Scripta Materialia 194 (2021) 113718

Contents lists available at ScienceDirect

Scripta Materialia

journal homepage: www.elsevier.com/locate/scriptamat

Hydrogen uptake and its influence in selective laser melted austenitic = g
stainless steel: A nanoindentation study

Jeong-Min Park®', Yakai Zhao"', Thomas Voisin¢, Dong-Hyun Lee¢, Shin-ichi Komazaki®,

Yoonseok Ko"¢ Dong-Ik Kim', Jin-Yoo Suh, Heung Nam Han¢, Y. Morris Wang ",

Upadrasta Ramamurty ", Jae-il Jang®*

aDivision of Materials Science and Engineering, Hanyang University, Seoul 04763, Republic of Korea
bSchool of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore 639798
¢ Materials Science Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

d Max-Planck-Institut fiir Eisenforschung GmbH, Max-Planck-Strafe 1, Diisseldorf 40237, Germany

¢ Department of Mechanical Engineering, Kagoshima University, Kagoshima 890-0065, Japan

fCenter for Energy Materials Research, Korea Institute of Science and Technology, Seoul 02792, Republic of Korea
& Department of Materials Science and Engineering, Seoul National University, Seoul 08826, Republic of Korea
h Department of Materials Science and Engineering, University of California, Los Angeles, CA 90095, USA

ARTICLE INFO ABSTRACT

Article history:

Received 9 December 2020
Accepted 31 December 2020
Available online 8 January 2021

Keywords:

Additive manufacturing
Hydrogen
Nanoindentation
Austenitic stainless steel
Selective laser melting

The effect of hydrogen (H) charging on the nanoindentation response of a selective laser melted (SLM)
316L austenitic stainless steel was investigated and compared with its conventionally manufactured (CM)
counterpart. Results show that the hardness increment in the SLM samples due to H charging is rel-
atively smaller. Thermal desorption spectroscopy analysis suggests that the charged SLM alloy has not
only a smaller H content but a lower apparent H diffusivity in comparison to the CM alloy. This was at-
tributed to the ultrafine solidification cell structure in the SLM alloy. Through the low-load nanoindenta-
tion experiments and forward-scattered electron imaging analysis, statistical distributions of the hardness
of the cell walls and interiors were assessed. The cell walls, consisting of high-density dislocations with
segregated elements, were relatively insensitive to H charging than the cell interiors. These results are
discussed in terms of the apparent H solubility and diffusivity in the SLM alloy.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

The microstructures of alloys additively manufactured (AM) us-
ing either selective laser melting (SLM) or other powder bed fusion
(PBF) technologies are distinct in several different ways [1-5]. One
of the important microstructural consequences caused by the non-
equilibrium processing conditions that prevail during SLM is the
presence of an ultrafine solidification cell structure, especially in
steels [6,7], superalloys [8], and high-entropy alloys [9,10]. The cell
walls mainly consist of high-density dislocations; segregation of al-
loying elements to the cell walls and fine precipitates in them are
also reported. These cells, together with the mesostructures, not
only impart a hierarchical nature to the microstructure, but also
impart high ductility and toughness without compromising on the
strength [6,7,11,12]. In view of such unique features, both in terms
of the microstructures and the mechanical performance, detailed
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understanding of the structure-property correlations in SLM alloys
is an active area of current research [1,6,13,14]. While considerable
volume of literature is already available on the “general” mechan-
ical properties of SLM alloys at ambient conditions, experimental
work on how these alloys behave under “special” service condi-
tions such as in hydrogen (H) environments has not been exam-
ined in detail yet [15-19]. The presence of H is known to adversely
affect the mechanical performance of most alloys [20-22].

In the conventionally manufactured (CM) 316L stainless steel,
a relatively high local H concentration (e.g. near crack tip) is es-
sential for triggering H embrittlement, which depends on both the
intrinsic (such as H solubility, diffusivity and trapping states) and
extrinsic (such as deformation strain rate and temperature) factors
[23-25]. In this regard, it is possible that the cellular structure con-
taining high density of dislocations in SLM alloys can enhance its H
absorption capacity and thus exacerbate the H-induced mechanical
degradation. We investigate this particular “intrinsic” aspect in this
paper through nanoindentation technique that enables local me-
chanical property evaluation of small-scale features [26-29] like
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the cellular structure in SLM alloys. The effects of H charging on
the mechanical properties of the SLM 316L stainless steel (SS)—one
of the most widely used steel as well as an extensively investigated
SLM alloy [6,7,11,30]—are examined and compared with those of
its CM counterpart. The results show, surprisingly, that the solid-
ification cell structure retards the H uptake during charging and
hence reduces H-induced hardening. Nanoindentation experiments
along with thermal desorption analysis were utilized to elucidate
the mechanistic reasons behind this unique behavior.

The SLM 316L SS coupons (2.5 x 15.7 x 30 mm3 each, in size)
were fabricated in a commercial M2 powder-bed fusion machine
(Concept Laser GmbH, Lichtenfels, Germany) equipped with a 400
W fiber laser in argon environment. SLM was conducted with laser
beam size = 54 um, hatch spacing = 105 um, laser power = 150
W, and scan speed = 700 mmy/s. The build layer thickness is 30
pum, and an island scan strategy [31] was applied. For compari-
son purpose, we also examined a commercial-grade, well-annealed
316L SS as reference material (referred to as “CM” hereafter), of
which the chemical composition is listed along with that of SLM
sample in Table S1 in Supplementary Material. The specimens
were final-polished using VibroMet 2 polisher (Buehler, Lake Bluff,
IL, USA) with 0.02 um colloidal silica for 10 h. All the subse-
quent experiments performed on the SLM samples in the present
study were conducted on the surface parallel to the build direc-
tion (i.e. the side surface). Electron backscattered diffraction (EBSD;
e~FlashfS, Bruker Nano GmbH, Berlin, Germany) and transmission
electron microscopy (TEM; Titan 80-300, FEI, Hillsboro, OR, USA)
were utilized to characterize the crystal- and meso-structures.

The polished specimens were electrochemically H-charged
[32] at room temperature (RT, ~25°C) and 50°C with a potentio-
stat/galvanostat equipment (HA-151A, Hokuto Denko, Tokyo, Japan)
using a mixture of 0.1 mol/L NaOH and 0.5 wt.% NH4SCN as the
electrolytic solution. While various charging temperature and time
were applied, the same current density of 5 mA/cm? was adopted
for all the cases. Nanoindentation experiments with Berkovich tip
were performed at both high load (peak load Ppax = 100 mN, with
indentation strain rate = 0.025 s~!) using Nanoindenter-XP (for-
merly MTS; now KLA Corporation, Milpitas, CA, USA) and low load
(Pmax = 100 N, with loading rate = 20 uN/s) using TI950 Triboin-
denter (formerly Hysitron; now Bruker Corp., Minneapolis, MN,
USA). The specific location of each low-load indent was identified
by recourse to forward-scattered electron (FSE) imaging, which uti-
lizes an EBSD detector (e~Flash"R) equipped with a forward- and
backscattered electron detection system (ARGUS™, Bruker Nano
GmbH, Berlin, Germany). Thermal desorption spectroscopy (TDS)
was employed for the quantitative analysis of the H content in
the hydrogenated samples, using a gas chromatograph (JTF-20A, J-
Science Lab Co. Ltd, Kyoto, Japan) with a constant heating rate of
100 °C/h.

The orientation and size distribution of grains in both samples
were characterized by EBSD, and the obtained inverse pole figure
(IPF) images are displayed in Fig. 1. The microstructure of CM 316L
(Fig. 1a) consists of equiaxed grains with an average grain size, d,
of ~33 pum. Since the CM alloy is well annealed, a low density of
dislocations in it is expected. Fig. 1b exhibits the IPF map of the
SLM 316L, and the d was determined to be ~45 pm. Note that the
numerous low-angle grain boundaries (LAGBs) in the SLM sample
[6] were not counted during the d estimation. Single face-centered
cubic (fcc) phase of both CM and SLM samples was confirmed by
X-ray diffraction (XRD) results (see Fig. S1 in Supplementary Mate-
rial). Fig. 2a shows a high-angle annular dark-filed (HAADF) image
of SLM sample obtained in the scanning TEM (STEM) mode. Fine
cellular structure embedded within individual grains can be seen.
The size of the cells is nonuniform, ranging from 0.2 to 1.0 um in
average spacing in the same sample [12]. A closer examination via
bright-filed (BF) TEM (Fig. 2b) reveals that the cell walls contain a
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Fig. 1. Representative EBSD inverse pole figure (IPF) maps of (a) CM and (b) SLM
316L samples. Note the differences in the scale bars of the two images.

Fig. 2. Transmission electron micrographs showing the solidification cellular struc-
ture in the SLM 316L specimens. (a) HAADF TEM image of the solidification cells,
and (b) bright field TEM image showing a high density of dislocations in the cell
walls.
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Fig. 3. Cumulative probability distribution of the hardness values obtained on SLM
and CM 316L SS specimens before and after charging for (a) different time and (b)
at different temperatures.
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high density of dislocations. Such a solidification cell structure is
widely reported in the SLM SSs [6,30,33]. Segregation of elements,
mainly Cr and Mo, to the dislocation walls was observed with the
aid of compositional mapping in Refs. [6,7].

From the nanoindentation tests conducted at Ppax = 100 mN,
variations in the hardness values for both uncharged and H-
charged samples of CM and SLM 316L are presented in Fig. 3
in terms of cumulative probability distributions. In the uncharged
condition, the hardness of SLM sample is much higher than that
of the CM sample. The higher hardness of SLM 316L is primarily
due to the fine cellular structure in it [6,7,34], either by being an
obstacle to dislocation movement (then leading to Hall-Petch-like
dependence of strength on cell size) [6] or simply by cell wall's
high-density dislocations (following Taylor strengthening for forest
dislocations) [34]. By comparing the hardness in uncharged and
charged states, it is clear that both the time (Fig. 3a) and tem-
perature (Fig. 3b) of charging enhance the hardness of both CM
and SLM samples [35]. Table 1 summarizes the average hardness
values of the uncharged (Hy) and charged (H¢) samples, the differ-
ence between them (AH = Hc - Hy), and the normalized percent-

Table 1
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Fig. 4. Thermal desorption spectra obtained on the H-charged (a) CM and (b) SLM
316L samples. Lines are drawn through the data for the purpose of guiding the eye.

age of hardness increment (AH/Hy). In all the charged conditions,
the SLM alloy always shows both smaller AH and smaller AH/Hy
than the CM 316L, suggesting SLM 316L alloy is less sensitive to H
charging.

TDS measurements were employed to gain insights into the cor-
relation between the H content and the observed differences in
the hardening behavior of CM and SLM 316L samples. As displayed
in Fig. 4, in both uncharged samples of CM and SLM, the amount
of H, which may come from manufacturing process, is negligible
(~0.15 and 0.03 wppm, respectively). With an increase in either
time or temperature of H charging, the H content in each sam-
ple increases. Since hardness also changes in the same manner
(Fig. 3), this observation suggests that the only possible reason for
the observed hardening is H-induced mechanisms. Such hardening
has been usually explained by general solid solution strengthen-
ing mechanisms such as dislocation dragging or pinning [36] and
H-enhanced slip planarity [37].

The average hardness values for uncharged (Hy), charged (Hc) samples, the hardness increment
(AH = H¢ - Hy), and the normalized hardness increment (AH/Hy) for CM and SLM 316L SS

samples.
Uncharged  Charged for 6 h, RT Charged for 6 h, 50°C  Charged for 24 h, RT
Hy Hc AH A AH He AH  4E
CM 245 291 046 18% 3.05 0.60 24% 328 082 34%
AM  3.79 407 028 7% 422 043 11% 432 054 14%
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Fig. 5. Representative FSE images showing the low-load nanoindentation arrays on (a) uncharged and (b) charged AM 316L samples (the indents marked with black circles
are those made on cell interiors, while those circled with red correspond to cell walls). (c) Cumulative distributions of hardness values obtained on cell interiors (top plot)

and walls (bottom plot) in both uncharged and charged AM 316L samples.

For identical charging conditions, the H content in the CM al-
loy is about three times that in the SLM alloy after 6 h charging,
whereas only marginal difference in H content exists after 24 h
charging. Recent study on 304L austenitic SS showed that SLM and
CM alloys possess similar H content after prolonged H charging (5
days) [19]. This suggests that SLM 316L may also possess a similar
steady-state H solubility as that of the CM alloy whereas the H dif-
fusivity is largely reduced in the former; i.e., while H content after
6 h charging is much lower in the SLM alloy due to the low H dif-
fusivity in it, the gap in the H contents between SLM and CM sam-
ples is reduced after long time charging at or near saturation con-
ditions. This is contrary to the prior studies on austenitic SSs which
reported an increase in H absorption with increasing dislocation
density [23,38]. Since the solidification cell structure is a key mi-
crostructural feature that is different in these two steels, it is rea-
sonable to attribute the different behavior noted in the SLM alloy
to this feature. Unlike typical dislocations in conventional metals
and alloys, the dislocation-tangled cell walls are energetically sta-
ble [34], which is attributed to the pinning effect from the segre-
gated elements and/or oxides in cell walls [6]. Such stability leads
to an invariance of the characteristic size and shape of the cells
even after plastic deformation [7] or thermal annealing [30,39]. Be-
cause of the relatively stable state of the cell walls, it is possible
that their potential energy landscape for H is shallower than that
of typical microstructural defects and possibly comparable to that
of the interstitial lattice sites. Such shallow potential well makes
the walls unfavorable residing sites for H, which is a distinct fea-
ture from the typical dislocations in CM alloys

In Fig. 5, another noticeable feature lies in the temperature
spans over which the desorption peaks occur are different in the
CM and SLM alloys. While the temperature at which the H evolu-
tion rate becomes zero, Ty, is ~300 (for 6 h) or ~400°C (for 24 h) in
the CM alloy, Ty becomes ~150-200 (for 6 h) or ~300°C (for 24 h)
in the SLM alloy. In fcc metals, H diffusion, which is slower than
the detrapping process, is the rate-controlling mechanism during
the thermal desorption process [23,40]. Therefore, Ty can be di-
rectly correlated to the maximum depth to which H atoms pene-
trate during charging, or H diffusivity. On this basis, the observed
higher Ty (and thus a deeper distance reached by H atoms through
diffusion) in CM samples than in SLM samples further confirms the
relatively lower H diffusivity in the latter. This, in turn, implies that
the cell structure in the SLM alloy is effective in impeding the dif-
fusion of H. This is also contrary to the observations in conven-
tional austenitic SSs where the dislocation density does not alter

the H diffusivity in a significant manner [38,41]. A comparison of
the H diffusivity (Dy) data of SLM 316L, obtained by gas-phase per-
meation tests [42], with that of the CM 316L available in literature
[23,43-45], is made in Table S2 in Supplementary Material. While
Dy of SLM and CM alloys, both at RT and at 50°C, are similar in
magnitude, the former is slightly lower than all those reported for
CM 316L. Since the cell walls densely distributed everywhere in
the SLM sample are not preferable for H atoms’ residence, the H
diffusion process by hopping of H atoms between interstitial lat-
tice sites [46] may be effectively blocked by those walls, leading to
less number of diffusion paths available for H atoms and hence the
reduced the apparent H diffusivity.

To further elucidate the cellular structure’s role in the observed
hardening in H-charged SLM samples, low-load nanoindentation
tests (Pmax = 100 uN, with the maximum displacement always less
than 20 nm) were performed on both uncharged and 24 h charged
SLM samples. To ascertain whether a specific indent is located on
the cell well or interior, FSE imaging was utilized. Representative
examples of the obtained FSE images are presented in Fig. 5a and
5b where the cellular structure is visible. At least 24 points corre-
sponding to either cell interior or wall were obtained, of which the
hardness results are displayed in Fig. 5c. The indents located right
on cell wall or interior were categorized and the average hard-
ness results were obtained. In the uncharged condition, the aver-
age hardness of the cell walls is ~12% higher than the cell inte-
rior, as expected. Upon charging, while cell interiors harden signif-
icantly (AH ~1.0 GPa and AH/Hy ~16%), the cell walls only show
a marginal hardness increase (AH ~0.3 GPa with AH/Hy ~4%). This
marginal changes in hardness of the cell walls upon H charging can
be attributed to either lower H content in the walls, or the diffi-
culty in hardening the already-hardened cell walls, or both. Either
way, it leads us to conclude that the well-developed cell structure
in AM 316L does not cause a substantial H-induced strengthening.

For relatively “stable” austenitic SSs like 316L that are not
susceptible for martensitic transformation (no evidence for phase
transformation was detected in our H-charged specimens), the
widely-accepted micromechanisms of H embrittlement is H-
enhanced localized plasticity (HELP) [25,47]. For the HELP mecha-
nism, both H solubility and diffusivity are essential in determining
the existence and/or magnitude of H embrittlement in austenitic
SSs as both these factors affect the local H content in critical re-
gions (such as crack tip) [48,49]. In this context, the findings of
the present study, namely effective reduction in H diffusivity and
H-induced hardening caused by the cellular structure, indicate that
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SLM 316L alloy is likely to be less susceptible to H embrittlement.
A CM 316L alloy with a comparable high dislocation density (ob-
tained, for instance, by cold rolling) is likely to show inferior HE
resistance due to the enhanced solubility while the diffusivity of H
does not get affected [38,41]. Therefore, the SLM 316L alloy may be
a promising candidate in industrial applications where H environ-
ment is prevalent.

In summary, although the intrinsic hardness of SLM 316L steel
is much higher than that of an annealed CM steel, the hardness
enhancement due to H charging in the former is lower than in
the latter. Through TDS analyses, it was revealed that the solidi-
fication cell structure in the SLM alloy reduces the apparent H dif-
fusivity but has insignificant effect on the H solubility, indicating
that the high-density of dislocations present in the cell walls are
essentially different in nature from the randomly-distributed dislo-
cations in conventional alloys. By recourse to low-load nanoinden-
tation experiments with FSE imaging, the cell walls are proven to
be more resistant to H absorption and hence hardening, as com-
pared to the cell interiors. The observations in the present study
suggest a promising characteristic of the SLM alloys in resisting H-
induced mechanical degradation.
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