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 A B S T R A C T

Green hydrogen presents a promising route to a zero-emission future. However, hydrogen embrittlement may 
limit the potential of green hydrogen by weakening metallic structures, leading to leaks, cracks, and costly 
repairs. Acting as sites for crack initiation and local properties variation, hydrogen bubbles are considered to 
play an important role in hydrogen embrittlement by reducing the strength and ductility of metals. Existing 
theoretical models often rely on ideal gas assumptions, which do not account for the reduced compressibility 
of high-pressure hydrogen and lead to unrealistic estimation of metallic performance. This study presents a 
crystal plasticity model incorporating a Benedict-type equation of state for high-pressure hydrogen to accurately 
capture damage evolution in metals influenced by pressurized hydrogen bubbles. It is qualitatively revealed 
that ductility unexpectedly increases with the initial volume fraction and pressure of voids for polycrystalline 
copper, as increasing initial damage extent enhances strain-hardening capacity, distinct from the existing 
dislocation storage-based mechanism. This internal pressure applied to voids not only boosts macroscopic 
strain-hardening but also mitigates strain localization, delaying local necking and suggesting a promising 
pathway to improve the ductility of porous metals. Moreover, from a trend perspective, ideal gas models 
underestimate material strength and ductility due to compressibility differences. These qualitative insights 
contribute to the understanding in hydrogen embrittlement mechanisms and have implications for void swelling 
and helium embrittlement in irradiated metals.
1. Introduction

Green hydrogen, produced through water electrolysis powered by 
renewable electricity from solar and wind energy, stands out as a 
promising energy carrier for a climate-neutral society, significantly 
reducing the carbon footprint (Kourougianni et al., 2024; Niu et al., 
2024; Liu et al., 2024). With an high energy density of 120 MJ/kg, 
—approximately three times that of kerosene (Prewitz et al., 2020; Yan 
et al., 2025)—hydrogen offers remarkable energy potential. Among the 
most critical issues in hydrogen storage and utilization is the hydrogen 
embrittlement of metallic materials, which presents a substantial risk 
to the safety and durability of hydrogen infrastructure (Huang et al., 
2023; H. Zhao et al., 2024; Q. Zhao et al., 2024; Lopez-Cazalilla et al., 
2024; Zhang et al., 2023; Magri, 2025).

In 1875, Johnson (1875) first documented the loss of strength, duc-
tility, and fracture toughness in iron and steel exposed to acidic corro-
sion, attributing the deterioration to hydrogen penetration into the ma-
terial. Since then, extensive research has sought to unravel the complex 
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physical and chemical mechanisms behind hydrogen embrittlement in 
metals. Multiple hypotheses have emerged, including brittle hydride 
formation, hydrogen-enhanced decohesion, hydrogen-enhanced local-
ized plasticity, dislocation ejection, hydrogen- and deformation-assisted 
vacancy generation, and high-pressure hydrogen bubbles (Robertson 
et al., 2015; Tan et al., 2024; Halilović et al., 2023). While no single the-
ory fully accounts for the phenomenon, recent studies emphasize void 
formation as a key factor, as supported by mechanisms like hydrogen-
enhanced localized plasticity, dislocation ejection, vacancy production, 
and the buildup of high hydrogen pressures within bubbles (Robertson 
et al., 2015; Y.-S. Chen et al., 2024).

Experimental studies and molecular dynamics simulations have con-
sistently shown that hydrogen-assisted void nucleation and bubble 
growth frequently occur at phase interfaces and grain boundaries (Mar-
tinsson and Sandström, 2012; Chen et al., 2020; Peters et al., 2020; 
Xing et al., 2021, 2024; Xu et al., 2025). Additionally, solute hydro-
gen atoms can escape from trapping sites in the metallic matrix and 
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then recombine to form hydrogen molecule at void surface (Ebling 
et al., 2025), and the thermodynamic equilibrium between the bulk 
lattice and void suggests that hydrogen bubble pressures can reach 
several gigapascals (Hou et al., 2019; Lopez-Cazalilla et al., 2022). Most 
importantly, the existing experimental studies demonstrated that the 
formation of highly pressurized hydrogen bubbles dominates the failure 
of copper shell used for spent nuclear fuel canisters (Sahiluoma et al., 
2023; Martinsson and Sandström, 2012). Therefore, accurately mod-
eling hydrogen embrittlement in metals requires careful consideration 
of hydrogen bubbles. Existing models have integrated voids, hydro-
gen diffusion in the matrix, and dislocation accumulation influenced 
by hydrogen content to predict embrittlement behavior (Yuan et al., 
2023; Park et al., 2024; Pinto et al., 2024; Lindblom and Dahlberg, 
2025). However, these approaches often overlook the effects of bubble 
pressure, which fluctuates with void volume during deformation. In 
general, both voids and their internal pressures accelerate material 
failure, even though dispersing nanovoids into pure gold indicates an 
exceptional enhancement of strength–ductility synergy in recent tensile 
experiments (J.-J. Chen et al., 2024). Therefore, neglecting bubble 
pressure can lead to unphysical predictions of residual strength and 
remaining service life of the metallic structures.

While some studies approximate the gas in voids as either ideal or 
constant-pressure gas (Guo et al., 2008; Yu et al., 2020; Das et al., 2021; 
Fu et al., 2024), this simplification may be inaccurate for hydrogen 
embrittlement. It is demonstrated that constant-pressure models predict 
lower flow stresses and faster void growth than ideal gas models (Guo 
et al., 2008). Additionally, real gases are generally less compressible, 
meaning they exhibit higher pressures than ideal gases of equal mass at 
given volumes and temperatures. Therefore, the macroscopic strength, 
ductility, and microstructural evolution in metals containing real-gas 
hydrogen bubbles are expected to deviate significantly from predictions 
based on ideal gas assumptions.

So far, no mechanistic model has coupled the real dynamic pres-
sure evolution of hydrogen bubbles in porous metals, especially under 
extremely high internal pressures. In this study, for the first time 
we establish a crystal plasticity model that incorporates a Benedict-
type equation of state, capturing void- and pressure-induced damage 
to qualitatively assess the impact of high-pressure hydrogen bubbles 
on material response (Section 2). Using copper as a test case, mate-
rial parameters related to plastic slip and void damage are validated 
through homogenized porous single-crystal and representative volume 
element models (Section 3). The numerical simulations for polycrys-
talline copper indicate that the strength and ductility are significantly 
underestimated when assuming ideal gas behavior in high-pressure 
hydrogen voids (Section 4). Moreover, it is unexpectedly found that 
increasing bubble pressure is shown to enhance material ductility at 
mesoscale, validating the unusual trend previously observed only at 
the atomistic level through molecular dynamics simulation. Our studies 
further advance the understanding for hydrogen embrittlement and 
provide a more physical framework to assess the residual strength and 
service life of metallic materials and structures.

2. Crystal plasticity constitutive model for porous metals with 
high internal pressure

2.1. Equation of state (EOS) for hydrogen in voids

In prior studies on the failure behavior of porous metals with high 
internal pressure, the gas pressure inside voids is typically assumed 
constant or described by the ideal gas law (Guo et al., 2008; Yu 
et al., 2020; Das et al., 2021; Fu et al., 2024). However, ab initio
calculations based on density functional theory demonstrate that the 
internal pressure of hydrogen bubbles can reach several gigapascals in 
metallic materials (Hou et al., 2019; Geng et al., 2017). Under such high 
pressures, hydrogen could transform to the supercritical fluid state (Wu 
and Li, 2025). Then the relationship among the internal pressure 𝑃 , 
2 
Table 1
Dimensionless parameters of the Benedict-type EOS for real hydrogen (Mat-
suishi et al., 2002). Units for 𝑉m, 𝑃 , and 𝑇  are cm3/mole, 108 Pa, and K in 
Eq. (1), respectively.
 𝑛 𝐴𝑛, 1 𝐴𝑛, 2 𝐴𝑛, 3  
 −2 0 0 943.191  
 −1 89.5387 0 −307.938  
 0 31.964 −38.715 36.2153  
 1 0 0 0  
 2 −0.00935132 0.0680218 0.0105093 

ambient temperature 𝑇 , and molar volume 𝑉m of the hydrogen in 
voids cannot be accurately described by the ideal gas equation 𝑃𝑉m =
𝑅𝑇 , where 𝑅 is the universal gas constant (8.314 J/(mol⋅K)). An EOS 
that accurately captures the behavior of hydrogen at high pressures is 
urgently needed.

Based on experimentally measured sound velocities of fluid hydro-
gen, Matsuishi et al. (2002) formulated a Benedict-type EOS 

𝑉m =
3
∑

𝑚=1

2
∑

𝑛=−2
𝐴𝑛, 𝑚𝑇

𝑛∕2𝑃−𝑚∕3, (1)

where 𝐴𝑛, 𝑚 (𝑛 = −2…2, 𝑚 = 1…3) are dimensionless fitted parameters 
(Table  1). Units for 𝑉m, 𝑃 , and 𝑇  are cm3/mole, 108 Pa, and K in 
Eq. (1), respectively. Within the wide range of 𝑃 ≤ 15 GPa and 
𝑇 ≤ 550 K, Eq. (1) shows great accuracy in estimating both molar 
volume and sound velocity, showing an average deviation of only 1.0% 
from experimental results. Therefore, we employ Eq. (1) to characterize 
the evolution of pressure and density of highly pressurized hydrogen 
inside voids. For convenience, we will refer to hydrogen within voids as 
‘‘ideal hydrogen’’ when it follows the ideal gas law and ‘‘real hydrogen’’ 
when it adheres to the Benedict-type EOS of Eq. (1). For real hydro-
gen, the critical temperature, above which gas cannot be liquefied, is 
𝑇c = 33.3 K, and there exists no distinguishable phase boundary be-
tween gas and fluid (Hemmes et al., 1986). In contrast, the fluid–solid 
phase boundary can be uniquely determined by the modified Simon 
melting equation 𝑃m = −0.5149 + 1.702 × 10−3(𝑇m + 9.689)1.8077 with 
𝑇m (K) and 𝑃m (108 Pa) as melting temperature and melting pressure, 
respectively (Diatschenko et al., 1985). To avoid the problem of gas–
liquid separation in the numerical simulation, only the melting line 
above 𝑇 = 100 K is present in Fig.  1a. At 𝑇 = 300 K and 𝑃 < 5.366 GPa, 
hydrogen remains in a supercritical fluid state accordingly. Fig.  1b 
presents the compressibility factor, 𝑍 = 𝑃𝑉m∕(𝑅𝑇 ), of hydrogen un-
der the different laws. For the real hydrogen depicted by Eq. (1), 𝑍
increases rapidly from its initial value of one as the pressure 𝑃  rises at 
a given temperature 𝑇 , suggesting an enhancement in incompressibility 
with increasing pressure. Conversely, 𝑍 decreases as temperature 𝑇
increases at a fixed internal pressure. For ideal hydrogen, however, 𝑍
remains constant at one, regardless of 𝑃  or 𝑇 .

2.2. Constitutive model for plastic slip in grains containing voids

For grains containing voids, the plastic deformation rate tensor 𝐃p
is expressed as (Han et al., 2013) 

𝐃p =
1 − 𝑓v

2

𝑁s
∑

𝑖=1
𝛾̇𝑖
[

𝐍eff
𝑖 + (𝐍eff

𝑖 )T
]

, (2)

where 𝑓v is the volume fraction of voids, 𝛾̇𝑖 is the microscopic plas-
tic slip rate of dislocation associated with the 𝑖-th slip system, 𝐍eff

𝑖
is the effective Schmid tensor determined by the internal pressure-
dependent Gurson–Tvergaard–Needleman (GTN) potential function of 
porous single crystal (detailed in Section 2.3), and the superscript T 
represents the transpose. Experimental studies suggested that in the 
copper shell of spent nuclear fuel canisters, the formation of numerous 
hydrogen bubbles near the surface is the primary driver of hydrogen 
embrittlement (Sahiluoma et al., 2023). Furthermore, previous research 
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Fig. 1. (a) Melting temperature 𝑇m as function of melting pressure 𝑃m for hydrogen. (b) Compressibility coefficient 𝑍 = 𝑃𝑉m∕(𝑅𝑇 ) versus internal pressure 𝑃  for 
ideal and real hydrogen at different values of temperature 𝑇 . Units for 𝑃m, 𝑃 , and 𝑇m are GPa, GPa, and K in the figure, respectively.
indicated that hydride formation in copper is unlikely at pressures 
below 5 GPa (Condon and Schober, 1993). Therefore, other hydrogen-
induced mechanisms are expected to play a less significant role and can 
reasonably be omitted when considering the hydrogen embrittlement of 
copper in this context. Based on these two aspects, the coarse-grained 
copper is selected as a representative to solely investigate the influence 
of EOS on the macroscopic mechanical response and microstructural 
evolution of metallic materials. Correspondingly, there are 𝑁s = 12 slip 
systems for the face-centered cubic metals.

In general, 𝛾̇𝑖 is described by the following phenomenological law
(Hutchinson, 1976; Hu et al., 2024; Chen et al., 2025) 

𝛾̇𝑖 = 𝛾̇0
|

|

|

|

|

𝜏eff𝑖
𝜏c𝑖

|

|

|

|

|

1∕𝑚

sgn(𝜏eff𝑖 ), (3)

where 𝛾̇0, 𝑚, and 𝜏c𝑖  denote the referenced shear strain rate, strain 
rate sensitivity parameter, and critical resolved shear stress of the 𝑖-
th slip system, respectively. As the grain size effect is negligible for 
coarse-grained metals, and Orowan strengthening from dispersed voids 
is not considered here, 𝜏c𝑖  is depicted by the Taylor-strengthening 
law 𝜏c𝑖 = 𝛼𝜇𝑏

√

𝜌𝑖, neglecting the experimentally observed strengthening 
effect due to dispersed nanovoids in materials (J.-J. Chen et al., 2024), 
where 𝛼, 𝜇, 𝑏, and 𝜌𝑖 represent a dimensionless constant, the shear mod-
ulus, the Burgers vector length of a full dislocation, and the dislocation 
density in the 𝑖-th slip system, respectively. Due to the presence of voids 
in the grains, the effective resolved shear stress 𝜏eff𝑖  is determined by 
the internal pressure-dependent GTN potential function, as discussed in 
Section 2.3.

During the plastic deformation, the dislocations within grains mul-
tiply and annihilate due to interactions among themselves and pile-ups 
at grain boundaries. The dynamic evolution rate 𝜌̇𝑖 of the dislocation 
density is described by 

𝜌̇𝑖 =
1
𝑏

(
√

𝜌𝑖
𝐾

− 2𝑦c𝜌𝑖

)

|

|

𝛾̇𝑖|| , (4)

where 𝐾 is a dimensionless constant governing dislocation propagation 
for coarse-grained copper, and 𝑦c denotes the critical annihilation 
distance between two attractive edge dislocations. From Eq. (4), the 
saturated dislocation density is determined for each slip system within 
the grains as 𝜌sat𝑖 = 1∕(2𝐾𝑦c)2.

2.3. Internal pressure-dependent damage model for grains containing voids

Both the presences of voids within a grain and their internal pres-
sure significantly degrade the mechanical performance of metallic ma-
terials. Leveraging a variational approach, Yu et al. (2020) develop 
the following internal pressure-dependent GTN potential function for 
3 
a homogenized porous single crystal 

𝛹 =

(

𝜏𝑖
𝜏eff𝑖

)2

+
2𝑓 eff

v 𝑃𝜏𝑖

(𝜏eff𝑖 )2
+ 2

45
𝜆𝑓 eff

v

(

𝜎eq

𝜏eff𝑖

)2

+2𝑞1𝑓 eff
v cosh

⎡

⎢

⎢

⎢

⎣

𝑞2

√

√

√

√

√

3
10

𝑃𝜎m

(𝜏eff𝑖 )2
+ 3

20

(

𝜎m

𝜏eff𝑖

)2⎤
⎥

⎥

⎥

⎦

− 1 − (𝑞1𝑓 eff
v )2 = 0

,

(5)

where the resolved shear stress 𝜏𝑖 is defined as 𝜏𝑖 = 𝛔 ∶ (𝐦𝑖 ⊗ 𝐧𝑖), with 
𝛔 as the Cauchy stress tensor, and 𝐧𝑖 and 𝐦𝑖 represent the unit vectors 
defining the normal and slip directions for the 𝑖-th slip system in the 
dense matrix, respectively. 𝜎eq and 𝜎m denote the von Mises equivalent 
stress and hydrostatic stress derived by the Cauchy stress tensor 𝛔, 
respectively. Parameters 𝜆, 𝑞1, and 𝑞2 are adjustable dimensionless 
constants. In Eq. (5), the terms associated with 𝑓 eff

v  and 𝑃  indicate the 
enhancing effect of voids and internal pressure on dislocation motion. 
Since both voids and their internal pressure induce damage, the effec-
tive resolved shear stress 𝜏effi  acting on the 𝑖-th slip system increases, 
as defined in Eq. (5). According to Eq. (3), this leads to an elevated 
microscopic plastic slip rate 𝛾̇𝑖, which in turn accelerates dislocation 
accumulation through Eq. (4), given that dislocation multiplication 
is directly proportional to 𝛾̇𝑖. Additionally, the term associated with 
𝜎m reflects the contribution of hydrostatic stress to void growth. For 
variable internal pressure 𝑃 , detailed solving procedures for real and 
ideal hydrogen are outlined in the Appendix  A. Assuming no void 
nucleation within the grain, with incompressible dense matrix and 
neglecting void coalescence effects, the effective void fraction 𝑓 eff

v  is 
described by the following piecewise function 

𝑓 eff
v =

{

𝑓v, 𝑓v ≤ 1∕𝑞1,
1∕𝑞1, 𝑓v > 1∕𝑞1,

(6)

where 𝑓v is the void volume fraction and its growth rate is 

̇𝑓v = (1 − 𝑓v)trace(𝐃p). (7)

Using Eq. (5), the value of 𝜏eff𝑖  can be calculated iteratively, with its 
sign matching that of 𝜏𝑖. In general, this scalar is objective under the 
continuum mechanics framework. However, we find that the absolute 
value of 𝜏eff𝑖  determined by Eq. (5) varies depending on the sign of 𝜏𝑖, 
which conflicts with the objectivity principle. To ensure full compliance 
with this principle, Eq. (5) is revised as 

𝛹 =

(

𝜏𝑖
𝜏eff𝑖

)2

+
2𝑓 eff

v 𝑃 |

|

𝜏𝑖||
(𝜏eff𝑖 )2

+ 2
45

𝜆𝑓 eff
v

(

𝜎eq

𝜏eff𝑖

)2

+2𝑞1𝑓 eff
v cosh

⎡

⎢

⎢

⎢

⎣

𝑞2

√

√

√

√

√

3
10

𝑃𝜎m

(𝜏eff𝑖 )2
+ 3

20

(

𝜎m

𝜏eff𝑖

)2⎤
⎥

⎥

⎥

⎦

− 1 −
(

𝑞1𝑓 eff
v

)2 = 0

.

(8)
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Using Eq. (8), the normality rule in elastic–plastic mechanics, and the 
implicit function theorem, the effective Schmid tensor is given by 

𝐍eff
𝑖 =

𝜕𝜏eff𝑖
𝜕𝛔

= −
𝜕𝛹∕𝜕𝛔
𝜕𝛹∕𝜕𝜏eff𝑖

, (9)

where

𝜕𝛹
𝜕𝛔

=
2𝜏𝑖

(𝜏eff𝑖 )2
𝐍𝑖 +

2𝑓 eff
v 𝑃 sgn(𝜏𝑖)

(𝜏eff𝑖 )2
𝐍𝑖 +

2
15

𝜆𝑓 eff
v

(𝜏eff𝑖 )2
𝐒

+
𝑞1𝑞2𝑓 eff

v

10

√

√

√

√

√

3
10

𝑃𝜎m

(𝜏eff𝑖 )2
+ 3

20

(

𝜎m

𝜏eff𝑖

)2

× sinh

⎡

⎢

⎢

⎢

⎣

𝑞2

√

√

√

√

√

3
10

𝑃𝜎m

(𝜏eff𝑖 )2
+ 3

20

(

𝜎m

𝜏eff𝑖

)2⎤
⎥

⎥

⎥

⎦

×
⎡

⎢

⎢

⎣

𝑃

(𝜏eff𝑖 )2
+ 𝜎m

(𝜏eff𝑖 )2

⎤

⎥

⎥

⎦

𝐈

,

𝜕𝛹
𝜕𝜏eff𝑖

= − 2
𝜏eff𝑖

(

𝜏𝑖
𝜏eff𝑖

)2

−
4𝑓 eff

v 𝑃 |

|

𝜏𝑖||

(𝜏eff𝑖 )3
− 4

45
𝜆𝑓 eff

v

𝜏eff𝑖

(

𝜎eq

𝜏eff𝑖

)2

−
2𝑞1𝑞2𝑓 eff

v

𝜏eff𝑖

× sinh

⎡

⎢

⎢

⎢

⎣

𝑞2

√

√

√

√

√

3
10

𝑃𝜎m

(𝜏eff𝑖 )2
+ 3

20

(

𝜎m

𝜏eff𝑖

)2⎤
⎥

⎥

⎥

⎦

×

√

√

√

√

√

3
10

𝑃𝜎m

(𝜏eff𝑖 )2
+ 3

20

(

𝜎m

𝜏eff𝑖

)2

,

with 𝐍𝑖 = 𝐦𝑖 ⊗ 𝐧𝑖 as the Schmid tensor, 𝐒 = 𝛔 − 𝜎m𝐈 as the deviatoric 
stress tensor, and 𝐈 as the second-order identity tensor. Specially, at 
𝑃 = 0 GPa, Eq. (8) degenerates to the potential function for the metallic 
materials without pressurized gas inside voids proposed by Han et al. 
(2013). Furthermore, at 𝑓v = 0, Eq. (8) reduces to the case for a dense 
matrix material without void.

Up to this point, a crystal plasticity constitutive model has been 
established that couples the evolution of internal pressure of hydrogen 
obeying different laws with internal pressure-dependent void damage. 
This constitutive model can be implemented in ABAQUS software using 
the UMAT and UVARM subroutines, as illustrated in the flowchart in 
Fig.  2. In the present work, the implicit integration method is adopted 
to solve the relevant differential equations, including Eqs. (3), (4) and 
so on. Hereinafter, C3D8R element is adopted in the finite element 
simulation.

For metallic materials subjected to neutron irradiation, the for-
mation of high-pressure helium bubbles has been experimentally ob-
served (Miura et al., 2015). By using the fitted parameters 𝐴𝑛, 𝑚 for 
high-pressure helium (Mills et al., 1980) in Eq. (A.3) in the Appendix 
A, the dynamic evolution of pressure in the helium bubbles can be 
described. Therefore, the proposed theoretical framework can be read-
ily extended to investigate void swelling and helium embrittlement 
in irradiated metallic materials. In addition, though the face-centered 
cubic copper is chosen as an example in this work, the established 
framework is also applicable to both the body-centered cubic and 
hexagonal close-packed metals.

3. Validation of material parameters for dense matrix and void 
damage in single-crystal copper

3.1. Material parameters for the dense matrix

To examine the internal pressure-dependent mechanical behavior of 
polycrystalline copper, the material parameters for single-crystal cop-
per (without voids) are first established. Table  2 presents the material 
parameters relevant to the plastic slip and dislocation evolution in 
dense single-crystal copper for use in numerical simulations. In Table 
4 
2, the shear modulus 𝜇 of the dense matrix at 𝑇 = 295.15K is estimated 
using the Voigt–Reuss–Hill average (Hill, 1952) 

𝜇 = 1
2

[

1
5
(𝐶11 − 𝐶12 + 3𝐶44) +

5(𝐶11 − 𝐶12)𝐶44
3(𝐶11 − 𝐶12) + 4𝐶44

]

, (10)

where the temperature-dependent elastic constants 𝐶𝑖𝑗 are defined as 
𝐶𝑖𝑗 (𝑇 ) = 𝐶0

𝑖𝑗 − 𝑆𝑖𝑗∕[exp(𝑇𝑖𝑗∕𝑇 ) − 1] (𝑖 = 1, 4 and 𝑗 = 1, 2, 4). Table  3 
lists the elastic constants 𝐶0

𝑖𝑗 at 𝑇 = 0 K alongside the fitted parameters 
𝑆𝑖𝑗 and 𝑇𝑖𝑗 from experimental data below 300 K (Varshni, 1970). Here, 
the subscripts 𝑖 and 𝑗 obey Voigt notation. As these elastic parameters 
are strictly valid at temperature below 300 K, the viscoplastic flow 
of copper, which is described by Eqs. (2), (3), (8), (9) and so on, is 
physically accurate at 𝑇 < 300 K.

Fig.  3 compares the simulated strain–stress curves with experimen-
tal results for uniaxial tension of single-crystal copper at a nominal 
strain rate 𝜀̇nom11 = 10−4∕s, under the ambient temperature 𝑇 = 295.15 K 
(Takeuchi, 1975). For the cases of [100] and [111] loadings, the close 
agreement between numerical and experimental tensile stress–strain 
curves supports the validity of the constitutive model presented in 
Section 2, as well as the material parameters listed in Tables  2 and 3. 
Additionally, the special coplanar double slip of dislocation reduces the 
strain hardening rate of material at [101] loading (Zepeda-Ruiz et al., 
2021). As we employ a common hardening model neglecting this mech-
anism, there will exist discrepancy between the predicted stress–strain 
curve and experimental result at [101] loading when using exist-
ing material parameters calibrated by the [111] and [100] loadings. 
However, it offers a valuable direction for addressing orientation-
specific behavior. The coplanar double slip is a critical mechanism to 
be incorporated into the existing constitutive model in future work. 
In fact, for polycrystalline metallic materials, as all grain orientations 
are randomly assigned and these grains undergo a complex multiax-
ial stress, few grains deform plastically through the coplanar double 
slip mechanism. One can expect that the absence of coplanar double 
slip mechanism has little influence on the macroscopic stress–strain 
response of polycrystalline metallic materials in the following sections. 
In the following finite element simulations, all samples are subjected to 
uniaxial loading along 𝑥-axis at 𝜀̇nom11 = 10−4∕s and 𝑇 = 295.15 K.

3.2. Material parameters for void damage

Fitting the yield strength of unit cell models with differing crystal-
lographic orientations, Han et al. (2013) determined optimized values 
for the dimensionless parameters 𝜆, 𝑞1, and 𝑞2, as shown in Table  4, for 
porous metals without internal pressure. Using the unit cell model of 
single-crystal copper with an embedded void (Fig.  4) as an example, we 
examine the applicability of these parameters in describing the plastic 
behavior of porous metals with internal pressure.

In the unit cell model (Fig.  4), the dense matrix is assumed incom-
pressible by setting 𝑓v = 0 in Eq. (8). Void volume and the pressure 
and density of the internal hydrogen are variable. Here, the hydrogen 
bubble is modeled as a fluid cavity, and the constitutive behavior of 
hydrogen, governed by either the ideal gas law of 𝑃𝑉m = 𝑅𝑇  or the 
Benedict-type EOS of Eq. (1), is incorporated via the UFLUID subroutine 
in ABAQUS. The finite element simulation for the unit cell model pro-
ceeds as follows: at the outset, periodic boundary conditions detailed 
in Section 4.1 are applied in 𝑥, 𝑦, and 𝑧 directions, with matrix material 
parameters consistent with those of single-crystal copper as defined 
in Section 3.1. In the initial loading step, the fluid cavity pressure 
increases from 0 MPa to 700 MPa. The unit cell model then undergoes 
uniaxial tensile loading along 𝑥-axis in the second loading step. In the 
loading process, both the temperatures of dense matrix and fluid cavity 
are considered as a constant of 𝑇 = 295.15 K. For the unit cell model, 
the void volume fraction is calculated as 𝑓v = 𝑉cav∕(𝑉cav + 𝑉mat ), where 
𝑉cav and 𝑉mat represent the volumes of the fluid cavity and the dense 
matrix, respectively. The post-processor of the ABAQUS software is 
utilized to extract 𝑉 .
cav
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Fig. 2. Flowchart illustrating the implementation of the UMAT, which incorporates the evolution of internal pressure of hydrogen within voids. The superscript 
𝑗 here is used to identify quantities immediately following the 𝑗-th time increment. The iteration is considered convergent when the relative error of each 𝛾̇𝑖
between two successive iterative steps falls below 10−4.
Table 2
Material parameters for plastic slip and dislocation evolution of single crystal copper.
 Parameters Definition Values References  
 𝐾 Dimensionless constant 12.1 Fitted parameter  
 𝑏 Burgers vector length 0.256 nm Xiao et al. (2015)  
 1∕𝑚 Strain rate sensitivity parameter 30 Fitted parameter  
 𝑦c Critical annihilation distance 4.23 nm Walgraef and Ghoniem (1990) 
 𝛼 Dimensionless constant 1 Xiao et al. (2015)  
 𝛾̇0 Referenced shear strain rate 10−4∕s Xiao et al. (2015)  
 𝜇 Shear modulus 47.43 GPa Voigt–Reuss–Hill average  
 𝜌0𝑖 Initial dislocation density 1.4 × 1011∕m2 Fitted parameter  
Table 3
Temperature-dependent elastic constants for dense single-crystal copper 
(Varshni, 1970).
 Elastic constants 𝐶0

𝑖𝑗 (MPa) 𝑆𝑖𝑗 (MPa) 𝑇𝑖𝑗 (K) 
 𝐶11 176094 7600.4 206.4  
 𝐶12 124892 2383.6 158.4  
 𝐶44 81706 4528.3 163.4  

For the homogenized porous single crystal, referred to as the in-
ternal pressure-dependent GTN model hereinafter, the material pa-
rameters in Tables  2 to 4 are employed, with the exception of the 
initiation dislocation density 𝜌0 associated with the 𝑖-th slip system and 
𝑖

5 
the initial volume fraction 𝑓 0
v  of voids. Corresponding values of initial 

void volume fraction and initial dislocation density are determined by 
𝑓v = 𝑉cav∕(𝑉cav +𝑉mat ) and 𝜌0𝑖 =

∑𝑁ipt
𝑘=1 𝜌

tol
𝑘 𝑉ipt,𝑘∕12(𝑉cav +𝑉mat ) of the unit 

cell model at the end of aforementioned first loading step, respectively, 
where 𝜌tol𝑘  and 𝑉ipt,𝑘 are the total intragranular dislocation density and 
volume associated with the 𝑘-th integration point, respectively. 𝑁ipt is 
the total number of integration points in the computational domain. In 
ABAQUS software, the integration volume at each Gauss point, which 
is obtained through UVARM subroutine as shown in Fig.  2, is defined 
as the product of its weight coefficient and the corresponding Jaco-
bian determinant of element. Hereinafter other macroscopic variables, 
including the strain component 𝜀11 and stress component 𝜎11 along 
𝑥-direction, total intragranular dislocation density 𝜌tol, average grain 
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Fig. 3. Comparison of true stress–strain curves from numerical simulations 
and experimental results (Takeuchi, 1975) for uniaxial tension of single-crystal 
copper at 𝑇 = 295.15 K.

Table 4
Material parameters for void damage (Han et al., 2013).
 Parameters 𝜆 𝑞1 𝑞2  
 Values 6.456 1.471 1.325 

Fig. 4. Unit cell model of a single crystal containing voids. The matrix is dense 
by setting initial void volume fraction 𝑓v = 0, and the void in material is 
modeled by fluid cavity.

diameter 𝑑ave and so on, are also determined using the volume-weighted 
method. For example, the macroscopic tensile flow stress of sample 
under uniaxial loading is 𝜎11 =

∑𝑁ipt
𝑘=1 𝜎11, 𝑘𝑉ipt, 𝑘∕

∑𝑁ipt
𝑘=1 𝑉ipt, 𝑘 as defined 

in our previous work (Han et al., 2023), where 𝜎11, 𝑘 is the stress 
component along 𝑥-direction of the 𝑘-th integration point.

Fig.  5 shows the volume-weighted true stress–strain curves for both 
the internal pressure-dependent GTN model and the unit cell model 
with the real and ideal hydrogen. The flow stresses at a 0.2% offset 
strain for both models are nearly identical for samples subjected to a 
given loading direction. This observation indicates that the dimension-
less parameters for void damage listed in Table  4 accurately capture 
the initial yield behavior of the homogenized porous single crystal with 
internal pressure. However, the discrepancy between the unit cell and 
internal pressure-dependent GTN models becomes more pronounced 
with increasing strain for both samples. This discrepancy can be at-
tributed to the differing rates of void growth in the two models. In 
general, the growth rate of void volume fraction is quite slow at small 
strain for the conventional internal pressure-independent GTN model. 
Numerical results in Fig.  6 indicate that the void volume fraction 𝑓
v

6 
in the internal pressure-dependent GTN model increases more signifi-
cantly than in the unit cell model as strain increases at 𝑃 0 = 700 MPa, 
suggesting the dominant role of internal pressure in accelerating void 
growth in the internal pressure-dependent GTN model at small strain. 
Low stress triaxiality is the main reason for the extremely small growth 
rate of voids in the unit cell model. Under uniaxial tensile loading, 
voids elongate, which further slows their growth. Although the internal 
pressure in the voids decreases with increasing void volume fraction, 
the extent of damage in the internal pressure-dependent GTN model 
is considerably more severe than in the unit cell model due to the 
larger void volume fraction, leading to a substantial reduction in the 
macroscopic flow stress of the internal pressure-dependent GTN model. 
However, both the stress–strain curves and evolution curves of void 
volume fraction are nearly identical for these two models at 𝑃 = 0 MPa 
under different loading direction as shown in Fig.  7. Above results sug-
gests that internal pressure more significantly accelerates void growth 
in the internal pressure-dependent GTN model than the unit cell model 
in post-yield stage.

Building on the pioneering theoretical work of Gurson (1977) on 
the yield behavior of porous metals, Han et al. (2013) introduced 
additional parameters 𝜆, 𝑞1, and 𝑞2 in Eq. (8) with 𝑃 = 0 GPa to improve 
the model’s accuracy. In this work, one can see the marked disparity 
between the internal pressure-dependent GTN and unit cell models (Fig. 
5). Meanwhile, molecular dynamics simulations of uniaxial tension in 
nano-twinned copper demonstrated that internal pressure significantly 
accelerates the growth of helium bubbles at a certain macroscopic 
strain rate (Sun et al., 2019), in line with the trends observed in the 
internal pressure-dependent GTN model. Therefore, combining these 
two aspects, quantitatively refining the dimensionless parameters 𝜆, 𝑞1, 
and 𝑞2 in Eq. (8) are required to reduce the divergence in post yield 
stage between the internal pressure-dependent GTN model and unit 
cell model, through the simulations at different internal pressures and 
crystal orientations following the approach of Han et al. (2013). How-
ever, due to the high computational cost and time cost, this refinement 
falls outside the scope of the present work and could be investigated 
in detail in future work. The dimensionless parameters in Table  4 are 
retained to qualitatively explore the macroscopic damage behavior and 
microstructural evolution of polycrystalline copper in Section 4.

4. Macroscopic mechanical response and microstructural evolu-
tion of polycrystalline copper

The quantitative measurement for the internal pressure within the 
hydrogen bubble of metallic material remains challenging in the ex-
perimental study. This section will numerically and qualitatively in-
vestigate the influences of EOS choice and internal pressure on the 
estimation of macroscopic properties and the microstructural evolu-
tions of materials, including yield strength, fracture strength, uniform 
tensile strain, internal pressure variation, dislocation multiplication, 
and necking formation.

4.1. EOS-dependent mechanical behavior

Fig.  8 shows the untextured polycrystalline internal pressure-
dependent GTN sample, with edge length 𝐿 = 120 μm and containing 
𝑁G = 150 equiaxed grains of average grain diameter 𝑑ave = 29.5 μm, 
used to investigate the macroscopic mechanical response and mi-
crostructural evolution of coarse-grained copper. The element length 
is set at 5 μm by evaluating the convergence of numerical results 
and the computational efficiency as detailed in Appendix  B. In gen-
eral, as single crystals exhibit anisotropic mechanical behavior at the 
microscopic scale, a material comprising a limited number of grains 
displays direction-dependent flow stresses at the macroscopic scale. 
According to the criterion proposed by Nygårds (2003), if the material 
behavior is purely elastic, the estimated error in macroscopic flow 
stress due to microscopic heterogeneity is approximately 2.1% for 
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Fig. 5. True stress–strain curves for the internal pressure-dependent GTN (IPGTN) and unit cell models with the real (a) and ideal (b) hydrogen in the voids, 
each at an initial internal pressure 𝑃 0 = 700 MPa.
Fig. 6. Void volume fraction 𝑓v as a function of uniaxial tensile strain 𝜀11 in the internal pressure-dependent GTN and unit cell models with the real (a) and 
ideal (b) hydrogen in the voids.
Fig. 7. True stress–strain curves (a) and void volume fraction 𝑓v as a function of uniaxial tensile strain 𝜀11 (b) for the internal pressure-dependent GTN (IPGTN) 
and unit cell models at 𝑃 = 0 MPa.
Fig. 8. Polycrystalline model with randomly distributed equiaxed grains. GI, 
grain interior; GBAZ, grain boundary affected zone.
7 
the polycrystalline model in Fig.  8. However, the plastic response of 
polycrystalline metallic materials is inherently more complex than their 
elastic response. Therefore, to assess the isotropy and reliability of our 
model under plastic deformation, we conducted additional simulations 
under various loading directions, as detailed in Appendix  B. The results 
presented in Fig.  B.2 demonstrate that the polycrystalline model in 
Fig.  8 exhibits isotropic elastic–plastic behavior, indicating that the 
numerical results presented in this study are sufficiently accurate for 
the intended analyses. Due to random crystallographic orientations, 
the microscopic heterogeneity of single crystals within a polycrystalline 
material can lead to localized stress concentration. As a result, strain 
localization and necking can develop in the sample under uniaxial 
tensile loading. To exclude the potential influence of localized neck-
ing on the macroscopic mechanical response, the periodic boundary 
conditions described by 𝐮𝑟+ − 𝐮𝑟− = 𝐔𝑠 − 𝐔0 (𝑟, 𝑠 = 𝑥, 𝑦, 𝑧) (Kim 
et al., 2017) are applied across all three spatial dimensions for the 
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Fig. 9. True stress–strain curves for polycrystalline samples with the ideal and real hydrogen in voids at 𝑃 0 = 1 GPa (a) and 4 GPa (b).
nodes at boundary surfaces to ensure uniform deformation at large 
strains, where 𝐮 and 𝐔 are the displacement vectors of boundary surface 
node and master node, respectively, superscripts 𝑟+ and 𝑟− denote 
the corresponding nodes on opposite boundary surfaces, and 𝐔0 is 
the displacement vector of node at origin. In general, the periodic 
microstructure is preferred due to the limitation in mesh conformity for 
periodic boundary condition. As the voxelization-based model satisfies 
this restriction voluntarily, the periodic boundary condition remains 
appropriate to obtain the homogenized response for the non-periodic 
model in Fig.  8.

For metallic materials, the grain boundaries serve as preferential 
sites for hydrogen atom trapping, promoting nucleation and concentra-
tion of hydrogen bubbles near these regions (Chen et al., 2020; Peters 
et al., 2020; Xing et al., 2021). It has been experimentally observed 
that hydrogen bubbles are prone to form at grain boundaries and triple 
junctions in the aforementioned copper used for spent nuclear fuel can-
isters (Martinsson and Sandström, 2012). Here, the initial void volume 
fractions are qualitatively taken as 𝑓 0

v  and 1.1𝑓 0
v  for the elements in 

the grain interiors and grain boundary affected zones, respectively, to 
incorporate hydrogen-induced boundary weakening, which serves as 
a simplified representation of the variation in hydrogen concentration 
between these two regions. The existing numerical study for the helium 
embrittlement of metallic materials has adopted a similar structure-
dependent spatial distribution, despite larger ratio of void volume 
fraction between grain interior and grain boundary affected zone (Fu 
et al., 2024). While the current model focuses on the mechanical 
effects of internal pressure from hydrogen bubbles, it does not explicitly 
incorporate other known embrittlement mechanisms, such as hydrogen-
induced reduction in grain boundary cohesion or dislocation–boundary 
interactions. These aspects will be considered in future model devel-
opments. In addition, the internal pressure inside voids can induce 
severe plastic deformation even before external loading, significantly 
increasing the initial dislocation density in the material. Therefore, the 
initial dislocation density belonging to the 𝑖-th slip system is set at 
𝜌0𝑖 = 0.8𝜌sat𝑖  where the initial total dislocation density is set to a value 
comparable to that observed in materials subjected to extensive cold 
deformation. With setting different initial values for 𝑃  in Eq. (8) at the 
beginning of numerical simulation, the pressure inside voids is imposed 
into the polycrystalline model in Fig.  8. As analyzed in Section 2.1, 
hydrogen remains in a supercritical fluid state even at high pressure 
𝑃 0 = 4 GPa and ambient temperature 𝑇 = 300 K. For convenience, 
hereinafter the polycrystalline internal pressure-dependent GTN sam-
ples containing the ideal and real hydrogen are referred to as the ideal 
hydrogen samples and real hydrogen samples, respectively.

Figs.  9 and 10 show the true stress–strain curves and yield strength 
𝜎y at 0.2% offset strain for both the ideal and real hydrogen samples 
at different values of 𝑃 0 and 𝑓 0

v , respectively. The yield strengths of 
these two samples are nearly identical under a given initial state. As 
the macroscopic tensile strain increases, a notable divergence in flow 
stress arises between the ideal and real hydrogen samples. This trend 
aligns with previous theoretical work on the mechanical behavior of 
8 
porous metals containing gases at constant pressure and ideal gases 
within voids (Guo et al., 2008). Notably, the stress–strain curves for the 
real hydrogen samples exhibit a substantially stronger strain-hardening 
capacity and an extended strain-hardening phase compared to the ideal 
hydrogen samples. Furthermore, the strain-hardening effect in the real 
hydrogen sample is closely tied to both the void volume fraction and 
internal pressure.

For ductile metallic materials, the onset of local necking suggests 
the initiation of material fracture in experimental study, which is 
also referred to as the fracture indicator in this work. Based on the 
Considére stability criterion d𝜎11∕d𝜀11 = 𝜎11, the values of strain and 
stress, corresponding to the intersection between the true strain–stress 
curve and work hardening curve, are called as the uniform tensile 
strain and fracture strength of materials in this work, respectively. In 
general, this criterion is used to determine the sample performance with 
unconstrained surface. For these samples, the macroscopic deformation 
remains almost uniform at necking initiation, consistent with sam-
ples constrained by periodic boundary condition. Therefore, in present 
work, Considére criterion is also adopted to determine the uniform 
tensile strain and fracture strength of samples in Fig.  8. Fig.  11 shows 
the uniform tensile strain 𝜀u and fracture strength 𝜎f , which charac-
terize the material’s ductility and strength, respectively. The simulated 
macroscopic mechanical performances of the real hydrogen samples 
surpass those of the ideal hydrogen samples across a broad range of 
𝑓 0
v  and 𝑃 0, with both ductility and strength significantly enhanced in 
the real hydrogen sample—often several times higher than in the ideal 
hydrogen sample at high initial void volume fraction (𝑓 0

v = 0.03) and 
high initial internal pressure (𝑃 0 = 4 GPa). In other words, using the 
ideal gas law EOS to model the internal pressure and density dynamics 
of hydrogen within voids would considerably overestimate the internal 
pressure-induced mechanical degradation of porous metallic materials 
from a trend perspective. Here the fundamental mechanism underlying 
the nearly identical yield strength as well as the significant distinction 
in strain-hardening capacity, 𝜎f , and 𝜀u presented by two samples can 
be understood as follows.

Our previous work on the strength–ductility trade-off in nanocrys-
talline metals has demonstrated that both dislocation accumulation-
induced hardening and void damage-induced softening influence a 
material’s macroscopic strain-hardening capacity (Han et al., 2023). 
In this study, however, we find that dislocation accumulation does 
not account for the observed differences in strain-hardening capacity 
between the ideal hydrogen and real hydrogen samples. Fig.  12 plots 
ratios (𝜌tolf ∕𝜌toly )1∕2 and 𝜎f∕𝜎y at different values of initial internal 
pressure, where 𝜌tolf  and 𝜌toly  are the volume-weighted total dislocation 
densities obtained from the numerical simulations at 𝜎11 = 𝜎f  and 𝜎y, 
respectively. The ratio (𝜌tolf ∕𝜌toly )1∕2 is slightly larger than one for all 
samples. Given that the macroscopic plastic strains remain the same 
for all samples at 0.2% offset strain, 𝜌toly  is considered to be equal, 
which means that the dislocation accumulation at 𝜎11 = 𝜎f  is almost 
the same across samples. Based on the Taylor hardening law, which 
relates macroscopic flow stress to the square root of total dislocation 
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Fig. 10. Tensile yield strength 𝜎y versus initial void volume fraction 𝑓 0
v  at 

different values of initial internal pressure 𝑃 0.

density, one would anticipate that the ratio 𝜎f∕𝜎y should approximate 
one. However, the numerical results show 𝜎f∕𝜎y significantly exceeding 
one for both samples, challenging this assumption. This finding suggests 
that dislocation accumulation alone does not drive the notable differ-
ence in strain-hardening capacity. An additional mechanism must play 
a central role.

According to Eq. (8), both the void volume fraction and internal 
pressure affect the macroscopic plastic behavior of materials. To gain 
more insight into the influence of these two factors on the material 
strain-hardening capacity, we define dimensionless forms for variables 
to evaluate their dynamic evolutions. Introducing the dimensionless 
void volume 𝑉v, 𝑘 = 𝑉v, 𝑘∕𝑉 0

v, 𝑘 and dimensionless internal pressure 
𝑃𝑘 = 𝑃𝑘∕𝑃 0

𝑘  for the 𝑘-th integration point, the macroscopic dimension-
less void volume and pressure, 𝑉v =

∑𝑁ipt
𝑘=1 𝑉v, 𝑘𝑉v, 𝑘∕

∑𝑁ipt
𝑘=1 𝑉v, 𝑘 and 

𝑃 =
∑𝑁ipt

𝑘=1 𝑃𝑘𝑉v, 𝑘∕
∑𝑁ipt

𝑘=1 𝑉v, 𝑘, are defined accordingly, where 𝑉v, 𝑘, 𝑉 0
v, 𝑘, 

𝑃𝑘, and 𝑃 0
𝑘  denote the current and initial void volumes, as well as the 

current and initial internal pressures of the voids belonging to the 𝑘-th 
integration point, respectively.

Fig.  13 compares the 𝑃–𝑉v curves for the real and ideal hydrogen 
samples. Due to the straightforward inverse relationship between 𝑃  and 
𝑉m for the ideal hydrogen with EOS 𝑃𝑉m = 𝑅𝑇 , the 𝑃 –𝑉v curves of 
ideal hydrogen samples nearly overlap across a broad range of 𝑉v. In 
contrast, for real hydrogen samples with 𝑃 0 = 1 GPa, 2 GPa, and 4 GPa, 
the divergence among the 𝑃 –𝑉v curves increases with increasing 𝑉v
at 𝑉v > 1.5 due to the substantial variability in compressibility with 
internal pressure (Fig.  1b). As discussed in Section 2.1, real hydrogen 
resists compression more strongly than ideal hydrogen, resulting in 
a more rapid decrease in 𝑃  with increasing 𝑉v for real hydrogen 
samples (Fig.  13). Consequently, the void growth rate in real hydrogen 
samples is slower than in ideal hydrogen samples (Fig.  6). This acceler-
ated reduction in internal pressure in real hydrogen samples alleviates 
damage faster than void growth can induce it, resulting in a marked 
rise in macroscopic flow stress. Despite minimal dislocation accumula-
tion within grains during plastic deformation, real hydrogen samples 
demonstrate significantly stronger strain-hardening and a prolonged 
strain-hardening phase post-yield compared to ideal hydrogen (Fig. 
9). This distinct strain-hardening response accounts for the observed 
differences in 𝜎f  and 𝜀u between the two sample types (Fig.  11).

In short words, the compressibility differences between ideal and 
real hydrogen lead to inaccuracies in estimating the macroscopic me-
chanical performance of porous metals under internal pressure. Using 
the ideal gas law EOS, as done in previous studies (Guo et al., 2008; 
Das et al., 2021), is unsuitable for assessing the residual strength and 
remaining service life of materials and structures affected by hydrogen 
embrittlement.
9 
Generally, it may seem intuitive to argue that voids degrade a 
material’s macroscopic mechanical performance, meaning that as the 
void volume fraction increases, both 𝜎f  and 𝜀u decrease (as seen, for 
example, in the ideal hydrogen samples in Fig.  11). However, numerical 
results from real hydrogen samples reveal an opposite trend, where 𝜀u
actually increases with increasing initial void volume fraction 𝑓 0

v  at a 
certain internal pressure. This strength–ductility trade-off resembles the 
grain size-dependent competitive relationship seen in nanocrystalline 
and coarse-grained metals (Li et al., 2020; Sohrabi et al., 2023). The 
physical mechanism behind this remarkable ductility enhancement 
with higher initial void volume fraction is explained as follows.

At a certain initial internal pressure, the initial damage extent 
increases with increasing 𝑓 0

v  in the real hydrogen samples. During plas-
tic deformation, void growth quickly alleviates the internal pressure-
induced damage, with this damage relief becoming more pronounced 
at higher 𝑓 0

v . For instance, in the case of 𝑃 0 = 4 GPa (Fig.  9b), sam-
ples with larger 𝑓 0

v  exhibit a stronger strain-hardening capacity after 
yielding compared to those with smaller 𝑓 0

v , resulting in an upward 
shift of the strain-hardening rate curve for high 𝑓 0

v  samples. Simul-
taneously, the flow stress decreases as 𝑓 0

v  increases. Combining these 
two aspects, the uniform tensile strain 𝜀u, defined by the intersection 
of the strain-hardening rate curve and the strain-stress curve, becomes 
larger at larger 𝑓 0

v . In Appendices  C and D, this increasing trend is 
further verified by adopting a set of parameters for the Benedict-type 
EOS of helium and a series of values for the void volume fraction 
in grain boundary, respectively. In addition, at a certain 𝑓 0

v , the real 
hydrogen samples show greater strain-hardening capacity at higher 
𝑃 0 compared to lower 𝑃 0 (Fig.  9). Following the same mechanism, 
𝜀u of the real hydrogen sample increases with 𝑃 0 at a given 𝑓 0

v  (Fig. 
11). A similar trend, where failure tensile strain exhibits an internal 
pressure-enhanced feature, has been observed in molecular dynamics 
simulations for both single crystal copper and nano-twinned copper 
embedded with highly pressurized helium bubbles (Sun et al., 2019; 
Neogi et al., 2018), verifying the above qualitative numerical results 
and theoretical analyses.

4.2. Influence of internal pressure on localized necking

Due to the microscopic heterogeneity, random crystallographic ori-
entation, and variable shapes of grains, localized necking is almost 
inevitable in ductile metals during tensile deformation and can signif-
icantly accelerate fracture. Here, we investigate the impact of internal 
pressure on necking formation using real hydrogen samples with di-
mensions of 300 μm (length) × 120 μm (width) × 120 μm (height) 
as shown in Fig.  14, containing 𝑁G = 375 grains with an average 
grain diameter of 𝑑ave = 29.5 μm. Unlike the sample constrained by 
periodic boundary conditions in Fig.  8, a symmetry boundary condition 
is applied to the cross-sections at 𝑥 = 𝑦 = 𝑧 = 0, restricting out-of-plane 
displacement. As mentioned in Section 4.1, the samples with symmetry 
boundary condition will present significant deformation localization 
and local necking at large strains due to random crystallographic 
orientation.

Fig.  15a presents the true stress–strain curves of the real hydrogen 
samples shown in Fig.  14, with 𝑓 0

v = 0.03. As the initial internal 
pressure 𝑃 0 increases from 0 GPa to 1 GPa and then to 4 GPa, the 
yield strength and fracture strength decrease from 249.2 MPa and 
278 MPa to 167.4 MPa and 225.2 MPa, and then further to 70 MPa 
and 189.1 MPa, respectively, while the uniform tensile strain corre-
spondingly increases from 0.046 to 0.076 and then to 0.107. Fig.  15b 
shows the reduction in area 𝛷 = 1 − 𝑆∕𝑆0 versus the nominal strain 
𝜀nom11  for the cross-section at 𝑥 = 0, where 𝑆 and 𝑆0 are the current and 
initial areas of this cross-section. One can see that the rate of increase 
in 𝛷 for samples with higher 𝑃 0 is slower than that for those with lower 
𝑃 0, indicating more severe necking in samples with lower 𝑃 0 (Fig.  16).

For these real hydrogen samples with symmetry boundary con-
ditions, the enhanced ductility at higher 𝑃 0 results from both the 
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Fig. 11. Qualitative influence of initial void volume fraction 𝑓 0
v  on fracture strength 𝜎f  and uniform tensile strain 𝜀u at initial internal pressure 𝑃 0 = 1 GPa (a), 

2 GPa (b), and 4 GPa (c).
Fig. 12. Ratios (𝜌tolf ∕𝜌toly )1∕2 and 𝜎f∕𝜎y at initial internal pressures of 𝑃 0 = 1 GPa (a), 2 GPa (b), and 4 GPa (c).
Fig. 13. Dimensionless internal pressure 𝑃  versus dimensionless void volume 
𝑉v for various initial internal pressure 𝑃 0 and initial void volume fraction 𝑓 0

v .

increased strain-hardening capacity and the suppression of localized 
necking, driven by the internal pressure-dependent mechanisms dur-
ing deformation. In the case with 𝑃 0 = 0 GPa, strain localization 
within clustered grains quickly leads to a monotonic decrease in flow 
stress with increasing 𝜀nom11  due to the void growth, rapidly instigating 
localized necking in a confined region (Fig.  16a). For samples with 
higher initial internal pressure (e.g., 𝑃 0 = 4 GPa in Fig.  16c), the 
internal pressure inside voids rapidly decreases due to void growth. As 
a result, the macroscopic strength of the material increases markedly 
with plastic deformation, which in turn hinders further localization 
by transferring tensile deformation to adjacent grains with lower flow 
stress. Compared to samples with low 𝑃 0, those with higher 𝑃 0 involve 
a greater number of grains in the overall plastic deformation due to 
sustained load transfer during straining, thereby mitigating strain local-
ization and void growth within specific regions and delaying the onset 
of localized necking. Our work presents an innovative and in-depth 
insight for understanding the exceptional enhancement of ductility in 
single crystal copper with highly pressurized helium nanobubbles, in 
contrast to the prevailing dislocation-based explanation (Ding et al., 
2016).
10 
Fig. 14. Polycrystalline model with symmetry boundary conditions. Red ar-
rows, tensile load along 𝑥-direction.

Our results suggest promising implications for material design strate-
gies. A recent experimental study demonstrated that introducing dis-
persed nanovoids into pure gold can remarkably enhance both ductility 
and strength, owing to nanovoid-induced Orowan strengthening and 
high strain-hardening capacity (J.-J. Chen et al., 2024). Building on 
the above numerical results and theoretical insights into the effects 
of voids and their internal pressure on material strength, ductility, 
and necking behavior, it is reasonable to anticipate that a synergistic 
improvement in strength and ductility could be achieved in nanovoid-
containing pure gold by carefully tuning the internal pressure within 
the voids. In addition, as mentioned in Section 2.2, the strengthening 
effect of nanovoid is not taken into account in the present constitutive 
framework. A physics-based constitutive model incorporating nanovoid 
strengthening effect is highly desired in future work.
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Fig. 15. (a) True stress–strain curves for the polycrystalline samples in Fig.  14 with 𝑓 0
v = 0.03 at different values of 𝑃 0. (b) Cross-sectional area reduction 𝛷 at 

𝑥 = 0 versus nominal strain 𝜀nom11 .
Fig. 16. Contour plots of equivalent plastic strain 𝜀eqp  for samples with initial internal pressure 𝑃 0 = 0 GPa (a), 1 GPa (b), and 4 GPa (c) at different values of 
the nominal strain 𝜀nom11 .
5. Conclusions

A physics-based crystal plasticity model for high-internal-pressure 
porous metals has been developed, integrating the Benedict equation 
of state (EOS) for real hydrogen into the internal pressure-dependent 
Gurson–Tvergaard–Needleman potential. This model qualitatively elu-
cidates the effects of EOS choice, initial void volume fraction, and 
initial internal pressure on macroscopic properties — yield strength, 
fracture strength, uniform tensile strain — and microstructural evolu-
tion, including void growth, internal pressure variation, and necking 
formation, thus providing insights into the mechanisms underlying 
hydrogen embrittlement in metals. Based on the crystal plasticity finite 
element method, qualitative key findings are as follows.

Our numerical simulations demonstrate that for porous metals un-
der internal pressure, applying the ideal gas EOS, from a trend perspec-
tive, substantially underestimates strength and ductility. The Benedict-
type EOS is essential to assess residual strength and service life in 
11 
hydrogen-embrittled materials. Meanwhile, for hydrogen that follows 
the Benedict-type EOS, porous metals with a high initial void volume 
fraction show greater strain-hardening capacity and an extended strain-
hardening phase, which mitigates damage more effectively than metals 
with a low initial void fraction. Incorporating the decrease in macro-
scopic flow stress, the uniform tensile strain of metals is enlarged at 
large initial volume fraction of voids. This mechanism also explains 
the enhanced ductility with increasing initial void internal pressure at 
a given void volume fraction. In addition, a reduction in the internal 
pressure of voids with the Benedict-type EOS enhances the macroscopic 
strain-hardening capacity of materials, mitigates strain localization, 
and delays the formation of localized necking. Strategically adjusting 
internal void pressure could thus improve strength–ductility synergy in 
metallic materials with nanovoids. 

While developed for hydrogen-filled porous metals, this model pro-
vides a versatile framework that could be extended to study void 
swelling and helium embrittlement in irradiated metallic materials. It 
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Fig. B.1. (a) Finite element models with different mesh resolutions, and (b) corresponding stress–strain responses under uniaxial tension along 𝑥-direction for 
the real hydrogen sample with 𝑓 0

v = 0.01 and 𝑃 = 1 GPa. Due to the high computational cost associated with nonlinear implicit analysis, the simulation with the 
2 μm mesh was performed up to 𝜀11 = 0.072, covering both the elastic–plastic transition and strain-hardening regimes.
Fig. B.2. The stress–strain curves of real hydrogen sample with element size 
𝐿e = 5 μm in Fig.  B.1a under different loading directions.

is important to note that hydrogen diffusion in the metallic matrix, 
mass exchange between the matrix and hydrogen bubbles, nanovoid 
strengthening effect, and hydrogen-regulated dislocation evolution sig-
nificantly influence hydrogen embrittlement, particularly in steels and 
other metals. A more comprehensive theoretical and numerical inves-
tigation incorporating these effects is warranted in future studies.
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Appendix A. Determination for internal pressure of voids

As mentioned in Section 2.1, the internal pressure of hydrogen 
bubbles varies with the evolution of void volume. This Appendix details 
the derivations for calculating the pressure of both real and ideal 
hydrogen within these bubbles.

Assuming no mass exchange of hydrogen between the dense matrix 
and the bubble, the following mass conservation equation for hydrogen 
within voids at a given material point holds 

𝜌0h𝑓
0
v 𝑉

0
ipt = 𝜌𝑗h𝑓

𝑗
v𝑉

𝑗
ipt , (A.1)

where 𝜌h, 𝑓v, and 𝑉ipt represent the density of hydrogen, void volume 
fraction, and integration point volume in the finite element simulations, 
respectively. The superscripts 0 and 𝑗 refer to the initial state and the 
state at the end of the 𝑗-th time increment, respectively. The ABAQUS 
software’s UVARM subroutine enables the extraction of 𝑉 0

ipt and 𝑉
𝑗
ipt

values.
For the real hydrogen, recalling Eq. (1) and introducing 𝑉m = 𝑀h∕𝜌h

with 𝑀h as the molar mass of hydrogen, Eq. (A.1) becomes 

𝜌0h𝑓
0
v 𝑉

0
ipt =

𝑀h
∑3

𝑚=1
∑2

𝑛=−2 𝐴𝑛,𝑚(𝑇 𝑗 )𝑛∕2(𝑃 𝑗 )−𝑚∕3
𝑓 𝑗
v𝑉

𝑗
ipt , (A.2)

where 𝑃 𝑗 and 𝑇 𝑗 are the current internal pressure and absolute tem-
perature of the hydrogen within the voids. Given the extremely small 
macroscopic strain rate of 10−4∕s in the simulation and the adequate 
heat exchange among the environment, metallic matrix, and hydrogen 
bubbles during deformation, the heat generated by plastic deformation 
is expected to have a negligible effect on the temperature of the dense 
matrix and bubbles. Therefore, we assume a constant temperature for 
the hydrogen inside the voids. Then, the internal pressure 𝑃  of the real 
hydrogen can be determined iteratively from Eq. (A.2) in the numerical 
calculations.

For the ideal hydrogen, from 𝑃𝑉m = 𝑅𝑇  and 𝑉m = 𝑀h∕𝜌h, one 
has 𝜌0h𝑓 0

v 𝑉
0
ipt = [𝑀h𝑃 𝑗∕(𝑅𝑇 𝑗 )]𝑓 𝑗

v𝑉
𝑗
ipt . Then the explicit solution for the 

internal pressure of the ideal hydrogen at the end of the 𝑗-th time 
increment is 

𝑃 𝑗 =
𝜌0h𝑓

0
v 𝑉

0
ipt𝑅𝑇

𝑗

𝑀h𝑓
𝑗
v𝑉

𝑗
ipt

. (A.3)

Appendix B. Sensitivity to loading direction and mesh resolution 
of polycrystalline model

Taking the real hydrogen sample with 𝑓 0
v = 0.01 and 𝑃 = 1 GPa

as an example, this Appendix explores the sensitivity of macroscopic 
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Table C.1
Dimensionless parameters of the Benedict-type EOS for real helium (Mills et al., 1980).
 𝑛 𝐴𝑛, 1 𝐴𝑛, 2 𝐴𝑛, 3  
 −2 0 0 189.84  
 −1 −7.2645 0 −19.641  
 0 22.575 −12.483 1.0596  
 1 0 0 0  
 2 0.0064655 −0.024549 0.10604 
Fig. C.1. (a) True stress–strain curves of real helium samples with different initial void volume fractions at 𝑃 = 2 GPa and 𝑇 = 295.15 K. (b) Yield strength 𝜎y, 
fracture strength 𝜎f , and uniform tensile strain 𝜀u as functions of initial void volume fraction 𝑓 0

v .
Fig. D.1. Qualitative influence of initial internal pressure 𝑃 0 on fracture strength 𝜎f  and uniform tensile strain 𝜀u at void volume fraction in grain boundary zone 
𝑓GBAZ,0
v = 𝑓 0

v  (a) and 1.2𝑓 0
v  (b) with 𝑓 0

v = 0.03.
mechanical response to the mesh resolution and loading direction for 
polycrystalline material to ensure the reliability of numerical results.

Fig.  B.1a shows the finite element models which share with the 
model in Fig.  8 the same seed points of Voronoi diagram but have 
different mesh resolutions by setting element size 𝐿e = 2 μm, 3 μm, 
4 μm, and 5 μm. The simulated uniaxial tensile curves with uniaxial 
loading along 𝑥-direction in Fig.  B.1b indicate that mesh size has 
infinitesimal influence on the macroscopic flow stress of material with 
decreasing element size below 5 μm, although the regions within grain 
boundary affected zone vary with mesh size. Therefore, in view of the 
convergence of numerical results and the computational efficiency, the 
finite element model with 𝐿e = 5 μm is employed in this work.

Fig.  B.2 compares the stress–strain curves of real hydrogen sample 
with element size 5 μm in Fig.  B.1a under different loading directions. 
One can see that these curves almost overlap, consistent with the error 
estimation analyzed in Section 4.1. It demonstrates that the microscopic 
heterogeneity of grain have little effect on the macroscopic flow stress 
for ploycrystalline model containing 150 grains.

Appendix C. Verification for increase in uniform tensile strain by 
helium bubble

Using the parameters of Benedict-type EOS for real helium in 
Table  C.1, this Appendix further verifies the increase of uniform tensile 
strain with increasing initial volume fraction. As shown in Fig.  C.1, the 
flow stress of polycrystalline samples decreases with increasing initial 
void volume fraction 𝑓 0 at 𝑃 = 2 GPa and 𝑇 = 295.15 K, leading to 
v

13 
the reductions in yield strength 𝜎y and fracture strength 𝜎f . However, 
the uniform tensile strain 𝜀u remains showing a rising trend, further 
validating the damage relief-induced ductility increase as discussed in 
Section 4.1.

Appendix D. Verification for different trends of strength and duc-
tility in ideal and real hydrogen samples

By taking the void volume fraction in grain boundary zone 𝑓GBAZ,0
v =

𝑓 0
v  and 1.2𝑓 0

v , this appendix further verifies the different trends of 
strength and ductility for the ideal and real gas samples. Fig.  D.1 
demonstrates that the ideal hydrogen samples always present lower 
strength and ductility than the real hydrogen samples, accompanied by 
decreasing trends with increasing 𝑃 0. In contrast, the uniform tensile 
strain 𝜀u presents significant increase for the real hydrogen samples, 
despite a slight decrease in the fracture strength 𝜎f . These numerical 
results further validate the enhanced ductility with increasing initial 
void internal pressure in Section 4.1.

Data availability

Data will be made available on request.
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