter and misorientation angle map, respectively. Low and high angle GBs are
highlighted with different GB line colors. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.).

Fig. 3 | XRD detailes for calculating dislocaiton density. a XRD spectra of studied AMed samples with different heat treatments (left); bDislocation density measured by
XRD (right).
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what is expected from theHall-Petch effect4,17. The decrease of yield strength
after heat treatment was due to the dislocation rearrangement5. The slight
increase of elongation was only observed in the HT-800 sample. The classic
strength-ductility trade-off behavior is not obvious due to the serrated drops
during the tensile tests. AMed samples in this study exhibited better
mechanical properties than those reported in the literature5,16,17,20,30. The
combinationof strength and elongation for hydrogen free samples showed a
slight increase after heat treatment at 800 °Cand1200 °C17,23. In contrast, the
decrease of strength and elongation for the HT-600 sample may be attrib-
uted to the sensitization behavior of stainless steels31. The increase in grain
size can also be attributed to the changes in mechanical properties of heat-
treated samples, suggesting the grain boundary unpinning effect of
particles32. The Vickers Microhardness test was performed on hydrogen-
free heat-treated samples, and the results are shown in Fig. 6d. The
microhardness of the as-DED sample was around 215 HV, which agrees

with ref. 4. The microhardness decreased continuously from 193HV to
188HVas the annealing temperature increased from600 to 1200 °C, a trend
reported to be related to ferrite formation8 and residual stress release24.
However, they24 also found a slight increase of microhardness to 200 HV
after heat treatment at 1400 °C, due to the twinning structure formation that
hinders the dislocation glide. The decrease of hardness is also linked to the
reduction in dislocation density as the annealing temperature increases22,
which has been confirmed by the XRD results and other literature17,33.

EnhanceHydrogen embrittlement resistance byheat treatment. The
mechanical properties of hydrogen charged samples exhibited reduced
ductility compared to hydrogen free samples at all heat treatment con-
ditions, as shown in Fig. 6a. The corresponding hydrogen desorption
curve (from TDS) and hydrogen content after tensile test was measured
on the crack tip and shown in Fig. 6c. Heat treated samples at 1200 °C

Fig. 4 | Dislocation measurement from TEM. a as-received sample with a dislocation area percentage of 20.61%, and (b) HT-1200 sample with a reduced dislocation area
percentage of 9.50%. Right-bottom insets are the segmented images highlighting dislocation regions for clearer visualization.

Fig. 5 | Summary of the tensile strength, ultimate
elongation and HEI results from three repetitive
tests (detailed data can be found in the supplemen-
tary information).
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indicated an increased tensile strength after hydrogen charging4,16. The
AD samplemay trapmore hydrogen thanHT800 sample due to its higher
dislocation density4. The highest hydrogen concentration (143 ppm) was
found in HT1200 sample, where an increased number of twin grain
boundaries likely served as hydrogen trapping sites11. The stress-strain
curve in Fig. 6a was used to calculate the loss of ductility (so-called
hydrogen embrittlement index, HEI), where a higher HEI indicates a
higher susceptibility to HE4. It should be noted that the HEI is usually
calculated based on area reduction, but this method was not used in this
study due to the sample geometry limitation4,16. The HEI of tested

samples were summarized in Table 1, and HEI decreased from 19% for
AD sample to 16% and 10% after heat treatment at 800 and 1200 °C,
regardless of the hydrogen concentration. The HT1200 sample exhibited
the best hydrogen embrittlement resistance even with the highest
hydrogen concentration. It is reasonable to conclude that the elimination
of cell walls by heat treatment can markedly improve hydrogen
resistance.

Fracture observation. To better understand how heat treatment influ-
ences the tensile properties and hydrogen embrittlement behavior of the
AMed 316SS samples, the fracture morphology was performed using
SEM and shown in Fig. 7. Special attention was given to the surface
secondary cracks and the fracture mode at the sample edge, where the
hydrogen diffusion was limited by the depth, resulting in a hydrogen
concentration gradient as predicted by the previous modelling
calculation30. The necking behavior with visible slip lines were found on
the fracture of hydrogen-free samples at all heat treatment conditions, as
shown in Fig. 7 (a1–d1). The fracture showed a typical ductile mode with
dimples for all hydrogen free samples, as shown in Fig. 7 (b1–b4).

In comparison, hydrogen charged samples exhibited the brittle fracture
modewithoutnecking.As shown inFig. 7 (a3–d3), parallel secondary cracks
were observed on the surface near the fracture due to the presence of
hydrogen reduced the stacking fault energy in AMed samples34,35. Only
intergranular corrosion was found on the fracture of HT-600 samples and
no brittle fracture zone was found on the other heat treated hydrogen

Fig. 6 | Mechanical properties. a, b Engineering andTrue tensile Stress-strain relationships for AMed samples as a function of heat treatment temperature and hydrogen charging.
cHydrogen desorption curve for AMed samples with different heat treatment. d Vickers Microhardness test results on hydrogen free samples with different heat treatment.

Table 1 | Summary of the values for offset yield strength (OYS),
ultimate tensile strength (UTS), ultimate (total) elongation
(UE), hydrogen concentration (CH) and HEI of as-DED and
heat-treated specimens with/without hydrogen charging

Condition OYS(MPa) UTS(MPa) UE(%) CH(wppm) HEI (%)

AD-HF 696 890 51.0 - -

AD-HC 610 797 41.1 66.1 19.4

HT800 °C-HF 658 985 51.1 - -

HT800 °C-HC 451 746 42.8 45.3 16.2

HT1200 °C-HF 611 950 44.8 - -

HT1200 °C-HC 690 1051 40.3 143 10.0

The result is for ‘the’ representative test.
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charged samples, which agrees with the ref. 16. Heat treatment at 600 °C
could introduce the effect of sensitization, increasing the hydrogen
embrittlement index, as confirmed by the observed intergranular
corrosion31.

Discussion
Results from this study indicate that themechanical behavior and hydrogen
embrittlement resistance of AMed samples are dependent on the hydrogen
concentrations and post-process conditions, especially heat treatment
temperature. The following discussion will summarize how heat treatment
affects the microstructure and dislocation density with different annealing
temperatures. The improved hydrogen embrittlement resistance will then
be evaluated, with specific attention on the interaction between hydrogen
and microstructure. The in-situ digital image correlation results on the
strain distribution will conclude these effects on the tensile tests.

Microstructure evolution with annealing temperature
Heat treatment at different temperatures reveals notable microstructural
diversification, as shown in Fig. 1. Compared to as-deposit (AD) samples,
deposition tracks/melting pool/sub-grains structure gradually faded, with a
more pronounced crystallization changes becoming visible as the annealing
temperature increased17. Y. Li et al. also revealed that the recrystallization
and grain refinement36 occurred in DED-316L, which were promoted by
heat treatment at temperatures exceeding the recrystallization threshold of
750 °C. The average grain size also remained stable up to 800 °C.

Except for the thermal stability of sub-grain structure and recrystalli-
zation occurrence, dislocation density was also remarkably affected by the
heat treatment temperature4. The decrease of FWHM from XRD results in
Fig. 3a indicates a reduction elastic lattice strain anddislocation densitywith
increasing annealing temperature. T. Voisin17 et al. also reported that the
reduced lattice strain and dislocation density was attributed to the

homogenization and residual stress changes. As is well known, the micro-
structure is closely related to the mechanical properties of the samples. The
combined effects of recrystallization and reduced dislocation density
resulted in higher tensile strength and elongation at an annealing tem-
perature of 800 °C, as shown inFig. 6a. The recrystallized twining grains and
grain boundaries (shown in Fig. 1 d1 and Fig. 2 a4) hindered the motion of
dislocation37, and thus improved the tensile strength but reduced the
elongation of HT-1200 sample. It was reported that the strength-ductility
relationship was compromised by introducing the dislocation network32,
which pre-existed and acted as a ‘modulator’ that slowed down but did not
completely block the motion of dislocation. This dislocation network can
keep its stability until heat treatment at 1200 °C, with the disappearance of
the sub-grain structure (Fig. 1d1–d3) and the decrease of dislocation density
(Fig. 3b).

Elevated hydrogen embrittlement resistance via heat treatment
The hydrogen embrittlement behavior of the samples was also affected by
heat treatment. The most obvious impact at first was the hydrogen uptake
behavior of the samples after different heat treatments. The hydrogen atoms
diffused into the steel and were trapped at various internal sites, including
lattice sites, dislocations, grain boundaries, and precipitates4,16,38. Different
dislocation density, grain boundary types and other structure characteristics
directly influence the hydrogen uptake behavior of the studied samples. As
deposited sample with higher dislocation density trapped more hydrogen
(66 ppm) than HT-800 sample (45 ppm), and HT-1200 sample trapped
most hydrogen (143 ppm) even with lowest dislocation density. This is due
to the formation of twin grains & GBs during recrystallization process,
which provided additional lattice sites for hydrogen trapping.

Reduced dislocation density in HT-800 samples resulted in a lower
hydrogen trapping capability and lower hydrogen concentration. As the
temperature exceeded the recrystallization temperature, the dislocation

Fig. 7 | SEM surface and fracture observation. For samples before and after hydrogen charging on (a) AD, (b) HT600, (c) HT 800 and (d) HT1200, scale bar is shown in d4.
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density of HT-1200 sample remained as low as that of HT-800 sample but
exhibited a higher amount of lattice sites and twins GBs for trapping
hydrogen. This explains the higher hydrogen concentration in HT-1200
samples. The columnar dendrites were reported to hinder the diffusion of
hydrogen39, which is the main reason that lower hydrogen content was
found for AD,HT800 samples. AD sample wasmost susceptible toHEwith
a highest HEI and HT-1200 sample exhibited lowest HEI despite having
the highest hydrogen concentration. It is reasonable to conclude that the
hydrogen trapped in the dislocations contributed more to reducing
the ductility of samples. To distinguish the hydrogen reversible and irre-
versible trapped sites, a common method is to correlate the hydrogen des-
orption peak temperature with the heating rate from TDS curve28,33. As
shown in Fig. 6 c, the hydrogen trapping sites (lattice sites, dislocation and
grain boundaries) are all reversible (also called diffusible) trapping sites28,33,
with a desorption peak at below 300 °C.

In-situ strain dynamic evolution from Digital image correlation
To better understand the effect of hydrogen charging on the fracture
behavior of AMed samples before and after different heat treatment, the
representative local strain distribution and its evolution for samples at dif-
ferent strain stageswasdepicted inFig. 8. Figure 8 (d1) shows theDICresults
at different holding points at specific strain, holding point 1 is near the yield
strength, holding point 2 is the middle of the uniform elongation, holding
point 3 is approaching the ultimate tensile strength and holding point 4
represents the strain just before the fracture. The color-coded x-strain dis-
tribution of the gauge part and local strain distribution curves are shown in
Fig. 8. In the strain curves, x-axis is the horizontal position (tensile direction)
along the sample in mm from left to right and y-axis is the corresponding
x-strain values (calculated as the mean strain along the vertical direction at
each horizontal position). It is worth noting that as the image size increased

with sample elongation, a shift of strain distribution curve was observed.
Images focusing on a small region of interest (ROI) around the crack area
were captured at different strain values and are shown in Fig. 9.

For hydrogen free samples, there is no obvious strain variation at
stage 1 (black lines) near the yield strength, indicating uniformdeformation
regardless of heat treatment conditions or the presence of hydrogen. More
attention has been given to the strain nucleation and growth from stage 2 to
stage 3, where the deformation behavior of samples is significantly affected
by heat treatment and hydrogen uptake. More strain/instability peaks were
observed on heat-treated samples than non-heat-treated samples, as shown
in Fig. 8 (a1–c1). Three main strain sites (strain > 0.1) were found on AD-
samples at stage 2 and these strain peaks are growing to stage 3 without
formation of new strain/instability sites. This is due to the higher density of
dislocation and larger grain size in AD samples. Strain and deformation
accumulated around local defects/grain boundaries under applied stress,
eventually growing and evolving into the primary cause of failure. A similar
trendwas found onHT-800 sample, whose deformation behavior exhibited
three main strain sites at stage 2 and eventually developed to a final fracture
strain value. More than ten major strain/instability sites (strain value > 0.1)
were initiated on HT-1200 sample by loading from stage1 to stage 2, indi-
cating a uniform plastic instability occurring on the sample surface during
the tensile test. From the discussion above, we found that the micro-
structural changes of HT-1200 sample, characterized by the formation of
twin grains and a reduction in dislocation density, led to decreased aniso-
tropy, which is closely related to themicrostructural alternation induced by
heat treatment36. As a result, strain/instability initiated and propagated
uniformly across the surface, as shown in Fig. 8 (c1). Two hot-spot regions
were found at the stage 3 and 4 for HT-1200 sample and the necking
phenomenon was observed on the fracture in Fig. 9 (c1), which is typical
fracture behavior for conventionallymanufactured 316 L4. The sample after

Fig. 8 | Strain distribution maps. Evolution of local strain distribution of (a) as-
deposit, (b) HT-800 and (c) HT-1200 samples with and without hydrogen charging.
Average values of the local strain distribution are shown for 4 selected holding points
(at different tensile stages, explicating in (d1)). These points are illustrated in the
tensile curve in (d1), corresponding to critical deformation stages: 1 near the yield

strength, 2 middle of the uniform elongation, 3 approaching the ultimate tensile
strength and 4 immediately before the fracture. The color -code strain scale was
shown in (d2). x-axis is the horizontal position (tensile direction) along the sample in
mm from left to right and y-axis is the corresponding x-strain values (calculated as
the mean strain along the vertical direction at each horizontal position).
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heat treatment at 1200 °C has comparable tensile properties and fracture
behavior to CMed sample.

For hydrogen charged samples, the strain/instability distribution
behavior of samples before and after different heat treatments are shown in
Fig. 8 (a2–c2). Additionally, detailed fracture observationswithin small ROI
are shown in Fig. 9 (a2–c2). Compared to hydrogen free samples, intensified
strain fluctuation was found in the hydrogen charged samples at stage 1.
Notably, the strain/instability nucleated and initiated on hydrogen charged
samples at stage 1 can grow and develop into stage 2 and 3, exhibiting a
markedlydifferent behavior compared tohydrogen free samples.Also, there
is no formation of new instability region during tensile test between stage 1
and stage 2. Results indicated that the hydrogen had an immediate effect at
the very beginning of tensile test and this effect persisted until fracture,
which canbe contributed to the hydrogenuptake behavior during hydrogen
charging process. The hydrogen accumulation behavior at specific areas of
the pre-charged samples established the strain/instability distribution map.
It is well established that H atoms can accumulate around dislocations,
leading to a phenomenon known as ‘dislocation pinning’ effect andmaking
it harder for dislocations to move39,40, which in turn affects the material’s
ductility and can make it more susceptible to brittle fracture. Compared to
the visible slip lines in hydrogen free samples, the secondary cracks observed
in fracture morphology shown in Fig. 7 (a3–d3) and Fig. 9 (a2–c2)

confirmed that the presence of hydrogen induced amore brittle fracture and
reduced the ductility. It was reported that the H atom in the stacking fault
plane can weaken the interaction between the Fe atoms of the interlayers,
and lead tomore secondary cracks by reducing the stacking fault energy34,35.

This studyhas investigated and compared the hydrogen embrittlement
behavior of DEDAdditive manufactured stainless steel 316 L after different
heat treatments. This includes the mechanism of how HE resistance can be
enhanced via post-process treatments. Themajorfindings can be concluded
as follows. Heat treatment (at 600 °C, 800 °C, and 1200 °C) resulted in
notable microstructural changes: cellular structures were progressively
destroyed, and recrystallization occurred, particularly at 1200 °C. This
change promoted the development of equiaxed grainswith annealing twins,
further contributing to enhancedmechanical properties and HE resistance.
The dislocation density decreased with increasing annealing temperatures,
which directly influenced hydrogen uptake, solubility and trapping beha-
vior. Higher dislocation density in as-deposited samples provides more
hydrogen trapping sites. And formation of twin grain boundaries and other
lattice sites in samples treatedat 1200 °C showedahigherHEresistance even
with higher soluble hydrogen concentration. The heat treatments at 800 °C
and 1200 °C enhanced both tensile strength and elongation for hydrogen-
free samples, breaking the typical strength-ductility trade-off of conven-
tional manufacturing materials. Hydrogen-charged samples showed more

Fig. 9 | Small region of interest. Cracking area for
(a) as-deposit, (b) HT-800 and (c) HT1200 sample
at (1): hydrogen free and (2): 24 h hydrogen char-
ging conditions. (3%,15%,25% and fracture strain).
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brittle fractures with secondary cracks, confirming the H atomweakens the
stacking fault energy of the Fe atom interlayers. Digital image correlation
(DIC)was pioneered to reveal heat-treated samples exhibitedmore uniform
plastic deformation and strain instability initiation across the surface. Strain
initiated at the hydrogen accumulation sites in hydrogen charged samples
and developed toward the final failure zone.

Methods
Material and heat treatment
316 L SS samples were deposited by COMTED FHT via Laser-Directed
Energy Deposition (L-DED)5 system equipped with a 2 kW ytterbium fiber
laser source36. A set of L-DEDprocess parameters and building protocol can
be found in previous paper4. The chemical composition of the as deposited
316 L SSwasmeasured via glow discharge optical emission spectroscopy, as
shown in Table 2. The DED deposited samples were annealed at different
temperatures (600, 800, and 1200 °C) with a heating rate of around
20 °C/min in an argon-flowing furnace for 1 h, followed by furnace cooling
to room temperature. Then flat dog-bone tensile specimens with gauge
dimensions of 5mm (length) × 1mm (width) × 1mm (thickness) were
prepared for hydrogen charging and tensile test.

Tensile test on hydrogen charged sample
The detailed hydrogen charging process can be found in our previously
published paper4. The cathodic hydrogen charging was carried out in a
mixed glycerol and phosphoric acid solution at 75 °C under potentio-static
control at−2000mV (equal to a current density of 50mA/cm2) to preserve
a corrosion-free surface. A Platinummesh was used as a counter electrode,
Ag/AgCl was used as a reference electrode and two identical samples were
connected to the working electrode. After 24 h hydrogen charging, twin
samples were carefully rinsedwith de-ionizedwater and ethanol, then dried
with compressed air in preparation for subsequent Thermal Desorption
Spectroscopy (TDS) and tensile testing, respectively. The processing time
was strictly limited to 10min to avoid hydrogen desorption. TDS (Bruker
G4 PHONIX DH) was used to measure the hydrogen concentration in the
samples at a heating rate of 20 °C/min from room temperature to 800 °C.

Tensile tests were performed on hydrogen charged and hydrogen free
specimens to investigate the hydrogen embrittlement susceptibility using a
miniature tensile module (Kammrath &Weiss GmbH) with a 50 kN load.
Three parallel samples were tested to ensure the repeatability of the results.
The tensile direction is parallel to the scanning direction and perpendicular
to the building direction. Samples were deformed at a constant strain rate of
0.001 s−1 under high resolution optical microscope (OlympusDSX 1000) in
Differential Interference Contrast mode. The tensile test was briefly paused
at every 150 µm elongation intervals to capture images, continuing until
sample fracture. These images were stitched using automatic panorama
stitchingwith a 10%overlap. Images of the gauge part of sampleswere taken
for further Digital Image Correlation (DIC) analysis byNcorrMATLAB4,41.
DIC tracks the relative displacement of material patterns between unde-
formed (reference image) and deformed images. The parameters for DIC
analysis are: subset radius of 30–50 pixels, subset spacing of 5 pixels, strain
radius of 8 pixels, and pixel density of 1–1.25 pixel/μm. The detailed
description can be found in previous publication4. Additionally, a small
region of interest (ROI) around thefinal failure areawas highlighted to trace
the changes in surface topography after a specific amount of strain.

According to ASTM E92-17, microhardness measurements were per-
formed on heat-treated samples without hydrogen using a INNOVATEST
Nemesis 5102Universal Hardness Tester, under a load of 200 gf for 15 s with
adistancebetween indentationsof 500 µm.As thehydrogenhardening effect,

attributed to the hydrogen enhanced dislocation density, has been previously
reported4, this study focuses solely on the effect of heat treatment on the
evolution of hardness, independent of hydrogen influence. Hardness values
were calculated from the diagonal length of indentations according to stan-
dard EN ISO6507:Vickers hardness = 0.1891 * F / d2, where F is testing force
in newtons (N) and d is arithmetic mean of two diagonal lengths in mm.

Microstructure characterization
ADandheat-treatedDED316 L SS specimenswere examined on the planes
perpendicular to the build direction to better understand the link between
mechanical properties and microstructure. The samples were prepared by
mechanical grinding, polishing, electropolishing and 1min electrochemical
etching in 10% oxalic acid for microstructure analysis. The electropolishing
was conducted in a solution of 1Mmethanolic H2SO4 solutions at 25 V for
35 s at room temperature. Characterization of the material grain structure
was performed via scanning electron microscope (SEM, JEOL 6610LV,
Japan) equipped with energy-dispersive spectroscopy system (EDS AZte-
cOne, Oxford Instruments Group, England) and an electron backscatter
diffraction (QUANTAXEBSD, Bruker, Germany) systemwith accelerating
voltage at 20 kV.X-raydiffraction (XRD,Rigaku, Japan)was alsoperformed
at ambient temperature using monochromatic Co Kα radiation
(λ = 1.789 Å) at 40 kV and 20mA to identify the microstructural phases of
the studied samples. The diffraction patterns were collected over a 2θ range
of 40° to 120°, with a step size of 0.1° and a count time of 15 s/step.

Transmission electron microscopy (TEM) was performed on as
received and HT1200 samples to characterize the dislocation distribution
and quantify its density as supporting evidence for XRD results. TEM
samples were cut using Focused Ion Beam (FIB) and coated with platinum
before micro-machining the samples to ∼100 nm thick for TEM analysis.
The TEM analysis was performed using a Thermo Scientific TalosF200X
TEM and a FEI TECNAI G2 FEG TEM, operating at 200 keV to obtain
bright-field and STEM-HAADF images.

Data availability
Data is provided within themanuscript or supplementary information files.
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