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Abstract: Conventional-sized specimens have been well and widely applied in research on hydrogen
embrittlement. However, when the limited-size core components (nozzles and valves, etc.) of hydro-
gen energy equipment are evaluated for service damage, traditional testing with conventional-sized
samples is no longer applicable and micro-sample testing methods are required. In this paper, recent
progress in the characterization of hydrogen embrittlement achieved via a small-sized sample tensile
test, small punch test and nanoindentation test is reviewed. The commonly used geometries and
dimensions of various small-sized specimens are first described and the in situ hydrogen-containing
environment testing cases equipped with small-sized specimens are presented, proving the advan-
tages of direct observations of hydrogen influences on the mechanical property and microstructure
evolution. Then, the quantitative analysis of hydrogen embrittlement sensitivity involving a small
punch test is discussed, with a focus on the comparisons of the hydrogen embrittlement index cal-
culated using different definition methods. Finally, the nanoindentation test of investigation on the
interaction between hydrogen and dislocation in metals and the effect of indentation strain rate are
summarized. Furthermore, the specific research directions and applications of micro-size specimens
for further investigation on hydrogen embrittlement are identified.

Keywords: hydrogen embrittlement; small-size tensile; small punch test; nanoindentation

1. Background and Introduction

In the context of tackling global environmental pollution and climate warming, hydro-
gen energy has been considered as a promising fuel for the low-carbon transformation of
global energy resources, with its advantages of cleanliness, flexibility and efficiency, and its
wide variety of sources and applications. Most countries have listed hydrogen energy as a
priority area of frontier technology and industrial transformation. Along with the maturity
of terminal application of hydrogen energy, e.g., hydrogen fuel cell, a large number of
metallic structures, including hydrogen storage, hydrogen transport and hydrogenation
pressure vessels and pipelines, have been continuously built. However, it has been found
that the metallic materials are prone to premature brittle failure when they are served in a
hydrogen-containing environment, known as hydrogen embrittlement (HE) [1-3]. Because
of the low density, low ignition points and wide-range explosions caused by hydrogen,
the failure of hydrogen storage and transport vessels will result in serious consequences.
Therefore, ensuring the structural integrity of hydrogen energy equipment has become a
key issue that needs to be solved in the further promotion and application of hydrogen
energy [4,5].

HE research has been focused on for nearly 150 years, and many scholars have car-
ried out hydrogen—-metal compatibility studies. The existing research results are of great
significance to the economic and safe use of energy and chemical equipment materials,
such as carbon steel, low-alloy steel, stainless steel and titanium alloy, etc. The failure
modes of many equipment or components (such as low-temperature brittleness, delayed
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failure, fatigue, creep and stress corrosion rupture, etc.) are related to the promotion of
hydrogen. HE refers to the phenomenon that hydrogen interacts with the metal matrix,
causing mechanical properties such as toughness and plasticity to decline as well as re-
sulting in brittle or cracking of the material. It can usually be divided into two categories:
(i) Internal Hydrogen Embrittlement (IHE) and (ii) Environmental Hydrogen Embrittle-
ment (EHE). IHE indicates that hydrogen has entered the metal before force deformation
has occurred through the process of smelting, pickling, electroplating, etc. EHE refers
to the case in which entry of hydrogen is accompanied by the stress deformation of the
metal, which is usually directed to the service in a hydrogen-related environment [6,7].
Although there is no essential difference between IHE and EHE in the final mechanism, the
process, degree and form of the damage may be different. In some cases, internal hydrogen
damage and environmental damage occur simultaneously, leading to the deformation of
the hydrogen-absorbed metal in the hydrogen environment.

So far, although many HE theories have been proposed, they are still not unified.
The reason is that the hydrogen diffusion, dissolution, and trapping characteristics of
different crystal structure materials are not the same. At present, HE theories related to
metal materials mainly include [8,9]: (i) Hydrogen Pressure—HP; (ii) Hydride Theory—
HT; (iii) Dislocation Interaction—DI; (iv) Hydrogen-Enhanced Decohesion—HEDE; (v)
Hydrogen-Enhanced Local Plasticity—HELP; (vi) the Synergy theory of HEDE and HELP—
HEDE + HELP; (vii) Hydrogen Absorption-Induced Dislocation Emission—HAIDE; (viii)
Hydrogen-Enhanced Strain-Induced Vacancies—HESIV. According to different application
scenes, each HE theory has its own limitations, more or less, so it needs to be comprehen-
sively analyzed according to the actual situation. HEDE theory, HELP theory as well as
HEDE + HELP synergistic theory are widely accepted and used in the study of the HE
phenomenon of commonly used steels. According to the HEDE theory [10,11], hydrogen
reduces the bonding force (also known as cohesion) between metal atoms, which leads to
the separation of metal atoms under low tensile stress, causing crack nucleation, initiation
and expansion. The HELP theory indicates that hydrogen atoms will increase the mobility
of the dislocation in the region near the crack tip, resulting in “local softening” of the
material. When the plastic deformation caused by this “local softening” accumulates to a
critical state, it will cause the nucleation of micro-cracks, resulting in premature failure of
the material. Unlike the HEDE theory, in the HELP theory, the plasticity of the material
plays an important role in hydrogen-induced fracture [12,13]. The HELP + HEDE theory
believes that several HE mechanisms are more likely to act simultaneously. In most cases
of hydrogen-induced cracking, one HE mechanism usually dominates. It is also possible
that initially only one HE mechanism (such as HELP) dominates, but later another HE
mechanism (such as HEDE) dominates due to environmental changes in the service. To
date, several mechanisms of the synergistic effect of HE mechanisms have been gradually
recognized [14,15].

The quantitative difference between the mechanical properties of metals with and
without hydrogen is used to evaluate the degree of hydrogen influence, i.e., HE sensitivity.
The commonly used standard dimensional tensile test methods include the smooth tensile
test and the notch tensile test. Studies have shown that the effect of hydrogen on mate-
rial strength is usually inconspicuous, which mainly reduces the elongation and section
shrinkage, referred to as hydrogen-induced ductility loss. Therefore, the elongation or
reduction in the area is usually used to measure the HE sensitivity in the smooth tensile
test [16,17]. The stress state of the sample in the smooth tensile test is the uniaxial stress
state before necking, but the actual structure often has geometric discontinuous dimen-
sion, such as notch due to metallurgy, processing or structural needs, leading to the stress
concentration in front of the notch, which is mostly close to the state of multi-axial stress.
For this reason, the tensile test of notched samples is also often used to investigate the HE
sensitivity [18,19]. In general, the notched specimens exhibit greater ductility loss than
smooth specimens [20,21].
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It has been shown that the research on HE damages and mechanisms based on
conventional-sized specimens is remarkable. However, when evaluating the service dam-
age of core components with limited size, such as nozzles and valves, the traditional test
methods of conventional-sized samples are no longer applicable, and the micro-sample
method is highly recommended. Since the 1960s, the micro-sample testing method has
been applied to investigate the mechanical properties of materials. It was first used to
assess the risk of embrittlement of pipelines and pressure vessels subjected to long-term
neutron radiation in nuclear reactors. In recent years, with the development of structural
refinement and miniaturization in industrial engineering applications such as aerospace,
nuclear reactors, chemical equipment and instrumentation, small-sized components such
as thin plates and thin-walled pipe fittings have been popularized and applied. It is of great
significance to study the mechanical properties of materials obtained using the micro-size
sample method, which is relevant to the needs of complex sampling and high-throughput,
multi-parameter, and cross-scale testing in the development of new materials and service
equipment. In terms of quantitative analysis of the mechanical properties and fracture
behavior of materials induced by hydrogen, the micro-sample method has a small size,
which can shorten the hydrogen charging time and facilitate the hydrogen charging and
discharging test, making it a promising method for investigating HE [22-24]. In this paper,
the study of micro-sample tensile test (MSTT), small punch test (SPT) and nanoindentation
(NI) test are reviewed. The tensile test of standard-size sample is taken as a reference.
Figure 1 shows the load-displacement (L-D) curves of uniaxial tensile test, small punch
test and nanoindentation test.
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Figure 1. Comparisons of the load—displacement curves tested using (a) uniaxial tensile, (b) small
punch and (c) nanoindentation tests of 316L steel.

The mechanical curves are all tested using the identical 316L austenitic stainless
steel, which is convenient to directly compare here to the obtained L-D curves. It is seen
that the obtained mechanical property curves of the SPT and NI test present the distinct
characteristics of the uniaxial tensile test. The SPT and NI specimens show non-uniform
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stress—strain distributions during deformation, and the results are unable to be compared
directly with the standard tensile tests. At present, the empirical formula, reverse finite
element modeling and machine learning method are commonly used. In reality, many
studies have focused on the combination of multiple test methods, which can provide more
comprehensive results for dealing with the mechanical degradation problem of metals in
hydrogen-containing environments.

2. Micro-Sample Tensile Test and Hydrogen Embrittlement Characterization
2.1. Application of Small-Size Sample Tensile Test

Due to the limited volume and size of the structure and components to be measured,
it is impossible to prepare test samples of conventional size. The micro-size samples are
therefore essential. At present, micro-sample tensile testing methods have a wide range of
applications in the engineering field, including (i) online inspection and life evaluation of
in-service equipment, e.g., ageing equipment problems in nuclear power plant reactors;
(ii) research and development of new materials, e.g., mechanical properties of nanoma-
terials, composites and precious metals; (iii) local-region mechanical properties analysis
and damage behavior prediction of heterogeneous structures, e.g., heat-affected zones
in weld joints and single-phase properties of multi-phase structures in steels; (iv) meso-
and micro-scale mechanical behaviors, e.g., gradient materials, thin-film materials, biologi-
cal materials, and microscopic devices. The schematic geometries of various small-sized
specimens are shown from macro- to nano-scales in Figure 2 [25].
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Figure 2. Schematic diagram of commonly used small-sized specimens.

Published studies have shown that the factors affecting the tensile test results of
micro-samples include the cross-section diameter, thickness, length of parallel section in
the middle of the sample and the grain size of the material. When the sample size is
reduced from the conventional tensile sample, although the small-sized tensile test results
are different from those of the conventional sample, they can be described by continuum
mechanics, and the test results can still reflect the tensile properties of the material. Once the
sample size reaches a certain critical value [26], the size effect of the sample is highlighted,
and the tensile test results of the tiny sample cannot reflect the tensile properties of the
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material itself. It is usually reflected by an insufficient number of grains in the sample
thickness direction. The minimum applicable sample thickness is to be tens to hundreds
of times the grain size [27,28]. The lack of characteristic microstructure within the sample
or in the characteristic deformation region can cause the test results to deviate from the
intrinsic macroscopic mechanical behavior of the tested material. Therefore, some size
restrictions should be implemented to reduce or avoid the effects of size effect. For example,
the ratio of thickness to the grain size of flat samples should not be less than 5-10 [29]. The
minimum sizes of thickness and gauge length were recommended as 0.2 mm and 2 mm,
respectively [25,30]. Small-sized specimens with different parallel lengths are shown in
Figure 3, and they cover almost all possible options for the reduced aspect ratio (1:1 to
5:1) [31].

Figure 3. Small-sized specimens with different parallel lengths (unit: mm).

2.2. Hydrogen Embrittlement Characterization on Micro-Sample Tensile Test

With the rapid development of experimental testing technology, the tensile properties
of small or micro samples are usually tested by placing them in the scanning electron mi-
croscope (SEM) or transmission electron microscope (TEM) chamber, which can realize the
in situ testing of tensile mechanical properties and the characterization of microscopic mor-
phology [32,33]. Many researchers have performed investigations of HE via micro-sample
tensile tests owing to the in situ advanced equipment. T. Depover et al. [33] evaluated the
HE sensitivity and related hydrogen-assisted crack initiation in transformation-induced
plasticity (TRIP) steel. Unlike the electrochemically charged specimens, the plasma-charged
specimens presented a ductility increase, and the crack initiation in the soft arresting ferritic
matrix, whereas electrochemically charged specimens show crack initiation in the marten-
sitic regions. Yoji Mine et al. [34] carried out micro-tensile tests on single- and twinned
bi-crystals metastable 304 austenitic steel. It was concluded that the transformation of
layered-structure martensite results in the effusion of excessive hydrogen dissolved in the
original austenite phase. The high concentration of hydrogen concentrated in the remaining
austenite between the martensite lamella leads to local shear of the residual austenite along
the customary surface of martensitic transformation, resulting in quasi-cleavage fracture.
M. Asadipoor et al. [35] investigated the mechanical properties of X70 pipeline steel using
in situ H-plasma charging and ex situ electrochemical H-charging methods. Their research
emphasized the methodological innovation of the plasma hydrogen charging technique.
The in situ observations of hydrogen-induced effects, such as the formation of secondary
cracks resulting from MnS and Al,Oj; inclusions, and the transition of fracture features
from ductile dimples to cleavage patterns was well presented. Shohei Ueki et al. [36]
determined the effect of nano-twins on HE in the nano-twinned 304 steel. It was shown
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that controlling the orientation and distribution of nano-twins can strengthen metastable
austenitic steel and reduce the ductility loss caused by hydrogen. Based on the above-
reported research, there is no doubt that the direct observations of microstructure evolution
and crack initiation provide new insights into the HE phenomenon and a practical basis for
the improvement of HE theory.

3. Small Punch Test and Hydrogen Embrittlement Sensitivity Analysis
3.1. Description of Small Punch Test

SPT was also first used to assess the risk of embrittlement of pipeline and pressure
vessel materials exposed to long-term neutron radiation in nuclear reactors, the same as the
micro-sample tensile test. On the one hand, the large sampling size of conventional samples
easily causes destructive damage to the equipment, and it will cause secondary damage in the
subsequent welding repair. On the other hand, due to the limited access to irradiated materials,
the radioactivity will increase with the increase in sample size. The load—displacement curves
of the materials were obtained using a small round specimen ($10 mm x 0.5 mm), which was
punched at a constant loading rate (0.2~0.5 mm /min) [37-39]. After decades of development,
SPT testing results can be associated with several mechanical properties of materials, such
as yield strength and tensile strength [40,41], ductile-to-brittle transition temperature [42],
fracture toughness [43], creep strength [44] and life prediction [45], etc., playing a positive
auxiliary role in the aspects of material mechanical property testing, structural integrity
assessment and damage fracture control.

Relevant standards [37-39] have been established to correlate the mechanical parame-
ters of SPT and standard tensile tests, including SPT yield load vs. standard tensile yield
strength, SPT maximum load vs. standard elongation after tensile failure, and SPT biaxial
equivalent strain vs. section shrinkage of a standard tensile test specimen, etc. As shown in
Figure 4, according to the different deformation forms of the sample, the load-displacement
curve of SPT can be divided into five regions [46,47], i.e., I—the elastic stage, Il—the elasto-
plastic transition stage, Ill—the plastic bending section, [IV—the film stretching stage, and
V—the fracture failure stage.

Load, P (N)

juis

a

Displacement, y(mm)
Figure 4. The divided five regions of load—displacement curve of small punch test.

The I and II stages are the main stages of elastoplastic deformation of the material, and
the yield load (Fp) is generally defined according to the load value of the transition position
of the I + II stage. However, due to the fact that the exact locations of the transition stages I
and II cannot be directly determined, the selection criteria are not yet unified. Although
different methods have been proposed [48], the yield loads obtained by these methods
are different. As the yield load Fp is related to the final determined material mechanical
property. It is necessary to determine a suitable and unified method to obtain Fp in order to
accurately compare the differences in yield loads of different materials. Among them, the
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method of extracting Fp by the least square method proposed by the European Committee
Standard is often adopted [49], that is, the following two equations were obtained by
using least square method at two points A and B (shown in Figure 5), after obtaining the
load—displacement curve by SPT.

fa <
Fu) = fofZAu, 0<u<ugy 1)
Up—ti, +fA, ug <u<ug
/
Jo
3
R
g
g A
s ,
Fp=F(u )"
uy ug=t,=0.5

Displacement, £ (mm)

Figure 5. The method of extracting Fp proposed by the European Union Standard.

Error calculation formula:
up 2
err = [ [F(u) — fu) Pdu @)
0

As shown in Figure 5, the elastic and plastic stages of the SPT load—displacement
curve were fitted. The initial fitting point of the data in stage I was set at (0, 0), and the
end point of the data fitting in stage II was up (generally the standard thickness of the
sample, i.e., 0.5 mm). The two fitting lines intersected to obtain an intersection point. The
horizontal coordinate of the intersection point is 14, making a line x = 14, which intersected
the load—displacement curve. In this case, the abscissa of the intersection point is the yield
load of the load-displacement curve; that is, Fp = F(u4).

3.2. Hydrogen Embrittlement Sensitivity Analysis by Small Punch Test

In the quantitative analysis of HE sensitivity, the small-sized sample can not only
shorten the hydrogen charging time, but also facilitates the hydrogen charging and dis-
charging test in different hydrogen environments. As reported, it often takes ten or even
dozens of hours for conventional tensile samples to reach hydrogen saturation concen-
tration during electrolytic hydrogen charging, and a long-time test is needed if multiple
samples are to be performed. The efficiency of hydrogen charging can be improved by
using SPT and multiple samples can be tested at the same time. Thus, the time of hy-
drogen diffusion inside the sample is shortened, and the time hydrogen content takes to
reach saturation is also reduced. An in situ small punch test setup with application of a
high-pressure hydrogen environment and a low temperature reported by Shin et al. [49] is
shown in Figure 6. Their recently published results prove the high applicability of studying
HE susceptibility by using the small punch test. It not only ensures the accuracy of testing
results, but also simplifies the consumption of the experiment.
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Figure 6. An in situ small punch test setup applying a high-pressure hydrogen environment and a
low temperature (reprinted from Ref. [49]).

The Hydrogen Embrittlement Index (HEI) is a quantitative parameter used to evaluate
the hydrogen embrittlement sensitivity. For standard samples, the change rate of elonga-
tion and reduction in the area in hydrogen-containing environments and non-hydrogen-
containing environments is usually calculated to determine the HEI. The greater the change
rate, the greater the hydrogen embrittlement sensitivity. However, SPT tests do not have
clear quantitative indicators of elongation and area reduction. Generally, reduction of
thickness (ROT) and relative reduction of thickness (RRT) are used to characterize HEI [50].

— Hydrogen
ROT = M, RRT = M 3)
to ROTAI/N:
where fg is the initial specimen thickness and # is the final specimen thickness at failure.
Due to the difference between the load-displacement curve obtained via SPT and
the standard stress—strain curve, the mechanical properties of the material cannot be
obtained directly from the load—displacement curve of the SPT. The correlation methods
of determining yield strength, tensile strength, elongation and area reduction are briefly
introduced here, and are schematically shown in Figure 7. Researchers have put forward
different theories to enrich and improve the method of associating SPT with traditional
uniaxial tensile results. Through a large number of tests, the correlation formulae of yield
strength ¢y and oys between SPT with the tensile test results are, respectively, obtained as
follows [37-39]:

F

oy = 0(1?5 + an 4)
F

Ous = /31—’;’2“" + B2 (5)

where a1, ap, 1 and B, are the correlation material constants, ¢ is the specimen thickness,
Fp is the determined yield load, and Fax is the maximum load.



Metals 2023, 13, 1753

90f17

(a)

A= (Ly —Log)/Lo
Z=(40—-4)/A

—

\

N

4 L ty
. umﬂx \

oIS
T T
/ \

\ A=Aup,+ 4,

to— ty

& /‘,_\{”f\}; Z=wmZspr + Uz, ZSPT=T

Figure 7. Schematic diagram of correlation between elongation and area reduction of (a) uniaxial
tensile and (b) small punch specimen after fracture. (The dotted line is the imaginary section of a
cutting plane. The cut cross-section is presented in the red frame, where the characteristic parameters
are marked with a limited distance of arrows).

In addition to strength, the elongation (A) and area reduction (Z) also need to be
considered. A commonly used method is to correlate the maximum axial displacement
Umax Of the sample center point with the post-fracture elongation (A) of the uniaxial tensile
material. According to the percentage of the ratio of the maximum reduction (f — fy) in
the specimen thickness after fracture to the original thickness (tg), the area reduction Z is
associated, namely:

A = MUmax + A2 (6)

fo — t¢
fo

Z = u1Zspr + Y2, ZspT = (7)

where Ay, Ay, uy, po are correlation material constants and u#max is the maximum
axial displacement.

The mechanical performances without and with the hydrogen effect of several metallic
materials tested via small punch tests are listed in Table 1. The calculated results are based
on recently published papers [50-52]. Instead of the used area reduction and ductility loss
in tensile testing results, the ROT and RRT are employed to quantitatively analyze HEI The
results show the fitness for the application of SPT to evaluate the hydrogen embrittlement
damage. Among the listed materials, 316L steel presents the lowest hydrogen embrittlement
sensitivity under the environment of 10 MPa hydrogen pressure. In addition, the values
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of ROT and RRT are related to the displacement rate. With the decrease in displacement
rate, the ROT and RRT gradually decrease, indicating higher susceptibility to hydrogen
embrittlement.

Table 1. HE performance of several metallic materials tested via SPT.

Material Punch Vel(.)c1ty Maximum Load Fracture Displacement ROT (%) RRT (%) Environment
v (mm/min) Fmax (N) u¢ (mm)
1.0 2487 2.01 50.57 / Ny (10 MPa)
1.0 1487 1.08 23.92 47.37
SA372[50,52] 0.1 1277 1.01 22.05 44.82 Hj; (10 MPa)
0.01 976 0.96 15.43 30.81
1.0 3128 2.68 55.52 / N> (10 Mpa)
1.0 1207 1.38 2241 40.17
STS304[50,52] 0.1 953 113 19.86 35.59 H; (10 MPa)
0.01 905 1.12 18.85 34.07
1.0 2796 2.48 / / N; (10 MPa)
1.0 2121 1.81 / 99~100
STS316L [51] 0.1 1960 1.80 / 99~100 H; (10 MPa)
0.01 1659 1.67 / 99~100
1.0 3572 2.284 4491 / N, (10 MPa)
24.5 wt% Mn 1.0 1288 1.16 21.05 47.17
[50] 0.1 1038 0.87 16.16 35.77 Hj; (10 MPa)
0.01 794 0.80 16.14 35.75
1.0 2688 2.30 60.42 / N; (10 MPa)
o/ NI 1.0 1720 1.23 28.11 47.26
9% Ni [50] 0.1 1643 1.18 28.09 47.23 H; (10 MPa)
0.01 1379 1.10 24.02 40.89

Besides the above-mentioned ROT and RRT, G.”Alvarez et al. [53] proposed fracture
energy (Wspr), equivalent biaxial deformation at failure (e4¢), and the rate of change of
fitted circle to failure shape () to characterize HEIL The method of fitting the diameter
of the specimen to form a crack is shown in Figure 8 and the HE indexes of 42CrMo steel
characterized by various calculation methods are listed in Table 2. Unlike in the results
presented in Table 1, the electrochemical hydrogen charging method is performed. The
three recommended methods by using Wspr, €qf and @, are able to measure the HEL The
values of HEI increase with the decreased displacement rate and increased electrochemical
charging density, which indicates an increased hydrogen concentration. The multiple mea-
surement shows a more comprehensive method of quantifying the environmental damage.

HEI based on SPT fracture energy change rate is as follows:

Wak /8 — Wepr 5" /15
Wepr/ 5

UFmax
HEIwspr = , Wspr :/o F,du 8)

HEI based on SPT biaxial equivalent breaking strain change rate characterization is
expressed as follows:

8Ajr o 8Hyclrogerl ;
_af  "af _ 0
HEIyqy = A ’ &qf = h‘(g) 9)
af <
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HEI based on the characterization of the crack diameter change rate formed by sample

breakage is expressed as follows:

Ajr ©Hydrogen

_ _af af
HEIq;,qf = (DAjr (10)
af
31
W
S | ST
Do
fitting crack diameter @, of
(a) ductile failure
314
¥
. -
Py
fitting crack diameter Qg of
(b) brittle failure
Figure 8. Schematic diagrams of small punch samples. (a) Ductile failure, (b) brittle failure.
Table 2. HE index of 42CrMo steel characterized via SPT (date from Ref. [53]).
Punch Maximum Maximum Fracture HE Index
Velocity Load Displacement Thickness Environment
v (mm/min) Frnax (N) Umax (mm) t¢ (mm) HETwspr HEIL s HEI gy
0.2 1764 1.54 0.158 / / / Uncharged
0.26 1600 1.30 0.224 19.85 30.01 14.29
0.2 1630 1.37 0.254 27.14 42.88 15.71
0.14 1418 1.12 0.316 47.34 60.07 17.99 Electrochemically
0.08 1211 1.00 0.392 57.90 85.17 24.53 charged
0.02 1015 0.91 0.479 64.58 94.44 35.98 0.5 mA/cm?
0.002 709 0.61 0.356 79.63 90.04 41.32
0.001 582 0.57 0.406 85.21 93.52 45.50
0.26 1616 1.35 0.258 25.07 42.88 16.32
0.2 1346 1.11 0.346 51.00 68.25 17.99
0.14 1362 1.12 0.376 52.58 78.15 21.16 Electrochemically
0.08 1078 091 0.393 66.30 79.32 26.68 charged
0.02 826 0.80 0.423 71.15 95.37 38.10 1 mA/cm?
0.002 639 0.62 0.408 81.71 95.44 43.92
0.001 683 0.57 0.396 84.75 92.60 44.29

4. Nanoindentation Test and Hydrogen-Induced Micro Property Evaluation

4.1. Nanoindentation Theory

Understanding the interaction between hydrogen and dislocation in metals is an
important basis for perfecting the hydrogen embrittlement theory, and the key in this
regard is the Nanoindentation (NI) testing method. The basic test principle of NI is based
on the elastic contact theory proposed by Oliver-Pharr [54,55]. By recording the load-
displacement curve during the whole process of the indenter pressing into the material,
the characteristic parameters are obtained, and the nano-hardness and elastic modulus of
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the test sample are calculated. The indenting test usually adopts a Berkovich indenter, and
the nano-hardness (H) and elastic modulus (E) obtained through the test can be calculated
using the following formulae:

Pmax
H= 11
A (11)
£, = V7S 12)
2/A,
1 1—v?> 1- viz
2 1
E, E T E; (13)
1 1 1 1
Ac = Cohe? + Cihe + CohZ + C3h + Cyhd + Cshle (14)

where H is the nano-hardness, Py is the maximum force, E, is the reduced modulus, E
is the elastic modulus, S is the contact stiffness of the initial unloading curve defined by
dP/dh, P is the load force and & is the displacement, E; = 1140GPa and v; = 0.07 are the
elastic modulus and Poisson’s ratio of the diamond Berkovich indenter, respectively; A. is
the contact area and . is the contact depth.

4.2. Hydrogen-Induced Micro Property Evaluation Based on Nanoindentation

It is shown that hydrogen can affect the load-displacement curve obtained via the
nanoindentation experiment, so that the effect of the change in hydrogen on the mechanical
properties of the microstructure can be characterized. To date, much research on the effect
of indentation on various materials in a hydrogen environment has been reported. From
the perspective of characterizing the mechanical property evolutions of hydrogen effect,
Zhang et al. [56-58] studied the influence of the indentation strain rate on the test results of
mechanical properties of austenitic stainless steel under a hydrogen environment. Under
the same test load condition, the displacement depth of indentation into 310S material
decreased after hydrogen filling; that is, the nanoscale hardness value increased, and the
material became hydrogen-hardened. Barnoush et al. [59-61] studied the effect of hydrogen
on the ferrite phase and austenite phase plasticity and nano-hardness of duplex stainless
steel via an in situ electrochemical hydrogen filling nanoindentation method. It was found
that the hydrogen hardening degree of the austenite phase after hydrogen charging was
higher than that of the ferrite phase [62].

Figure 9 shows nanoindentation load—displacement curves and scanning probe mi-
croscopies of 316L stainless steel under electrochemical charging with cathodic and andic
potential. It can be clearly seen that hydrogen can reduce the load of the material when
Pop-in occurs for the first time in the nanoindentation test. The load of Pop-in can be
correlated with the driving force of dislocation nucleation. Based on the pure elasticity of
the indentation segment, the driving force that nucleates a dislocation can be assumed to
be the maximum shear stress Tmax. According to Hertzian elasticity theory, Tmax can be
expressed as [57,63]:

p= %EYR%h% (15)
1/3
6E,>
Tmax = 0.31( = 122 P) (16)

where P is the indentation force, E; is the reduced modulus, R is the indentation tip radius,
and & is the indentation depth.



Metals 2023, 13, 1753

13 of 17

2000

"y = > = (S . = S T 100 nm

Air AP

< “ - - sl N R N N 80

1500 B . s . . . 60
—
z 2 L, 40
&
"% 1000 . P Ve Py st e '0
— CP1 CP2 CP3
500 e
(0]
0 140 10 pm 10 um 10 um
(a) 4 (b) e s— s p——y——ryj

Displacement (nm)

Figure 9. (a) Nanoindentation load-displacement curves and (b) scanning probe microscopies of
316L stainless steel under different electrochemical charging conditions (reprinted from Ref. [64]).

On the other hand, the interaction of hydrogen with the dislocation also depends on
the strain rate. In the nanoindentation test, the indentation strain rate can be approximated

as [65]:
h 1({P H 1P
8h2<P_H>N2P 47
where h is the displacement, I is the displacement rate, P is the load, P is the loading rate,
H is the hardness, and H is the hardness rate.

According to Orowan’s equation, the strain rate affects the density and velocity of the
moving dislocation, which can be expressed as [66]:

€ = pmbo (18)

where ¢ is the strain rate, p, is the mobile dislocation, b is the magnitude of the Burgers
vector and v is the dislocation velocity.

In the case of a low strain rate, hydrogen is easily transferred by moving dislocation.
The increase in hydrogen transport leads to an increase in dislocation activity at some local
locations due to the enhanced ductility of hydrogen. At the same time, the increase in
dislocation activity enhances the hydrogen transport effect. Therefore, the strain rate affects
the interaction of hydrogen with the dislocation. Only when the dislocation velocity is less
than the critical rate (v.) will hydrogen move with the dislocation. According to dislocation
theory, the critical rate v, can be expressed as [58]:

DE
% = 30kTb (19)
Combining Equations (18) and (19), we can obtain:
. DE
£~ Pm3okT 20)

where D is the hydrogen diffusivity; E is the dislocation trap biding energy; k is the
Boltzmann constant; T is temperature.

5. Conclusions and Outlook

In recent decades, hydrogen embrittlement mechanism analysis and sensitivity evalu-
ation have been hot topics at the forefront of research. With the development of hydrogen
energy technology, many efforts have been made to design safe, durable, and low-cost stor-
age tanks and pipelines. Quantitative analysis of the hydrogen influence on the mechanical
properties of materials is one of the crucial issues that can ensure the structural integrity of
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hydrogen energy equipment. The conventional-sized specimen testing methods are very
mature. However, the regular-sized sample is not suitable for evaluating the damage of
core components of limited size, such as nozzles and valves. Hence, the micro-sample
testing technology helps to further evaluate the system of hydrogen embrittlement damage.
In the latest research, combined analyses including macro-, meso-, and micro-scale tests
have been successfully performed, providing more comprehensive experimental proof and
deeper insights.

Compared with conventional-sized samples, micro-sized sample testing faces greater
challenges in specimen preparation and data correlation. The specimen size effect and data
incomparability are the two most important and unavoidable factors. With the decrease
in the sample size, the size effect phenomenon—that is, the test result—deviates from the
macroscopic intrinsic mechanical behavior of the measured material, which becomes more
obvious. The data incomparability is usually caused by the difference in stress state or
strain path caused by the geometric dissimilarity between standard and small samples.
With the advancement of processing technology and intelligent algorithms, the impact of
external factors on testing results and analysis will progressively reduce, and the further
application issues of small sample testing technology are as follows:

(1) Fatigue performance. There are few reported studies on the fatigue properties of
small-sized samples. The commonly used small round bar fatigue sample mainly includes
hourglass-type and equal section-type specimens, during which the equal section specimens
show more reliable experimental results. The small punch test and nanoindentation test
are mainly used to characterize the mechanical property evolution under cyclic loading,
which is still unable to accurately obtain the fatigue life and fatigue strength. At present,
researchers have been exploring the creep-fatigue test using the small punch test, which
will inspire the investigation on fatigue damage evolution in a hydrogen environment.

(2) Ultra-small specimen testing requirement. With the continuous requirements of
testing technology improvement, the sample size has begun to develop towards a more
miniaturized direction, e.g., specimens employed in the micro-pillar compression test,
micro-cantilever bending test and environmental in situ transmission electron microscope
test. The ultra-small specimen test facilitates the observation of mechanical phenomena at
a smaller scale, even at nano-scale.

(3) High-throughput testing system. The development of the high-throughput testing
system is significant for the new-generation materials genetic engineering strategy. Due
to the advantage of its limited sample size, the multi-extensive mechanical properties are
easier to achieve through one experiments involving one micro-sample test, compared
with the standard specimen test. The recommended model of rational design, efficient
experiment and big data analytics can accelerate the discovery of new materials and further
widen the model’s applications. Such a system can significantly accelerate the study on
fitness for the service of different materials under the hydrogen environment.
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