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� H permeation behavior and H-induced 
defect evaluation of 3D printed 316L 
SSs. 
� Sub-grain boundaries act as rapid 

transportation channels for the H atoms. 
� SLM 316L SS generated H-induced de-

fects with more volume fractions than 
CR 316L SS. 
� H softening effect occurred in both SLM 

and CR 316L SSs.  
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A B S T R A C T   

Additive manufacturing technology is a novel path to fabricate complex nuclear components. Considering the 
hydrogen (H) environment in which nuclear materials work, we proposed that the hydrogen resistance of 
structure materials should be considered as a deciding factor in the materials selection for nuclear application. In 
this work, we introduced H atoms into the selective laser melting (SLM) 316L stainless steel (SS) via two different 
H permeation methods and characterized its H permeation behavior and microstructure change. Results showed 
that the H diffusion rate in the SLM 316L SS was much higher than that in the cold-rolled (CR) one. The abundant 
sub-grain boundaries of the SLM 316L SS act as rapid transportation channels for the H atoms. H-induced defects 
which do not appear in the H charged CR 316L SS were observed in the H charged SLM 316L SS. H softening 
effect occurs in both SLM and CR 316L SS.   

1. Introduction 

Additive manufacturing (AM) technology, which is commonly 
known as 3D printing, can be utilized to complete tasks of material 
preparation and part forming simultaneously. It can significantly reduce 

the economic costs and production cycles of nuclear equipment due to 
its rapid prototyping. Considering its unique processing characteristics, 
AM technology is expected to solve the problem of complex nuclear 
equipment manufacturing [1]. However, structural materials in reactors 
have long-term served in hydrogen (H) environments. On the one hand, 
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H is generated in nuclear materials during neutron irradiation via 
transmutation. On the other hand, partial nuclear material is exposed to 
primary water containing dissolved H, thereby resulting in the abun-
dance of absorbed H atoms. Massive H atoms and H-induced defects 
accumulating inside the material can lead to failures such as embrit-
tlement, swelling, and accelerated corrosion. In exploring the applica-
tion of AM technology in the field of nuclear materials, carrying out 
research on H resistance of typical nuclear structural materials formed 
by AM is necessary. 

The 316L austenitic stainless steel (SS), due to its sufficient tolerance 
for corrosion and radioactivity, has been widely used for structural 
material in reactors [1]. Several years since the development of 316L 
austenitic SS, the processing technology in its preparation by selective 
laser melting (SLM) technology has become increasingly mature. 
Numerous studies indicated that SLM 316L SS has a typical micro-
structure different from that of traditional 316L SS. In 2015, Saeidi et al. 
observed that 316L austenitic SS formed by SLM technology by scanning 
electron microscopy (SEM) [2]. A nano-cellular sub-grain structure of 
extremely high density was observed inside the material grains. The 
sub-grain structure can be essentially stabilized even after annealing at 
700 �C. In the following year, Trelewicz et al. [3] obtained a series of 
316L SS with the average sub-grain size ranging from 200 nm to 1 μm by 
regulating the process parameters, such as laser scanning rate. In 2018, 
Qiu et al. [4] used a pulsed laser mode with different laser powers and 
scanning patterns to fabricate 316L SS samples by SLM. These research 
group confirmed that the laser-processed samples show both superior 
strength and ductility compared with conventionally manufactured 
counterparts due to the special microstructure containing cellular 
sub-grains and nano-inclusions. Variations in microstructures between 
the SLM 316L SS and the steel fabricated by traditional process does not 
only cause the changes in mechanical properties and corrosion resis-
tance [1–6] but also have a trapping effect on He atoms [7], thereby 
effectively affect the formation of He bubbles. However, the effects of 
the structure on H atoms and H-induced defects remain unclear. 
Considering that H atoms and H-induced defects have a detrimental 
effect on the structure and properties of the material, evaluating the 
SLM-fabricated 316L SS under the H environment is extremely 
necessary. 

In the present work, the H permeation behavior of the SLM 316L SS 
at different temperatures was investigated via gas-phase H permeation. 
Electrochemical H permeation was also used to introduce H atoms into 
the SLM 316L SS samples to explore the diffusion behavior of H atoms 
inside the material with different surface H concentrations. Combined 
with positron lifetime spectrum technique and the electrochemical H 
permeation results, we analyzed the defect information and the H 
diffusion mode of SLM 316L SS. We also conducted Vickers hardness 
tests to investigate the macroscopic mechanical properties before and 
after H charging. For comparison, the same experiments were further 
carried out on traditional cold-rolled (CR) 316L SS. The result showed 
that the SLM 316L SS had a unique H permeation characteristic different 
from that of CR 316L SS. According to the analysis of microstructure 
evolution of the two materials, the fundamental mechanisms for the 
special H permeation behavior in SLM 316L SS were revealed. 

2. Experimental 

2.1. Material preparation 

Two 316L austenitic SSs were used for this study. The SLM 316L SS 
sample used in the experiment was provided by Xi’an Bright Laser 
Technologies Co., China, and the fabrication parameters were the same 
as that of a previous study [7], as shown in Table 1. The CR 316L SS was 
purchased from Wuxi Xinguangda Stainless Steel Co., Ltd. The chemical 
compositions of the two materials are listed in Table 2. 

The SLM 316L SS samples were divided into two groups. The first 
group was disk samples with dimensions of 20.0 mm � 0.2 mm were 

used for Gas-phase H permeation experiment. Another group of SLM and 
CR 316L SS samples were used for electrochemical H permeation ex-
periments. Both two 316L austenitic SSs were processed into the rect-
angular pieces of 20.0 mm � 30.0 mm � 0.5 mm by wire cutting, 
grounded with SiC papers, and polished to the mirror surface. The 
sample was plated with Ni on one side, and the compositions of the Ni- 
plated solution are presented in previous studies [8,9]. The purpose is to 
suppress the surface effect (H þ H ¼ H2) occurring on the anode and 
protect the metal from corrosion, so as to guarantee that only hydrogen 
oxidation current is detected. According to relevant studies [10] the 
following optimum Ni plating process parameters were selected: the 
current density of Ni plating of 10 mA/cm2 and the plating time of 5 
min. 

2.2. Gas-phase H permeation 

Hydrogen gas-driven permeation (GDP) experiment with the pres-
sure of 1.013 � 105 Pa was performed on a GDP system in the Institute of 
Plasma Physics, Chinese Academy of Sciences. The detailed description 
of the GDP device and the experimental procedure was shown in Liu 
[11]’s work. The temperature range of the GDP experiment was selected 
to be 623 K–773 K which is in line with commercial reactors operating 
temperature range [12]. 

2.3. Electrochemical permeation 

The double electrolytic cell electrochemical permeation method 
proposed by Devanathan-Stachurski [13] was used to infiltrate H atoms 
into the specimens in the present work. The specimen was sandwiched 
between two electrolytic cells with an exposed area (effective area of H 
charging) of 1.77 cm2 to solution as working electrodes. One side of the 
specimen is a H charged cell, which is also called a cathode cell, con-
taining 0.2 mol/L NaOH and 1% Na2S. In this cell, the specimen acted as 
cathodic where Hþ obtains e� becoming H and penetrated the specimen. 
The cathodic cell was connected to a programmable DC-regulated power 
supply HSPY-36-03 ensuring that the charging current was constant. The 
Ni-plated side of the specimen faced the additional cell called anodic 
cell, containing 0.2 mol/L NaOH. The specimen acted as anodic where 
infiltrated H can be electrolyzed into Hþ, thereby increasing the anode 
current. The anodic cell was connected to a CHI600E electrochemical 
workstation, which applied a constant potential to ensure the ionization 
of H atoms. A Hg-HgO electrode was used as a reference electrode for the 
anodic side and two platinum electrodes were used as auxiliary elec-
trodes. After connecting the instruments shown in Fig. 1, we added 
electrolyte to the anode cell and the anodic side was set to an oxidation 
potential of 0.15 V (vs. Hg/HgO). When the current density decreased to 
<0.1 μA cm� 2, we started charging the H in the cathode cell. Both cells 
were maintained at a constant temperature of 298 � 1 K by a water bath 
throughout the experiment. 

Table 1 
Process parameters of SLM 316L austenitic stainless steel.  

Power 
(W) 

Scanning rate 
(mm/s) 

Line spacing 
(mm) 

Atmosphere Spot diameter 
(μm) 

200 850 0.1 Ar 70  

Table 2 
Nominal chemical compositions (wt%) of two kinds of 316L SS.   

Cr Ni Mo Mn Si C S P 

SLM 17.17 10.45 2.22 1.20 0.52 0.017 0.014 0.031 
CR 16.64 10.05 2.02 1.18 0.44 0.020 0.002 0.031  

J. Lin et al.                                                                                                                                                                                                                                       
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2.4. Data analysis method of H permeation 

The temperature dependence on the measured H permeability (mol/ 
m/s/Pa1/2) in metals can be presented by the following [14]: 

φ ¼ J∞ L

P
1
2
1

(1)  

where J is the steady-state diffusion flux (mol/m2/s), P1 is the equilib-
rium H pressure (Pa) at the inlet surfaces, and L is the sample thickness 
(m). 

Permeability Φ (mol/m/s/Pa1/2) and diffusion coefficient D (m2/s) 
with temperature changed following the Arrhenius relationship [14], as 
follows: 

φ¼φ0 exp
�

�
Eφ

RT

�

(2)  

D¼D0 exp
�

�
ED

RT

�

(3)  

where Φ0 and D0 are the pre-exponential coefficients; EΦ (KJ/mol) and 
ED (KJ/mol) are the penetration and diffusion activation energies, 
respectively; R is the gas constant, and T is the temperature during the 
charging process. 

The hydrogen permeation flux J∞, the effective diffusion coefficient 
and the apparent H concentration were determined as follows [15]: 

J∞ ¼ I∞

FA
(4)  

Deff ¼ L2

6t0:63
(5)  

Capp¼ I∞ L=DFA (6) 

Deff is the effective diffusion coefficient (m2/s), Capp is the apparent H 
concentration (mol/m3), I∞ is the anode steady-state current (μA) and A 
is the effective area of H charging (m2). t0.63 is the time when 63% of the 
steady-state current density was reached. F is the Faraday constant. 

2.5. Characterization 

Optical microscopy (OM, Zeiss Scope A1), SEM (Apollo 300) and 
TEM (Tecnai G2 F20 S-Twin) were used to observe the SS microstruc-
ture. TEM specimens were prepared by a standard double-jet procedure 
(7 vol% per-chloric acid and 93 vol% ethanol with a voltage of 65 V at 
� 25 �C). To explore the evolution of defects before and after H charging, 
we performed the positron annihilation lifetime spectrum (PALS) using 
a fast-slow coincidence system. The positron source 22Na was deposited 
on a titanium foil and sandwiched between two pieces of the samples. 
The lifetime resolution was 210 ps and each of the lifetime spectra 
collected 1.5 � 106 counts. Two standard single crystal Ni samples of an 
area of 1 cm2 were used to modify source contributions (228 ps, 
14.15%). The obtained PALS data were fitted with three lifetimes by 
using LT9.0 program. Fit variance in the data analysis process was be-
tween 0.9 and 1.1. The third life component τ3 was between 1 ns and 2 
ns, and its relative intensity I3 was <0.5%. This finding can be consid-
ered as the influence of source component and surface annihilation, 
which was disregarded in the experimental analysis. Vickers hardness 
test (MHVD-30AP) was performed to investigate the change in sample 
hardness before and after H charging. The load was 9.8 N with the 
holding time of 20 s. 

3. Results and discussion 

3.1. Pre-charged specimen microstructure 

Figs. 2(b) and (e) show the CR and SLM 316L SS microstructures 
under an OM at the same magnification, respectively. The martensitic 
phase can be observed as black precipitates in the CR 316L SS. XRD 
spectra in Fig. 2(a) also confirmed the existence of the martensitic phase. 
In a comparison to that, SLM 316L SS shows a unique layer band 
structure without any precipitates, and it has a single-phase austenite 
structure. Further, from the SEM micrographs of CR 316L SS with higher 
magnification in Fig. 2(c), we measured that the average grain size is 
approximately 11.28 μm. In contrast to that, SLM 316L SS in Fig. 2(f) 
presents a special cellular sub-grain structure with a grain diameter of 
approximately 480 nm. The grain of SLM 316L SS is obviously much 
finer than that of CR 316L SS. The roles of the grain boundaries and 
precipitate phases played in the hydrogen diffusion behaviors have been 
discussed in the previous studies[16–21]. It is reported that the pre-
cipitation phase, e.g., the Sigma phase and M23C6 are usually found near 
the grain boundary in SLM [16] and CR 316L SS [17]. However, all of 
them were proved to be ineffective hydrogen traps in austenitic steels 
[18,19]. In the other hand, Mine et al. [19] compared the influence of 
sigma phase in 310S austenitic SS to the hydrogen diffusion and that of 
grain boundaries. He indicated that short-circuit diffusion is enhanced 
through an increased fraction of the grain boundaries. With further 
research, grain boundary has been widely accepted as a main factor 
affecting hydrogen diffusion in austenite SS, but the detailed interaction 
mechanism between hydrogen and grain boundaries is unclear to date. 
Alefeld et al. [20]suggested that the grain boundaries are traps for H 
atoms, which can capture H atoms, thereby hindering H diffusion. 
However, Jost et al. [21] stated that the atoms at the grain boundaries 
are irregularly arranged, the structure is loose, and H atoms easily pass 
through loose regions. Since the SLM 316L SS possesses much higher 
grain boundary volume than the CR 316L SS, the hydrogen permeation 
behaviors in the SLM 316L SS and the CR 316L SS were compared in this 
work. 

3.2. H permeation transient profiles 

3.2.1. Gas phase H permeation 
The evolution of the downstream H permeation flux through SLM 

316L SS is shown in Fig. 3(a). As the temperature of the H permeation 
experiment increased, the H breakthrough time decreased and the 

Fig. 1. Scheme of experimental device for H permeation experiment.  
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permeate flux increased, because the H atom activity, thermal motion 
and diffusion rate in the steel increase with the increase in temperature. 

Fig. 3(b) shows the temperature dependence of the permeability 

through the samples between SLM 316L SS and data from Xu [22]’s 
work. In Xu’s work, the 316L samples bought from Goodfellow Co. were 
fabricated through traditional methods such as casting or CR, but were 

Fig. 2. Microstructure of CR and SLM 316 SSs; (a) XRD pattern (b) OM micrograph and (c) SEM micrograph of CR 316L SS, (d) XRD pattern (e) OM micrograph and 
(f) SEM micrograph of SLM 316L SS. 

Fig. 3. (a) H permeation flux vs. SLM 316L SS time with the upstream driven pressure of 1.013 � 105 Pa; Temperature dependence of permeability (b) and diffusion 
coefficient (c) of H in SLM 316L SS compared with traditional 316L SS [22]. 
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not described in detail. The results showed that the H permeability of 
SLM 316 SS is slightly higher than that of 316L SS [22] at the temper-
ature ranging from 623 K to 773 K. The temperature dependence of the 
measured H permeability (mol/m/s/Pa1/2) in SLM 316L SS can be pre-
sented by the following equation: 

φSLM316L ¼ 3:08� 10� 7expð � 61:804ðKJ=molÞ=RTÞ (7) 

Meanwhile, the temperature dependence on the obtained of H 
permeability in 316L [22] SS obtained by the same device [11] was 
presented by the following equation: 

Φ316L ½22� ¼ 4:12� 10� 7expð � 64:713ðKJ =molÞ =RTÞ (8) 

It is widely proved that H permeability cannot be influenced by de-
fects in austenitic SS [14]. During the process of GDP experiments, oxide 
films could form and influence the results [22]. The EΦ is essentially 
unaffected by the oxidation [22] and defects but by the element 
composition and lattice structure [14]. Since the influence factors of the 
two 316L steels are similar, there is little difference in EΦ. The 
pre-exponential factor Φ0 represents the sensitivity of permeability to 
temperature. Studies [23,24] have shown that material fabricated by 
SLM has a higher oxidation resistance than that manufactured by 
traditional craft. Sub-grain boundaries can act as diffusion channels for 
O and Cr, thereby forming network of oxides along these boundaries. 
This in turn slows down the overall volume diffusion of O and Cr into the 
matrix, and improves oxidation resistance. Therefore, the oxidation 
degree of SLM 316L would be less than that of traditional 316L under 
similar experimental conditions, resulting in a slightly higher perme-
ability. The value of the pre-exponential factor Φ0 indirectly reflects the 

sensitivity of the oxidizability to temperature. 
Fig. 3(c) shows the H diffusion coefficients of SLM and traditional 

316L SSs [22]. The diffusion coefficient of SLM 316L SS was approxi-
mately fourfold larger than traditional 316L SS [22] at the temperature 
ranging from 623 K to 773 K. The H diffusion coefficient (m2/s) in SLM 
316L SS can be expressed by the following: 

DSLM316L¼ 1:01� 10� 6 expð � 56:156ðKJ =molÞ =RTÞ (9) 

The H diffusion coefficient in 316L [22] SS was given by the 
following [22]: 

D316L½22� ¼ 1:38� 10� 7 expð � 50:91ðKJ =molÞ =RTÞ (10) 

ED is the activation energy barrier associated with the predominant 
diffusion process. And it is mainly affected by hydrogen trapping sites in 
the material like dislocations and grain boundaries [25]. Since many 
sub-grain boundaries, which can act as hydrogen trapping sites, exist in 
SLM 316L SS, the ED (56.156 kJ/mol) of SLM 316L SS is greater than that 
of 316L fabricated by traditional craft (50.91 kJ/mol) The 
pre-exponential factor D0 is changes with the microstructure and so 
depends on the mean free path of hydrogen into materials [25]. Thus it is 
relative to the probability of hydrogen atoms jumping [26] and diffusion 
rate of hydrogen [27] in the material. The results show that the D0 of 
SLM 316L SS is an order of magnitude larger than that of 316L manu-
factured by traditional processes which indicate a higher hydrogen 
diffusion rate in SLM 316L SS. The sub-grain boundaries in SLM 316L SS 
may not only have trapping effect on H, but also accelerate H diffusion. 

After comparison, we can conclude that the H diffusion rate of SLM 
316L SS was faster than that of traditional 316L SS from 623 K to 773 K. 

Fig. 4. H permeation transient profiles of two steels at different cathodic charging current densities: (a) SLM and CR 316L SS; (b) CR 316L SS; Comparison of (c) 
effective diffusion coefficient; (d) apparent H concentration as a function of cathodic current density for SLM and CR 316L SSs. 
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3.2.2. Electrochemical H permeation 
Figs. 4(a) and (b) show the H permeation curves of SLM and CR 316L 

SSs under different H charging currents. In order to avoid the distur-
bance of the error, the steady-state current density values within a 
certain range were selected to calculate the kinetic parameters of H 
permeation. The range is from the nearest inflection point to the 
maximum value of current density. The calculated results of Deff, Capp 
and J∞ are shown in Fig. 4 (c) and 4 (d) and Table 3. In addition, to 
obtain appropriate sigmoids, a prerequisite for using a simple analysis 
based on the t0.63 parameter, we used Boltzmann function [28] to fit the 
curve, and calculated the relevant kinetic parameters. The results show 
that the experimental values are in good agreement with the fitting 
values. By comparing the results of different current density, the time of 
hydrogen penetration and reaching steady state decreases, and J∞ and 
Deff increase as the current density increasing. The promoting effect of 
charging current density on hydrogen diffusion is obvious [29,30]. Un-
like other kinetic parameters, the Capp increased at the beginning and 
then decreased possibly because the number of H atoms generated per 
unit time increased with the increase in current. Hence, the probability 
of H atoms recombined into H molecules increases, thereby decreasing 
the number of H atoms beneath the cathodic surface [29]. 

The results between hydrogen diffusion coefficient in SLM 316L SS 
calculated from gas-phase and electrochemical permeation was 
compared in Fig. 5. The Deff of SLM 316L SS was 4.57 � 10� 12 m2/s at 
the charging current density of 5 mA/cm2. However, according to the 
results got from gas phase hydrogen permeation, the effective diffusion 
coefficients in SLM 316L SS is estimated to be 1.4478 � 10� 16 m2/s. 
Many researchers have found this deviation in their experiments [25] 
and simulations [31]. Such deviations were attributed to the stronger 
effect of grain boundary on hydrogen diffusion [32] at room tempera-
ture than that at higher temperature. Hydrogen sinks only affect 
hydrogen diffusion at a certain low temperature. However, the mecha-
nisms of electrochemical hydrogen permeation and gas phase hydrogen 
permeation are different. Brass et al. [33] found that the hydrogen 
concentration measured after cathodic charging at 368 K exceeds the 
values measured after charging in the gas phase at much higher tem-
peratures. The equivalent hydrogen pressures exerted on the sample’s 
surface during cathodic charging are far greater than that usually be 
used in the autoclaves, resulting in a larger Deff of H. Above all, this 
deviation may be due to the contribution of sub-grain boundaries, or the 
difference between the two permeation method. 

The hydrogen kinetic parameters of SLM and CR 316L SS was 
compared. It was found that the H penetration time and time to reach 
steady-state were less, and the Deff and J∞ were larger in SLM 316LSS 
than that in CR. This result proved that H has a stronger diffusivity in 
SLM 316L SS than that in CR 316L SS. Based on the microstructure 
differences between the two 316L SS, we concluded that the sub-grain 
boundary plays a role in promoting hydrogen diffusion at RT. 

Both gas phase H permeation and electrochemical H permeation 
experiments results show a stronger hydrogen diffusivity in SLM 316L SS 

than 316L SS fabricate by traditional handicraft. To explore the effect of 
high H permeability on SLM 316L SS, we characterized the changes in 
the microstructure after the sample H permeation. 

3.3. Changes in microstructure 

3.3.1. PALS 
PALS is a widely used method in characterizing atomic-scale defects 

in materials. Hydrogen damage or hydrogen embrittlement (HE) of iron 
and stainless steels has been investigated by many authors using PALS 
[34–36]. Chen et al. [35] suggested that H can cause structural defects 
and H damage in stainless steels. The lifetime of vacancies and dislo-
cations was approximately 140–200 ps. The lifetime of vacancy clusters 
formed by multiple vacancies was approximately 200–400 ps, and the 
lifetime of H damages such as H bubbling and cavities was approxi-
mately 400–500 ps [35]. These values will serve as references for 
analyzing our experimental results. Fig. 6 and Table 4 show the lifetime 
components τ1 and τ2 and relative intensities I1 and I2 as a function of 
current density in SLM (panel a) and CR 316L SSs (panel b). The short 
lifetime component τ1 represented the weighted average of the lifetime 
of the positron annihilating in the free volume of the sample and the 
lifetime of the small structural defect. Meanwhile the long lifetime τ2 
component represented the lifetime value of the annihilation of posi-
trons in large defects. The lifetime values changed significantly within 
the range of the current density of hydrogenation in this study, indi-
cating that the microstructure of the material evolved. 

Fig. 6(a) shows that τ1 of SLM 316L SS was 120ps before H charging; 
this value was slightly larger than the lifetime (~106 ps) of positron 
annihilation in the SS free state [34]. Sun et al. [7]indicated that SLM 
316L SS has several sub-grain boundaries and dislocations, and posi-
trons tend to annihilate in these defects, thereby resulting in an increase 
in τ1 [37]. τ1 increased with the increase in current density, which 
implied that small-size defects, such as vacancies and dislocations 
induced by H appeared, and the size of defects increased [35] The τ2 of 
SLM 316L SS before H charging was 325 ps (between 200 and 400 ps), 
thereby indicated that the sample itself has large vacancy clusters of 
5–10 vacancies [38]. However, the number of clusters was small (the 
intensity I2 was only 1.76%). A slight increase in τ2 (325–339 ps) and I2 
(1.7%–2.8%) at current density of 5 mA/cm2 manifested that the size 
and the number of vacancy clusters increased slightly. Sugimoto et al. 
[39] illustrated that H atoms can reduce the vacancy formation energy 
and binding energy and become the cores of vacancy nucleation and 
aggregation in Fe. Therefore, H can increase the size and number of 
vacant clusters. The τ2 suddenly decreased to 250 ps at the current 

Table 3 
Effective diffusivity Deff, apparent H concentration Capp and hydrogen perme-
ation flux J∞ versus different H charged current densities during the permeation 
experiment.  

Current 
density (mA/ 
cm2) 

Deff ( � 10� 12 m2/s) Capp (wppm) J∞ ( � 10� 7 mol/ 
m2/s) 

SLM CR SLM CR SLM CR 

5 4.57 �
0.78 

0.41 �
0.002 

7.24 �
1.27 

3.05 �
0.13 

5.12 �
0.76 

0.20 �
0.01 

10 4.90 �
0.70 

0.46 �
0.003 

13.38 �
1.30 

6.94 �
0.23 

10.34 �
1.15 

0.50 �
0.05 

35 15.1 �
1.4 

0.46 �
0.002 

6.41 �
0.95 

8.51 �
0.18 

15.19 �
0.84 

0.62 �
0.01 

55 21.6 �
4.0 

0.76 �
0.002 

7.96 �
1.24 

7.90 �
0.16 

26.31 �
1.37 

0.95 �
0.02  

Fig. 5. Comparison of effective diffusion coefficient of SLM 316L SS between 
the electrochemical and the gas phase experiments. 
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density of 10 mA/cm2. He et al. [36] reported that if the vacancies 
contain H atoms, the positron lifetime can decrease due to the overlap of 
electrons of H atoms with trapped positrons. Hence, the H atoms com-
bined with the intrinsic vacancy clusters in the SLM 316L SS form a 
complex, thereby decreasing τ2. Meanwhile, I2 increased from 2.8% to 
6.5%, which suggested that the new vacancy clusters of 3–5 vacancies 
(232–304 ps) appeared [38]. τ2 gradually increased with the increase in 
the current density of >10 mA/cm2, which indicated the size of the 
defects increased with the increase in current density. We will analyze 
the effect of different hydrogen permeation current densities on the 
formation of hydrogen-induced defects in the next section. 

Fig. 6(b) shows that as the H charging current increased to 10 mA/ 
cm2 in CR 316L SS, τ1 does not change, τ2 increased (from 147 ps to 188 

ps (belongs to 140–200 ps)), but I2 decreased (from 14.4% to 4.6%). This 
result was observed because small structure defects, such as dislocations 
induced by cold working, converged into large size defects. I2 gradually 
increased (4.6%–7.2%) with the increase in current density from 10 
mA/cm2 to 55 mA/cm2, and new defects may appear. To evaluate the 
overall information of the defects of the material after electrochemical H 
permeation, we used the average lifetime τav to judge [36], which was 
calculated using the following equation: 

τav ¼
τ1I1

I1 þ I2
þ

τ2I2

I1 þ I2
(11) 

The results in Fig. 6(c) showed that with the increase in H charging 
current density, the average life of CR 316L SS is almost unchanged, 
thereby indicating that almost no new defect was formed during the H 
permeation process. By contrast, the average life of SLM 316L SS 
increased with the increase in H charging current, thereby indicated that 
the total volume fraction of defects gradually increased. According to 
the results of H-induced defects, the CR 316L SS had higher H resistance 
than SLM 316L SS at room temperature. 

3.3.2. Hydrogen Permeation Mechanism in SLM 316L SS 
In the case of hydrogen permeation, different hydrogen charging 

current densities lead to different changes in the microstructure, 
possibly due to distinctions between hydrogen diffusion rates caused by 
different current densities. It is widely believed that H atoms would be 
captured by hydrogen sinks when they enter into the material. When the 
hydrogen atom sink is saturated, the subsequent incoming hydrogen 
atoms can diffuse into the crystal [40]. Furthermore, hydrogen naturally 

Fig. 6. Variations in positron lifetime parameters of (a) τ1 and τ2 and intensity parameters (b) I1 and I2 versus current density of SLM and CR 316L SS; (c) Comparison 
of average positron lifetime as a function of cathodic current density for SLM and CR 316L SSs. 

Table 4 
Positron annihilation lifetimes and their intensities for H-charged SLM and CR 
316L SSs.  

Material Current density (mA/cm2) τ1 τ2 I1 I2 τav 

SLM 316L SS 0 120 325 97.9 1.7 124 
5 126 339 96.9 2.8 132 
10 136 250 92.9 6.5 143 
35 137 275 95.1 4.5 143 
55 139 307 94.5 5.2 148 

CR 316L SS 0 101 147 85.1 14.7 108 
5 102 166 91.3 8.4 107 
10 102 188 95.2 4.6 106 
35 103 180 93.6 6.2 108 
55 102 186 92.6 7.2 108  
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escapes from some reversible traps with a velocity. If the hydrogen 
diffusion rate is not fast enough, hydrogen traps will not be filled up. 
Yazdipour [32] revealed that hydrogen atoms start diffusing through the 
boundaries in the early stages of diffusion because the diffusion rate in 
the boundaries is several orders of magnitude higher than the interior of 
the grains. The results of gas phase and electrochemical hydrogen 
permeation had proved that the sub-grain boundary has the effects of 
trapping and promoting diffusion of hydrogen atoms. Therefore, as 
shown in Fig. 7, if the hydrogen diffusion rate is slow (5 mA/cm2), most 
of the hydrogen will always diffuse along the sub-grain boundary. 
However, if the hydrogen diffusion rate reaches a certain level (�10 
mA/cm2), the hydrogen in the grain boundary will saturate and spread 
to the interior of sub-grains, resulting in more defects in the interior. 

As shown in the PALS results, τ2 and I2 increase slightly when the 
current density reach 5 mA/cm2, According to the assumption in the 
previous paragraph (most of hydrogen atoms diffuse along the sub-grain 
boundary), the intrinsic vacancy clusters (V-cluster) inside the sub-grain 
boundaries was combined with the hydrogen-induced vacancy, resulting 
in larger sizes. H-induced V-clusters would also form inside the sub- 
grain boundaries, resulting in an increase in defect density and an in-
crease in I2, as shown in Fig. 7(b). Oudriss [25] researched 
grain-boundary effects on diffusion and trapping of hydrogen in pure 
nickel. He proved that hydrogen promotes formation of vacancies in GBs 
while its diffusion along GBs. This supports the view that H-induced 
vacancy clusters can form inside the sub-grain boundaries. 

Fig. 7(c) showed that H had a tendency to diffuse into the sub-grain 
with the current density of 10 mA/cm2. Yazdipour [32] used the Cellular 
Automaton technique combined with the finite difference method to 
simulate the diffusion of hydrogen in X70 steel. It was found that there 
was a concentration gradient at the grain boundary towards the inside of 
the grain. The closer to the grain boundary, the higher hydrogen con-
centration was. The PALS result showed that τ2, decreased to 250 ps with 
a current density of 10 mA/cm2, and the hydrogen atom has a tendency 
to diffuse into the sub-grain at this time. The intrinsic vacancies near the 
sub-grain boundary will form into H-V complex with hydrogen. The 
number of equilibrium vacancies in metal crystals increases significantly 
at high temperatures. If the cooling rate is low, excess vacancies will 
annihilate on the free surface, grain boundaries, sub-grain boundaries 
and dislocations due to thermal movement during cooling. If the 

material is quenched from high temperature, the vacancies will not 
disappear and be “frozen”. Most of the vacancies remain at low tem-
perature, which greatly increases the number of vacancies around the 
sub-grain boundary. Cooling rates for materials fabricated by SLM is 
about 106 K/s [41]. Thus, such structure (vacancies surround sub-grain 
boundaries) can be formed in SLM alloys [42]. As shown in Fig. 7 (c), 
hydrogen forms into a complex with the vacancies around the sub-grain 
boundary. In the meantime, some hydrogen-induced vacancy clusters 
also appear around the sub-grain boundary, resulting an increase in I2. 
When the hydrogen charging current density become larger, more and 
more hydrogen atoms will diffuse to the center of the sub-grain, as 
shown in Fig. 7(d). Meanwhile, more vacancies generated inside the 
sub-grains. With the action of hydrogen atoms, these vacancies merge 
with the original formed small-sized vacancy clusters, leading τ2 to in-
crease. The schematic shown in Fig. 7 is an exaggeration of the main 
diffusion pattern, in which a small amount of hydrogen would diffuse 
into the sub-grains even at a small diffusion rate. 

The theory of plasticity localization in the metal with the effect of 
hydrogen became widespread. Hydrogen promotes the migration and 
merger of dislocations [43]. As shown in the TEM results in Fig. 7 (a), 
dislocations are attached to the sub-grain boundaries of SLM 316L SS. It 
is found that many dislocations were produced in CR 316L SS due to cold 
rolling [44]. Therefore, these dislocations can also merge with the effect 
of hydrogen. As the current density increases, the hydrogen diffusion 
rate increases, and the local stress field around the hydrogen also 
changes, causing the change of dislocation structure. Therefore, the 
PALS results (τ1 of SLM and τ2 of CR) changed. 

Changes in the microstructure of the material often result in changes 
in the macroscopic mechanical properties of the material. C. Sen€oz et al. 
[45] mentioned that hydrogen embrittlement could even occur at con-
centrations as low as 0.1 ppm. Hence, apparent H concentration 
(3.05–13.38 ppm) measured by us is enough to transform the mechan-
ical properties. We measured the changes in the hardness of the two 
316L SSs before and after H permeation to characterize the effect of the 
interaction of H and defects in the material. 

3.4. Change in hardness 

Fig. 8 displays the change in Vickers hardness of SLM and CR 316L 

Fig. 7. Hydrogen permeation mechanism in SLM 316L SS.  
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SSs after H permeation. SLM 316L SSs exhibited higher hardness than CR 
316L SS. It can be explained that the SLM 316L SSs possess higher grain 
boundary volume fractions than the CR ones. The grain boundaries will 
prevent the movement of dislocations and will cause the increase in 
hardness of the SLM 316L SSs. After H permeation, the hardness of both 
316L SSs decreased. The type of defects which can interact with 
hydrogen to cause changes in hardness needs to be addressed. Under 
normal circumstances, point defects have minimal effect on the me-
chanical properties of metals; they only harden the material by inter-
acting with dislocations and hindering the movement of dislocations 
[46]. Depending on a molecular dynamic simulation, single vacancies 
decorated with H atoms cannot obstruct the dislocation motion in α-Fe 
[47]. Considering that the hydrogen-induced defects appeared in SLM 
316L SS but not in CR one, H softening effect occurred in both SLM and 
CR 316L SSs, we judged that the interaction between the original defects 
in the material and hydrogen is the main factor to cause the change in 
hardness after hydrogen charging. Since previous studies [7,14] and 
PALS results (τ1 of SLM 316L SS > 106ps and τ2 of CR 316L SS > 140 ps) 
indicated that dislocations were found in both SLM and CR 316L SSs. 
Therefore, the interaction between H and dislocation may be the main 
factor to cause the change in hardness in stainless steel. On the one hand, 
the H atoms can be segregated at the core of the dislocations to weaken 
the binding force of the core atoms. On the other hand, the elastic strain 
energy of the dislocations can be reduced by H [48,49]. Thus, the 
mobility of dislocations can be promoted by H atoms. This mechanism 
can also explain the evaluation of dislocation in PALS results. Given that 
H can enhance the movement of dislocations, the material appeared 
macroscopically softened. 

4. Conclusion 

In summary, hydrogen permeation behaviors in 316L SS fabricated 
by SLM and CR were investigated by gas and electrochemical hydrogen 
permeation techniques. We also characterized their microstructure and 
mechanical property changes by PALS, XRD and Vickers hardness test. 
The results show that H diffused faster in SLM 316L SS with the 
contribution of sub-grain boundaries. Due to the unique H permeation 
characteristic, SLM 316L SS generated hydrogen-induced defects with a 
higher total volume fraction than the CR one under the same H charging 
current density. However, these hydrogen-induced defects would not 
affect the hardness of the two steels. The main cause of hardness change 
may be the interaction between hydrogen and the original dislocation in 
the material. It is worth noting that the presently work has specifically 
revealed the internal effects of microstructure on hydrogen diffusion of 
SLM 316L SS, which was performed at room temperature and 623 
K–773 K. Further parameter developments for studying hydrogen 
permeation behavior in SLM 316L SS details like temperatures, pressure 
and isotopic species of hydrogen are needed. Effect of hydrogen on 
mechanical properties such as tensile strength needs to be clarified in 
future work on this topic. 
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