International Journal of Plasticity 139 (2021) 102944

s

Contents lists available at ScienceDirect

International Journal of Plasticity

N

= )
[.SEVIER journal homepage: http://www.elsevier.com/locate/ijplas

Check for

Hydrogen induced slowdown of spallation in high entropy alloy &t
under shock loading

Zhou-Can Xie *”, Chen Li *°, Hai-Ying Wang *”, Chunsheng Lu ¢, Lan-Hong Dai *"> "

@ State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing, 100190, PR China
Y School of Engineering Science, University of Chinese Academy of Sciences, Beijing, 101408, PR China

€ School of Civil and Mechanical Engineering, Curtin University, Perth, WA, 6845, Australia

4 State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing, 100081, China

ARTICLE INFO ABSTRACT
Keywords: Hydrogen embrittlement is ubiquitous in metals and alloys exposed to hydrogen, which has been
Hydrogen embrittlement extensively studied over a century. In contrast to traditional alloys, mechanisms of hydrogen

High entropy alloy
Spallation

Trans-scale model

Statistical damage mechanics

embrittlement under shock loading are poorly understood, especially in recently emerging multi-
principle element and chemically disordered high entropy alloys (HEAs). By using a specially
designed double-target technique, an unexpected phenomenon of hydrogen-retarded spallation
was observed in CrMnFeCoNi HEA under plate impact loading. To reveal the underlying mech-
anism, a trans-scale statistical damage mechanics model was developed based on microstructural
characterization and first principles calculations. The hydrogen-retarded nucleation of micro-
voids is attributed to hydrogen-vacancy complexes with high migration energy, while forma-
tion of nano-twins with high resistance reduces their growth rate. These results shed light on the
better understanding of hydrogen embrittlement in chemically complex HEAs.

1. Introduction

Metallic materials in a hydrogen-rich environment generally appear degradation of mechanical properties and even catastrophic
failure, which is referred to as hydrogen embrittlement (Johnson, 1875). Several mechanisms have been proposed for explaining the
hydrogen embrittlement of traditional alloys, including hydrogen-enhanced localized plasticity (Robertson and Birnbaum, 1986;
Tabata and Birnbaum, 1983; Yuan et al.,, 2020), hydrogen-enhanced decohesion (Oriani, 1972; Wan et al., 2019), and
hydrogen-enhanced plasticity-induced vacancy (Nagumo, 2001, 2007; Xiong et al., 2018). To scrutinize hydrogen embrittlement
phenomena, a series of coupled theories were formulated that account for diffusion of hydrogen and elastic-plastic deformation of
metals (Abdolvand, 2019; Castelluccio et al., 2018; Di Leo and Anand, 2013). Although its physical origin has long been controversial,
it is deemed that the chemical composition and atomic-packing order play an important role in hydrogen embrittlement (Li et al.,
2020b; Robertson et al., 2015).

Recently, high entropy alloys (HEAs) have drawn increasing interest as a novel class of multiple-principal element and chemically
disordered alloys (Cantor et al., 2004; Yeh et al., 2004; George et al., 2019; Li et al., 2019a; Murty et al., 2019; Wang et al., 2020). As a
typical five-element HEA (Cantor et al., 2004; Yeh et al., 2004), CrMnFeCoNi exhibits superior mechanical properties such as an
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excellent combination of strength and ductility (Fang et al., 2019; Hasan et al., 2019; Shi et al., 2019; Gludovatz et al., 2014), shock
resistance (Jiang et al., 2016; Li et al., 2018; Zhang et al., 2020), and fatigue resistance (Li et al., 2020a; Thurston et al., 2017). These
remarkable properties mainly stem from their unique chemical disorder at atomic-level, where diverse elements are randomly ar-
ranged on crystallographic positions (Ding et al., 2018; Li et al., 2019b; Ming et al., 2019; Zhang et al., 2017). Furthermore, the
hydrogen embrittlement sensitivity of HEAs has been investigated under quasi-static loading. Compared to traditional alloys, HEAs
exhibit severe lattice distortion and nanoscale local chemical order heterogeneities, which can serve as hydrogen-trapped sites, thereby
resulting in high hydrogen solubility (Pu et al., 2018; Zhao et al, 2017a,b, 2018). HEAs also exhibit excellent hydrogen resistance,
particularly at low temperatures (Luo et al, 2017, 2018, 2020; Pu et al., 2018). These phenomena can be partially explained by the slow
diffusion of hydrogen in HEAs due to an intrinsically rugged diffusion path (Pu et al., 2018; Zhang et al., 2017) and the decrease of
stacking fault energy induced by hydrogen (Luo et al, 2017, 2018, 2020).

Generally, hydrogen embrittlement is a complex phenomenon involving a series of multi-scale and spatio-temporal coupling events
such as hydrogen diffusion, dislocations and twins, as well as micro-void nucleation and growth (Barrera et al., 2018). Such an
evolution process is determined by the characteristic relaxation time at the microscopic scale and an imposed time (Bai et al., 2019).
Under quasi-static loading, there is sufficient time for relaxation of rate-dependent micro-events. However, these events are far from
equilibrium during dynamic loading and it is necessary to consider the microstructural evolution process (Ku et al., 2020; Mayer and
Mayer, 2020; Lieou et al., 2019; Rittel et al., 2008).

Spallation is a typical dynamic fracture mode with a transient tensile loading time from nano-to micro-seconds (Hopkinson, 1914).
Compared with fracture governed by fracture toughness, spallation is a trans-scale process that includes the collective evolution of
numerous microscopic voids or cracks (Remington et al., 2018; Kanel’ et al., 2017; Bai et al., 2005; Meyers and Aimone, 1983). Curran
et al. (1987) proposed a nucleation and growth model of micro-voids based on damage statistics on cross sections of a material
impacted in gas gun experiments. Furthermore, the statistical evolution of micro-voids was established based on the number density
conservation law in a phase space; thus, spallation of traditional alloys can be quantitatively described in the framework of continuum
mechanics (Bai et al, 2000, 2019). However, when CrMnFeCoNi is applied in a hydrogen-rich environment such as deep sea and
hydrogen storage, there is lack of studies on spallation of H-charged CrMnFeCoNi and the influence of hydrogen on its microscopic
process.
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Fig. 1. (a) Time versus distance graph with a wave propagating in flyer and target plates under plate impact. (b) Stress versus particle-velocity
diagram. (c) Schematic of the experimental configuration, where light blue and pink blocks represent samples without and with hydrogen,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In this paper, a specially designed double-target spalling experiment is performed for H-free and H-charged CrMnFeCoNi samples.
The key effects of hydrogen on micro-void nucleation and growth are characterized by nanoindentation, electron backscatter
diffraction, transmission electron microscopy (TEM), positron annihilation tests, and first principle calculation. Then, based on
experimental observations, a trans-scale statistical model is established to consider the interaction among hydrogen, vacancy and
dislocation. Finally, the process of hydrogen-retarded spallation is described quantitatively.

2. Materials and methods

An equiatomic CrMnFeCoNi ingot was produced by arc-melting pure elements in a vacuum induction furnace. To refine grains, the
ingot was cold-rolled to 50% and subsequently annealed at 1150 °C for 1.5 h. The samples for spalling experiments were machined
from the annealed plate and polished with fine SiC papers.

Hydrogen was introduced into the samples by using a cathodic electrochemical charging technique in 0.5 mol L™ HySO4 + 1 gL~}
CH4N,S (thiourea) solution with a constant current density of 100 mA cm ™2 at 80 °C. The hydrogenation time was 48 h, and H-charged
samples were immediately immersed in liquid nitrogen until tests were performed.

In electrochemically charged samples, the hydrogen distribution exhibits a concentration gradient along thickness. To determine
the hydrogen content in a spalling zone, cubes of weight ~1 g were cut from a preset spallation zone of initial H-charged samples
without shocking. When these cubes were melted in high-purity argon, hydrogen was released and transformed into water by a CuO
catalyst. Then, the hydrogen content in water can be measured with an infrared detector.

To study the interaction between hydrogen and vacancy, positron annihilation lifetime tests were carried out. The positron source
(?2Na) was sandwiched between two identical samples, and positrons were emitted with a broad energy distribution from 0 to 545 keV
based on f-decay. Then, positrons were implanted in the samples from surface to bulk and further annihilated with an electron into two
511 keV photons. The lifetime was measured as the time lag between positron emission and annihilation. When positron was trapped
in a defect, a lower density of conducting electrons resulted in a longer characteristic attenuation time. Therefore, the type and number
of defects can be distinguished from their lifetime spectra. The total number of lifetime spectra was 2 million in order to ensure the
statistical property, and the time resolution of a spectrometer was 210 ps. The lifetime spectra were analyzed by the LT-9.0 program
(Kansy, 1996).

Nanoindentation was performed on cross sections of two H-charged samples, and hardness was measured five times at a given
depth using the Agilent Nano Indenter G200 with a three-sided pyramidal indenter. The maximum indentation depth was 1.0 pm under
a constant indentation strain rate of 0.05 s~'. Hardness was calculated by using the continuous stiffness measurement technique
(Oliver and Pharr, 1992).

To investigate the influence of hydrogen on spallation of CrMnFeCoNi, plate impact experiments were performed with a 101 mm
single-stage light gas gun. As illustrated in Fig. 1(a), the abscissa represents the distance in target and flyer plates from impact surface,
while the ordinate indicates the time after impact. The number is the corresponding state in Fig. 1(b), and arrows are the directions of
wave propagation. The stress versus particle-velocity diagram details the locus of all normal stress and particle-velocity states that are
attained during spallation. Upon impact, longitudinal compressive stress waves are generated in both the target and flyer plates. When
the shock front reaches free-surface, the free surface velocity undergoes a jump from zero up to the impact velocity (State 1). Then, the
interaction between the longitudinal release waves from free surfaces of flyer and target plates result in a tensile state at a pre-
determined location within a rear HEA specimen. If spall strength is larger than an applied tensile stress, the state at the right of
the red line transforms from State 1 to State 4. However, if a tensile stress is more than the spall strength, spallation occurs and the
stress is in State 4°.
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Fig. 2. Particle-velocity profiles on free surface versus time in experiments.



Z.-C. Xie et al. International Journal of Plasticity 139 (2021) 102944

According to interactions between shock waves, spallation was designed near the charged surface to acquire a significant effect of
hydrogen. To obtain samples with and without hydrogen under the same loading condition, we prepared a pair of small flyer plates,
front and rear targets (an H-free and an H-charged rear targets), with corresponding thicknesses of 3.0, 3.0 and 3.1 mm, respectively.
As illustrated in Fig. 1(c), flyer plates were fitted into holes in an aluminum flyer plate that was bonded to a gas-driven projectile to
obtain the same impact velocity and impact plane, and targets were placed at their corresponding positions in the target plate to ensure
the same impact plane. A photonic Doppler velocimetry system (Strand et al., 2006) was adopted to measure the velocity of free
surface, and a pair of coaxial electric probes were embedded in an epoxy holder to record the impact velocity. To recover the spalled
samples, a steel cylinder stuffed with cotton was placed at the back of a vacuum chamber. Furthermore, the deformed microstructures
on cross sections of CrMnFeCoNi samples were characterized by a combination of an optical microscopy, an electron backscatter
diffraction (JEOL, JSM-7100F), and TEM (JEOL, JEM-2100F).

3. Experimental results
3.1. Free surface velocity

As shown in Fig. 2, a free surface velocity profile consists of shock compression, subsequent release, and spallation. The segment
(AB) indicates an elastic precursor wave, with state (B) being the Hugoniot elastic limit. Then, a plastic wave (BC) develops into a
stable shock (CD), and the arrival of a release wave leads to a velocity drop (DE). Finally, the increase of an ensuing velocity (EF) is
induced by a compression wave that was reflected from the spalled plane in a sample.

The impact velocities in first and second experiments were 500 and 550 m s, respectively. The spall strength ogpcan be calculated
by (Meyers and Aimone, 1983)

Cyp = pCrAu 1)

1+CL/C0

where p is the material density, Cy, is the longitudinal sound velocity, Cy is the bulk sound velocity, and Au = ugp — ug g, With ugp
andug i being the velocities at positions D and E, respectively. The spall strengths of H-free and H-charged samples in the first
experiment are 2.15 and 2.18 GPa, respectively, and they are 2.53 and 2.58 GPa in the second experiment. The error estimation
method is given in Appendix A, and more spall experiments are shown in Appendix B.

3.2. Statistical distribution of micro-voids

The hydrogen content measured in a spallation region varies in a range of 8-38 wppm (with an average value of 21 wppm). As
shown in Fig. 3, spallation in an H-charged CrMnFeCoNi sample (~400 pm from surface) involves the evolution of numerous micro-
voids, implying ductile fracture. It is obvious that the area with micro-voids in H-free samples is larger than that in H-charged ones.
That is, hydrogen retards the evolution of micro-voids.

Next, an image processing technique was applied to extract the size distribution of micro-voids on cross sections. As shown in Fig. 4,
the cumulative number density of micro-voids can be well fitted by an exponential function,n = noefi, in the case of a < 30 pm, where
np and ay are the cumulative number and the average size of micro-voids, respectively. In the first experiment, the cumulative number
density and the size of micro-voids in H-charged CrMnFeCoNi are significantly lower, indicating that hydrogen reduces the micro-void
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Fig. 3. Cross sections of spalled samples observed by an optical microscope, where (a) and (b) are the samples without and with hydrogen in the
first experiment, and (c) and (d) are their corresponding ones in the second experiment, respectively. Images in the right column are magnified
regions marked by red rectangles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. Size distributions of micro-voids (>1 pm) were observed on cross sections of spalled samples.

nucleation number and growth rate. In the second experiment, the number of large micro-voids remarkably increases in H-free
CrMnFeCoNi because of the coalescence of micro-voids (see Fig. 3). This is a further evidence of the hydrogen retarded coalescence of
micro-voids. That is, in contrast to the traditional perception, hydrogen does not always act as a harmful impurity. It can also be
utilized to retard the nucleation, growth and coalescence of micro-voids.

3.3. Material characterization

Nanoindentation was performed to determine the effect of hydrogen on local hardness of an HEA. As shown in Fig. 5, hardness
decreases monotonically with increasing the distance from charged surface. That is, hydrogen enhances the local strength of HEA,
which is consistent with previous studies (Luo et al., 2018; Zhang et al., 2017).

The electron backscatter diffraction mappings show that the grain size is about 50 pm. The ratios of the number of voids at grain
boundaries to the total number are 100%, 100% and 77% in Fig. 6(a—c), respectively. That is, voids nucleate preferentially at grain
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Fig. 5. Hardness as a function of distance from charged surface, where blue and red points represent two H-charged samples. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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boundaries, except for a few interior grains (see Fig. 6). These grain boundaries provide numerous void nucleation sites due to the loose
atomic arrangement and local stress concentration. Thus, the maximum number of potential nucleation sites per unit volume can be
determined by the grain boundary content.

Furthermore, samples prepared for TEM characterization were cut off between two micro-voids in post-shock CrMnFeCoNi samples
by using the focused ion beam technique (see Fig. 7(a)). As shown in Fig. 7(b and c), nano-twins were formed during deformation in
both samples, and some secondary twins were formed in H-charged sample (Fig. 7(c)). The high-resolution image in Fig. 7(d) display a
clear twin boundary in the H-free sample; however, a Lomer-Cottrell lock formed due to dislocations pinned by twin boundaries in the
H-charged sample (insets in Fig. 7(e)).

The positron annihilation lifetimes were measured to study the interaction between hydrogen and vacancy. The characteristic
attenuation times and intensities are listed in Table 1. Based on the assumption of two-state trapping, a quantitative relationship
between the annihilation characteristic time and vacancy concentration is obtained. That isQ = ZC,,, where Q is the positron trapping
rate that is related to characteristic attenuation times and intensities, Z = 2.2X10'% s7! (Dlubek et al., 1976) is the specific trapping
rate, and Cy, is the vacancy concentration. It is shown that the initial vacancy concentration is higher in the H-charged sample (see
Table 1).

4. First principles calculations and results

The micro-void nucleation rate is related to generation and migration of vacancies, except for the initial vacancy concentration. The
diffusion coefficient is defined as D; = Dj exp( — Eim /kT), where Djq is a prepositive coefficient, Ej, is the diffusion barrier, and
subscript i represents vacancy, hydrogen or hydrogen-vacancy complex. Here, first principles calculations were performed with the
projector augmented wave method based on the Vienna Ab initio Simulation Package (Kresse and Furthmiiller, 1996). In calculations,
the plane wave cutoff energy was 420 eV, and the convergent energy and force were 10~° eV and —0.03 eV A~!, respectively. The
collinear spin polarization (i.e., ISPIN = 2) was enabled. All HEA supercells were generated by using a special quasi-random structure
method and alloy theoretic automated toolkit codes (Zunger et al., 1990). HEA supercells with 80 atoms were firstly established and
fully relaxed with 4 x 4 x 4 K-points gird. According to Xie et al. (2021), the average value of diffusion barrier of hydrogen is 0.63 eV.

The initial vacancy and hydrogen-vacancy configurations were formed by removing an atom and replacing a metallic atom with an
H atom, respectively. Their corresponding post-migration configurations were created by swapping neighbor atoms with vacancy and

Fig. 6. Inverse pole figure maps, where (a) and (c) are samples with and without hydrogen in the first experiment, and (b) and (d) are the cor-
responding samples in the second experiment.
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Fig. 7. (a) Scanning electron microscopy image of a region where foil was cut; (b) and (c) TEM images of H-free and H-charged CrMnFeCoNi with
the selected area diffraction patterns in insets; (d) and (e) high-resolution images of H-free and H-charged CrMnFeCoNi.

Table 1
Positron lifetime spectra of samples with and without hydrogen. 73, 72 and 73 represent the characteristic attenuation times due to contributions of
defect-free bulk, defect, and sample surface, respectively; and I, I, and I3 represent the corresponding intensities of positron annihilation.

Sample 71 (ns) I (%) 75 (ns) I, (%) 73 (ns) I3 (%) Cy (m™3)
H-free 0.104 82.3 0.195 17.4 1.97 0.248 1.2x10%
H-charged 0.109 76.2 0.207 23.3 1.62 0.496 1.7X10%

H atom, respectively. Then, initial and post-migration configurations served as the initial and final images in a climbing-image nudged
elastic band method (Sheppard et al., 2012), and six intermediate structures were interpolated along a pathway and connected like a
“spring band” to search the minimum energy path.

In HEAs, the spatial composition variation becomes appreciable. Electronic charge transfer of different metal atoms causes fluc-
tuation of potential energy landscape, which diversifies diffusion barrier. As shown in Fig. 8, migration barriers depend on the species
of swapping atoms and element environments, and they are adjusted by the chemical disorder of an alloy. Besides, it needs to overcome
several different barriers in a diffusion path, and in such a case, the maximal barrier is chosen as the effective resistance of diffusion.
The average diffusion barrier of vacancies is 0.89 eV, which is consistent with that obtained by Thomas and Srikanth (2020). The
average diffusion barriers of hydrogen-vacancy complex is 1.21 eV. That is, there is a higher diffusion barrier in hydrogen-vacancy
complex and vacancy is pinned by hydrogen.

According to these characterization experiments and first principles calculations, we have obtained the effects of hydrogen on the
evolution of vacancies, dislocations and twins. However, there is still lack of a clear correlation between the hydrogen-induced micro-
events and hydrogen-retarded macroscopic spallation, which is resorted to the following theoretical analysis.

5. A statistical micro-damage model
Spallation is a complicated dynamic failure process, which is not only involved with the imposed conditions, but also closely related

to the collective evolution of numerous micro-voids. Under a hydrogen-rich environment, hydrogen affecting the spallation behavior
consists of the interactions between hydrogen and several micro- and meso-scale time-dependent processes such as nucleation and
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Fig. 8. (a-e) represent diffusion barriers of Co-, Mn-, Cr-, Fe- and Ni-type vacancies and hydrogen-vacancy complex, where solid and dash lines are
vacancy and hydrogen-vacancy complex. (f) and (g) illustrate the saddle point configurations of Ni-type vacancy and hydrogen-vacancy complex,

respectively.

evolution of microstructural defects like vacancies, twins and micro-voids, which is a typical multi-scale coupling and collective
evolution dynamics problem. Thus, it is necessary to develop a statistical micro-damage model to understand its underlying mecha-
nism. In such a model, it is essential to introduce a proper approximation at the macroscopic level, which can provide an appropriate
representation for trans-scale coupling of micro-damage and continuum damage. Here, a representative volume element (RVE) was
selected in the spalled region (see Fig. 9). The size of RVE is much smaller than that of a sample so that it can eliminate the influence of
nonuniform stress and hydrogen concentration. In addition, there are a plenty of micro-voids in RVE.
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Fig. 9. Schematic of the hydrogen-retarded damage model in (a) RVE with (b) nucleation and (c) growth of micro-voids.
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5.1. Theoretical framework

There are four main types of multi-scale coupling during the damage evolution of RVE in hydrogen-rich environment: hydrogen
and various micro-defects such as vacancies and dislocations; individual micro-voids at a mesoscopic level; a continuum damage field
and the mesoscopic evolution of micro-voids; and damage and stress fields at a macroscopic level. Thus, the evolution of micro-voids
serves as a bridge that connects hydrogen-induced micro-events with hydrogen-retarded macroscopic spallation. Based on the con-
servation law of micro-crack evolution, Bai et al. (2019, 2005, 1991) proposed a statistical micro-damage model in phase space.
Similarly, by introducing the hydrogen effect on nucleation and growth of micro-voids, the evolution of micro-void number density n
(a, t) (Bai et al, 1991, 2005, 2019) can be represented as

on n d(na)
ot da

=, 2

where a is the radius of a micro-void, and r. and a are the nucleation and growth rates related to hydrogen, respectively.
When investigating the damage evolution in spallation, the mechanical behaviors of RVE should be determined. The total strain
rate of RVE ¢; can be represented as

& =8&vo; + €, 3)
where éy is the volumetric strain rate and é; is the deviatoric strain rate.
According to Orowan’s equation, the deviatoric strain rate ¢; can be calculated by (Wilkerson and Ramesh, 2014)

X Sij 2s; o,
a=20 1 b, Te s, 4
AT + v3(7£ < oy - “

where s;; is the deviatoric stress, G is the shear modulus, b is the magnitude of Burgers vector,c, = 1/3/2s;;s; is the von Mises effective
stress, andoy is the flow stress with < > the Heaviside function. The dislocation velocity v is determined by the force balance equation
of dislocations, and Bv = (0. — oy)b, where B is the dislocation drag coefficient. At a high strain rate, the relativistic effect should be

considered, and the drag coefficient is commonly expressed as B = 1(5# (Austin and McDowell, 2011). Compared with the dislo-
- L

cation density, the dislocation velocity plays a key role in hydrogen migration (Dadfarnia et al., 2015) and micro-void growth
(Wilkerson and Ramesh, 2014). Thus, the dislocation density Ny, is set as a constant.
Combining strain hardening and strengthening effects of hydrogen (Tehranchi et al., 2017; Zhu et al., 2017), we obtain

Oy =Oyy +Hsepq, 5)

0
where oyy = oy + H. IZT":‘ is the yield strength of an H-charged sample, oy is yield strength of H-free sample, H. is the strengthening
effect of hydrogen, M is the molar mass, ng} is the initial number of hydrogen per unit volume, and Ny is Avogadro’s number, H is the
hardening modulus, &b, is an equivalent plastic strain.
The volumetric strain is composed of elastic and plastic parts, and the plastic volumetric strain is derived from the irreversible
evolution of micro-voids (Czarnota et al., 2008), that is
6w D

3k 30 -Dy )

&y

where o, is the hydrostatic stress, K is the bulk modulus, and D is the void volume fraction (or damage variable). Thus, D is determined
by the ratio of voids occupying matrix (Bai et al., 1991), namely,

(S o
ngn /rica3da+3/nda2da , @
0 0

Here, the continuum damage variable represents the statistical average effect of nucleation and growth of micro-damage on the
evolution of continuum damage. It serves as a trans-scale agent that connects the stress field at the macroscopic level with the evolution
of micro-voids.

It is worth noting that Eq. (2—7) are composed of a closed system of equations for describing the evolution of micro-voids in HEAs
under a hydrogen-rich environment. If the nucleation rate n. and growth rate d are known, the effect of hydrogen on micro-void
nucleation, growth and spallation can be determined.

5.2. Nucleation of micro-voids
In a single-phase HEA, vacancies migrate and form vacancy clusters at the grain boundaries under external loading. Once a vacancy

cluster exceeds the critical size, it may continually grow, i.e., a void is nucleated (Huang et al., 2011). The detailed lattice kinetic Monte
Carlo calculations (Reina et al., 2011) demonstrated that the time-scales associated with shock compression and subsequent spall
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failure were indeed long enough to permit such a mechanism and to form large vacancy cluster. Based on previous studies (Hirth and
Nix, 1985; Raj and Ashby, 1975), micro-void nucleation is treated as a vacancy flowing into subcritical nuclei (Fig. 9(b)). The
subcritical nuclei can be considered as situations where the mean tensile pressure oy, is higher than the critical tensile pressure 64, =

%ayo (1 71n% %) (Wilkerson and Ramesh, 2016). The nucleation rate of micro-voids is equal to the total flow of vacancies through

surface of subcritical nuclei at per unit time (Curran et al., 1987; Sizmann, 1978), which can be represented as

67”
n(a) = 4ﬂa2Jvannuc (“) <—

Onuc

—1>, 8

where Dy, is the diffusion coefficient of a vacancy, 4za? is the subcritical nuclei surface area, Jy, = Dva""# —a =~ Dyg" is the vacancy

diffusion flux, and nnuc(a) is the size distribution of the subcritical nuclei. Eq. (8) can be rewritten as:

Om

fie(a) = 4maD, Nyl (a) < —1>, (C)]

O.nuc
Bai et al. (2000) found that the nucleation rate ri.(a) of micro-voids can be fitted by the Weibull distribution. Hence, Eq. (9) can be
rewritten as

a 2 O,
Tic (a) = 477Dmnvanmax797(a/lc) <=1 >, (10)

C O.HLIC
where np,,x is the maximum number of potential nucleation sites per unit volume, and [ is the characteristic size of void nucleation.

In a hydrogen-rich environment, vacancies combine easily with hydrogen to form hydrogen-vacancy complexes owing to a high
binding energy (Lu and Kaxiras, 2005; Xie et al., 2016). According to first principles calculations, hydrogen-vacancy complexes are
difficult to move due to high migration energy, implying that fewer vacancies are involved in nucleation of micro-voids. Hence, it is
necessary to determine the evolution of mobile hydrogen and vacancies.

During loading, the evolution of hydrogen and vacancies mainly involves the production of vacancies by plastic work and the
combination of vacancies and hydrogen. Thus, a cluster dynamic model (Li et al., 2015) was employed based on the two assumptions: a
vacancy only traps a hydrogen atom, and hydrogen atoms and vacancies are mobile and hydrogen-vacancy complexes are immobile.
Then, the evolution rates of mobile hydrogen atoms and vacancies (Sizmann, 1978) are

fy= —47r’ Juhya, 11

com

o= —4nr’ Jun, + Gy, (12)
where reon is the critical combination radius, below which vacancy and hydrogen combine into complex. Jy is the hydrogen flux.
According to Dadfarnia et al. (2015), hydrogen flux is divided into diffusion and dislocation transport, that is

0nH

Ju = Jaire + Jaiss Jaier = DHa_7 (13)
X

where Dy is the diffusion rate of hydrogen, and ny is the hydrogen content. Given that hydrogen atmospheres can move with dislo-
cations, hydrogen flux induced by dislocation transport (Dadfarnia et al., 2015) can be expressed as
Jais = Evny, (14)
where ¢ is a dimensionless constant.
Due to plastic deformation, the increasing rate of vacancies Gy (Li et al., 2015) is

_ XPNAQo, &
Gv = MEr (15)

where  is a dimensionless constant, Q is the volume of atom, Ef, is the formation energy of vacancy. So, Eqs. 11 and 12 are rewritten as:

ny= — 4ﬂrfomnw (DHrnH + /jvny) s ae)
. ny ¥PNAQo,.€

va = - 4 2 va D I — 17
7 arl,, n < W +§vnH) + ME a7

5.3. Growth of micro-voids
The growth of voids is not only related to loading conditions but also interaction between voids. At the early stage of damage
evolution, the interaction between voids can be ignored owing to the large void spacing. It can be simplified as a condition in which a

single void grows in a finite matrix. Early works analyzed deformation of a single void in a homogeneous rate-independent, perfectly

10
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plastic medium (McClintock, 1964; Rice and Tracey, 1969). Based on these researches, yield criteria and flow rules were developed for
porous rate-independent ductile materials (Gurson, 1977; Needleman, 1987; Tvergaard, 1982). And subsequently developed a series of
single void dynamic growth theories (Johnson, 1981; Molinari and Wright, 2005; Wu et al., 2003a). Recently, several models have
been proposed to consider microstructures such as grain size (Wilkerson and Ramesh, 2016) and dislocation dynamics (Wilkerson,
2017; Wilkerson and Ramesh, 2014) or free volume in metallic glasses (Huang et al, 2013, 2019). Based on TEM observations, the units
of plastic deformation are dislocations and twins. Thus, a spherical void grows in spherical shell matrix with the strengthening effect of
strain and strain rate (Fig. 9(c)). The spherical shell is subjected to a dynamic pressure at its boundary. Assuming that a dynamic load is
identical to the remote pressure applied to RVE, the void growth governing equation (Wilkerson, 2017; Wilkerson and Ramesh, 2014)
can be expressed as

I

/3 1 , 40,
p(lfw‘“)aﬁ(§*2¢]/3+5¢4/3>pa2:p7/ -, (18)

a

8
where ¢ = % The spatial integral, [ 4—;’8 dr, on the right-hand side of Eq. (18) can be decomposed into one dependent on the quasi-static
N a

flow strength R. and the other associated with rate-sensitivity of the over-stress Rq. Here, R, is obtained as

40y 26, IR - @ —A3\" 364, \"
R.= /—drf SOy + 2 1n L + Z [( ) ( ”’) } (19)
I+g a 9(1+7> - 2

where [, is the plastic and elastic boundary, and A is the initial void size in an undeformed configuration. R4 can be further decomposed
into viscosity, that is

I

P p
Rd:/wd,:/@dﬂ (20)
r rb

a a

6. Modeling results

Based on the stress wave analysis in Fig. 1, RVE undergoes a severe compressive plastic deformation before tensile loading. As
illustrated in Fig. 10, the imposed strain rate is & =%, where Vg0 is the shock velocity and L is the thickness of rear target. The peak

pressure P, = PCLVshock and the correspondlng duration is = ZL" , where L, is the distance of a spall region from rear free surface

1+C|_/ Co
of the target. The corresponding duration of spall strength is 2L‘ where L¢ is the distance of a spall region from front free surface of the

target.
Based on the studies on HEAs (Laplanche et al., 2016; Jiang et al., 2016), the following mechanical properties can be determined,

papp

cak

Osp

Fig. 10. The history diagram of an applied load on RVE.
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such as the mass density p = 7890 kg m >, the longitudinal wave speed C; = 5780 m s~ %, elastic constants G = 85 GPa and K = 148.7
GPa, the initial yield strength (H-free) oyo = 0.25 GPa, the strain hardening coefficient H = 0.85 GPa, and the strengthening effect of
hydrogen H, = 130 MPa (Tehranchi et al., 2017). In the vacancy evolution, the atomic volume € = 11.8 A% and molar mass M = 56.10
g mol~! of HEA were obtained by Vegard’s law (Varvenne et al., 2016). The prepositive coefficients of diffusion about hydrogen and
vacancy are 10~ and 10~* m2 s}, respectively, and the critical combination radius re.m is approximately equal to a lattice constant of
3.56 A (Li et al., 2012). The vacancy formation energy 1.4 eV is usually adopted (Wang et al., 2017), with Burgers vector magnitude b
—255A (Varvenne et al., 2016) and drag coefficient of dislocation By = 1.58%10~° Pa s~ ! (Wilkerson and Ramesh, 2014). According
to Wilkerson and Ramesh (2016), nucleation sites ny.x were set as 100 pm’3. However it is worth noting that there are still two
unknown parameters, i.e., the characteristic size of a void nucleation distribution . and the dislocation density Ny, in the model. These
two parameters can be estimated by fitting experimental results in an appropriate range (I. = 8 nm and Ny, = 220 pm™2). The
calculating algorithm for the evolution of stress, hydrogen, vacancies and voids is given in Appendix C.
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Fig. 11. Evolution of (a) vacancy and (b) the micro-void nucleation rate, (c) the growth rate as a function of void size, (d) the cumulative void
number density distribution, and (e) the damage evolution under different initial hydrogen contents, where (b) and (d) are normalized by their
maximum values.
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6.1. Influence of hydrogen

The nucleation rate of micro-voids in Eq. (10) can be decomposed into a size-dependent part%e‘(“/ ) and a time-dependent part,
nt = 47DyaNyaNmax < ;—m — 1 >, where n! is proportional to the vacancy content. As shown in Fig. 11(a), the mobile vacancy content
decreases with the increase of initial hydrogen concentration due to formation of immobile hydrogen-vacancy complexes. As shown in
Fig. 11(b), when the mean stress is larger than oy, in an H-free sample, the nucleation rate increases, rapidly at first and then gradually
increases with time. As the increase of initial hydrogen concentration, the rising amplitude decreases and the following evolution
varies from increasing to decreasing with time, which is consistent with the evolution of vacancies in tensile region. That is, stress and
migration of vacancies dominate the void nucleation. Hydrogen pinning vacancies leads to reduction of the vacancy content involved
in a nucleation process. Simultaneously, hydrogen increases the critical stress of nucleation, which decreases the nucleation rate.

The resistance of micro-void growth in Eq. (18) includes static and dynamic resistance caused by dislocation motion. In calcula-
tions, the imposed load of 2.13 GPa (i.e., the impact velocity of 500 m s D is larger than the critical static resistance (40yo), which
belongs to a supercritical stress state (Wu et al., 2003b). In this state, a micro-void growth process undergoes two stages (Wilkerson and
Ramesh, 2014). One is a rapidly increasing stage dominated by dislocation motion with a growth rate being proportional to radius @ =

%abNmCL, and the other is governed by micro-inertia with a growth rate of @ = 2<P3—;R°), where R, is the static resistance. When

hydrogen is introduced into HEA, it results in increase of the local strength (Fig. 5). According to Egs. (5) and (19), R, is proportional to
the material strength. Thus, hydrogen increases the growth resistance of micro-voids, which leads to decrease of the growth rate of
micro-voids (Fig. 11(c)).

Hydrogen reducing nucleation and growth rates of voids leads to decrease of the number density of micro-voids (Fig. 11(d)).
Furthermore, a three-dimensional void size distribution was obtained by transformation from the two-dimensional void size distri-
bution (see Fig. 4) (Bai et al., 1993), which is in good agreement with experimental results. As shown in Fig. 11(e), damage expo-
nentially increases due to the decrease of deformation resistance, but obviously decreases with the increase of hydrogen. That is,
hydrogen can effectively hinder spallation damage. Hence, in the same impact velocity, although there are almost the same spall
strengths of H-free and H-charged samples, damage is significantly hindered due to the decrease of inherent nucleation and growth
rates of micro-voids in hydrogen environments.

6.2. Influence of impact velocity

With the increase of impact velocity, the imposed strain rate and applied stress increase and thus, vacancies producing by plastic
work both increase by ~10% in H-free and H-charged HEAs (Fig. 12(a)). The nucleation rate of voids is consistent with the vacancy
evolution in tensile section (Fig. 12(b)). In the early stage of void growth, dislocations emitted from micro-voids can move with the
subsonic velocity owing to the high strain rate around micro-voids, a/a “108 s7! (Bringa et al., 2010; Tang et al., 2012). With the
increase of loading rate, it is easier for dislocations around micro-voids to reach the critical velocity, which causes a higher growth rate

of micro-voids. The increase in tensile stress leads to a higher growth rate dominated by an inertial effect (@ = 2(%&)), increasing

from 160 to 240 m s~ ! (Fig. 12(c)). Thus, the number density of voids at an impact velocity of 550 m s lis larger than that at 500 m st
in H-free and H-charged HEAs (Fig. 12(d)). This trend is consistent with experimental results (Fig. 4). Damage at 550 m s 1is sig-
nificant (Fig. 12(e)), which is in agreement with the results in Fig. 3.

7. Discussion

According to electron backscatter diffraction experiments, micro-voids are inclined to nucleate at grain boundaries (Fig. 6).
Compared with a close-packed faced-centered cubic structure, the grain boundary is relatively loose with a weak bond energy, and
atoms are more easily deformed. Meanwhile, a fast channel of vacancy movement at the grain boundary is formed easily (Hirth and
Nix, 1985; Raj and Ashby, 1975), and generation and aggregation of numerous vacancies results in micro-void nucleation. From a
viewpoint of thermodynamics, micro-void nucleation is a situation where work done by an applied load is greater than energy required
to form the new surface area of a void and to change elastic energy (Guan et al., 2013). The grain boundary is in a high-energy state,
and it is easier for atoms to pass through the nucleation barrier under external loading. Therefore, a nucleation model dominated by
stress and vacancy is adopted.

Aslisted in Table 1, the initial vacancy content of H-charged HEA increases by 40% as compared with that of H-free HEA. Hydrogen
dissolution in HEA promotes local lattice distortion and enhances atomic pressure, which pushes metal atoms out from original lattice
positions and produces massive vacancies. Furthermore, Wang et al. (2017) reported that the configuration entropy effect in HEAs can
significantly enhance the intrinsic vacancy concentration, that is, vacancy concentration increases with the number of elements. The
vacancy content that participates in nucleation is not only related to the initial vacancy but also to interaction of defects during
deformation. The atomic non-affine deformation such as diffusion of atoms, nucleation and interaction of dislocations, is always
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Fig. 12. Evolution of (a) vacancy and (b) the micro-void nucleation rate, (c) the growth rate as a function of void size, (d) the cumulative void
number density distribution, and (e) the damage evolution under different impact velocities, where (b) and (d) are normalized by their
maximum values.
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accompanied by formation of new vacancies. On the other hand, vacancies are pinned by hydrogen due to formation of
hydrogen-vacancy complexes with high migration energy based on first principles calculations. To quantitatively understand the effect
of initial vacancy content and vacancy increment on micro-void nucleation, we established the cluster dynamic model. The vacancy
generated by plastic deformation is significantly larger than the initial vacancy content, indicating that the effect of hydrogen on the
initial vacancy content is negligible. Hydrogen pinning vacancies effectively reduce the number of vacancies that participate in
micro-void nucleation, and simultaneously, hydrogen increases the nucleation stress, which leads to decrease of the nucleation rate.

The results of TEM in Fig. 7 show that ductile deformation microstructures of HEA are dislocations and twins. Tang et al. (2012)
found that dislocations and twins nucleate at the void surface and move in matrix based on molecular dynamics, resulting in
micro-void growth. This implies that the growth process of micro-voids is dominated by the ductile deformation of matrix. Wilkerson
and Ramesh (2014) established a micro-void growth model by considering dislocation dynamics with the relativistic effect and ob-
tained the growth evolution law: the rapidly increasing stage dominated by the dislocation motion,d = $abNnCy and then the

micro-inertial governing stage, d = 2(P3—;R‘>. When hydrogen is introduced into HEA, it can effectively decrease the unstable and stable

SFE of HEAs based on the first principles calculations (Xie et al., 2021), which promotes the formation of stacking faults and twins
(Fig. 7). Nano-twin leads to the formation of a hierarchical twin network, where the twin boundaries act as barriers to dislocation
motion (Ding et al., 2018), enhancing the local strength (Fig. 5). The strengthening effect increases the growth resistance and slows
down the growth rate of micro-voids according to Eq. (19) (Fig. 11(c)).

As is well known, hydrogen in tradition alloys can be rapidly aggregated in defects by diffusion due to its light mass under external
conditions. The interaction between hydrogen and defects may cause degradation of mechanical properties through enhancing
localized plasticity, decohesion or formation of hydride (Robertson et al., 2015). However, hydrogen in HEAs serves as a retarder of
micro-void evolution because of the following two main effects. Firstly, solid solution elements lead to a low hydrogen diffusion
coefficient, which suppresses the accumulation of hydrogen. Next, the stacking fault energy of HEAs is reduced by hydrogen (Xie et al.,
2021), promoting formation of nanotwins and enhancing local strain hardening that impedes the micro-damage evolution (Luo et al.,
2020). In addition, hydrogen impeding the micro-void evolution has been also found in quasi-static experiments (Luo et al, 2017, 2018,
2020; Pu et al., 2018). It is shown that nano-size dimples occur in the surface region with a higher hydrogen concentration, while much
coarser dimples appear in a hydrogen-poor center region. HEAs exhibit the excellent hydrogen embrittlement resistance with a little
loss of ductility. Furthermore, hydrogen in spallation slowdowns the nucleation, growth and coalescence of micro-voids and enhances
the dynamic damage tolerance of HEAs.

8. Conclusions

Plate impact experiments of CrMnFeCoNi with and without hydrogen were conducted to investigate the effect of hydrogen on
spallation. In comparison to H-free CrMnFeCoNi, the number and size of micro-voids in H-charged samples significantly decrease,
indicating that hydrogen can retard micro-void nucleation, growth and coalescence.

Based on microstructure characterization and a statistical mechanical model, the mechanism of hydrogen-retarded spallation was
studied. As increase of the initial hydrogen content, the number of mobile vacancies involved in nucleation of micro-voids decreases
due to formation of hydrogen-vacancy complexes with a high migration energy. That is, the nucleation rate decreases. Furthermore,
the increase of local hardness and strength in H-charged HEAs enhances the resistance of void growth and decreases the growth rate.
The modeling results agree with the micro-void evolution under hydrogen-rich environment.

These findings break a preconception about the deleterious effect of hydrogen. It is worth noting that more experiments are needed
in order to provide a new strategy for future design and application of hydrogen-tolerant materials with superior mechanical
properties.
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Appendix A. Error estimation of spall strength

In this paper, estimation of spall strength is based on measurement of the velocity pullback, o5, = HCIW pCLAu, where p, C, and Cy
are material properties, and Au is determined by in the velocity history of free surface. Thus, error of spall strength is mainly originated
from experimental measurements of velocity history of free surface. Here, a photonic Doppler velocimetry (PDV) system was adopted
to measure the velocity of free surface. Then, the raw PDV detector data was used to calculate a power spectrum by the short time
Fourier transform technique (Jensen et al., 2007). The resulting spectrogram displays the distribution of spectral power densities,
encoded here by color, as a function of time and velocity (Fig. A.1), where the peak center of power spectrum (color by yellow) is taken
as the measured velocity. Uncertainty in the measured velocity is the width of peak, Aue;r = 10 m s™%, and the relative error of spall
strength (Auer/ Au) is 7.9%.

Velocity(m/s)

25.5 26 26.5 27 27:5 28 28.5
Time(ys)

Fig. A.1. PDV power spectrum in first spallation of a sample with hydrogen
Appendix B. Spall experiments
As shown in Fig. B.1, impact velocities in the other two experiments are 480 and 500 m s ™!, and there are obvious spallation signals

at free surface velocity profiles. The spall strengths of H-free and H-charged samples in the third experiment are 2.07 and 2.10 GPa,
respectively, and they are 2.09 and 2.18 GPa in the fourth experiment.

500 F
~ 400
g
2 300
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S 200} = =G
2 4th
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£ (ps)

Fig. B.1. Particle-velocity profiles on free surface versus time in experiments.
It is seen from Fig. B. 2 that the number density of micro-voids in H-free samples is higher than that in H-charged ones, with the
same trend observed for the size of micro-voids. That is, hydrogen retards nucleation and growth of micro-voids and spallation
damage.
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Fig. B.2. Cross sections of spalled samples observed by an optical microscope, where (a, ¢) and (b, d) are samples without and with hydrogen in the
other two spallation experiments. Images in the right column are their corresponding magnified regions marked by red rectangles.

Appendix C. Calculation procedure
A time increment method was applied to explore the micro-void evolution under uniaxial strain with the following main steps:

(1) Set initial hydrogen and vacancy concentrations to be the measured values, and the other variables as zero.

(2) Given time and pressure increments (see Fig. 10), update stress and strain by using Eq. (3—6) and vacancy and hydrogen
concentrations by Egs. (16) and (17).

(3) If 6y > onuc, update the nucleation rate of micro-voids (Eq. (10)) and the growth rate (Eq. (18)), as well as the void number
density and damage (Eq. (2) and (7)); otherwise, skip to the next step.

(4) Repeat steps (2) and (3) till the imposed time.

Provided that a void growth process is precisely taken into account (Eq. (18)), the current state and history of individual voids
should be recorded in each increment step. This would consume a huge amount of calculation resources. Thus, to obtain a relationship
between the growth rate and void size, a single void growth process was calculated under P = 2.13 GPa.

As shown in Fig. C.1, the void growth rate linearly increases to a stable value. A similar tendency was observed in the void growth
with a higher strain rate (¢ > 10° s~1) (Wilkerson, 2014). Here, it is worth noting that the strain rate around a micro-void (¢ ~d/ a) is
much higher (¢ >> 106 s~1) than the imposed strain rate of 10* s~1. Under the same loading level, the linear growth rate and final
stable value of a void are independent of its initial size. Based on experimental observations, micro-void nucleation originates from a
vacancy cluster, with a size on the order of nanometers. Hence, the initial void size was assumed to be 10 nm with an initial velocity of
zero.

10° grem ‘ . ' :
g 10°F
S
I
?8) 10'k — A=1nm
_; — A=10nm
3 — A =100 nm
g 10°F

10 10? 10" 10° 10"

a/pm

Fig. C.1. The growth rate of a micro-void with different initial radii as a function of its size.
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