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A B S T R A C T   

This study employs atomistic simulations to investigate the intricate interplay between hydrogen and twinning 
nucleation in FeNiCr medium entropy alloys (MEA). The observed effects of hydrogen on nucleation reveal a 
dualistic nature. Homogeneous twinning nucleation adheres to the classic Pascal distribution, facilitated by 
hydrogen, while surface-bound hydrogen inhibits this process. These findings underscore the intricate interplay 
between hydrogen and twinning mechanisms, emphasizing the distinct effects of internal and surface-bound 
hydrogen. The presence of twin architecture significantly enhances the alloy’s overall strength, ductility, and 
toughness. This study’s multifaceted analysis of hydrogen’s influence on twinning nucleation adds complexity to 
understanding hydrogen’s broader impact on MEA mechanical properties. The profound comprehension of the 
hydrogen-twinning relationship contributes to addressing hydrogen embrittlement concerns, offering insights for 
material design and durability enhancement.   

1. Introduction 

The potential of the hydrogen economy holds both promise and 
challenge, spanning various dimensions including hydrogen generation, 
transportation, and storage [1]. One critical concern in the application 
of hydrogen to metals is its impact on mechanical performance, 
commonly referred to as hydrogen embrittlement (HE) [2–7]. Conven-
tional alloying techniques typically revolve around a single primary 
element, whereas high/medium-entropy alloys (HEAs/MEAs) take a 
distinct approach by incorporating multiple principal elements at 
equiatomic or near-equatomic ratios, resulting in complex solid solu-
tions with exceptional strength and ductility [8–15]. Notably, some 
HEAs/MEAs exhibit marginal decreases in ductility, fatigue strength, 
and fracture resistance when exposed to gaseous hydrogen [16–19]. 

The presence of twin architecture significantly contributes to the 
alloy’s overall strength, ductility, and toughness; thus, many researchers 
focus on the hydrogen role in the nanotwinned structure. Soundararajan 
et al. [20] delved into the impact of hydrogen on deformation behavior 
and microstructure evolution in an MEA. Their investigation, employing 
electron channeling contrast images near cracks, revealed a notable 
density of nanotwins, indicating hydrogen’s potential enhancement of 
twinning. Furthermore, Li et al. [21] documented that hydrogen could 

potentially decrease stacking fault energy (SFE), thereby promoting 
twinning. The presence of hydrogen was found to augment the alloy’s 
load stress through an initial-strengthening effect, thereby influencing 
twinning occurrence. Luo et al. [22] conducted in-situ tensile tests and 
observed that the strength and ductility of CoCrFeMnNi increased with 
rising twinning density due to heightened hydrogen concentration. 

It is crucial to recognize that existing understanding concerning 
hydrogen-twinning relationship in HEAs and MEAs primarily stem from 
experimental investigation. Nevertheless, prevailing experimental con-
ditions often lack effective control over hydrogen distribution. This 
highlights the imperative of atomic simulation endeavors to elucidate 
the impacts of varied hydrogen distributions on the twinning process. 
Thus, in this letter, we plan to attain a profound comprehension of 
hydrogen role in the twinning nucleation in FeNiCr MEA through a 
comprehensive exploration of the hydrogen-twinning relationship. The 
structure of the paper unfolds as follows. Section 2 presents atomic 
simulations of FeNiCrH systems, scrutinizing the influence of hydrogen 
on homogeneous twinning nucleation. In Section 3, atomic simulations 
are conducted to explore the hydrogen role in occurrence and behavior 
of surface twinning, in which the total hydrogen are situated on the 
simulation surface. In Section 4, surface twinning is revisited with a 
particular emphasis on examining the role of equilibrium hydrogen 
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atmosphere. Finally, Section 5 summarizes our study’s pivotal discov-
eries and offers suggestions for prospective research directions. 

2. Atomistic modeling of twinning nucleation 

2.1. Simulation setup 

To explore the effect of hydrogen atoms on the twinning nucleation, 
we have conducted molecular dynamics (MD) simulations to study the 
twinning process in equiatomic FeNiCr and FeNiCrH systems respec-
tively. Fig. 1 presents the detailed atomistic configuration of the simu-
lation setup for FeNiCr MEA. The simulation cell has dimensions of 
7 × 19 × 6nm3 and contains a total number of ~58,000 atoms in which 
the Fe, Ni and Cr elements are randomly distributed. The periodic 
boundary conditions were imposed in the X − [112] and Z − [110] di-
rections, while the surfaces along the Y − [111] directions were main-
tained traction-free. Two 1.5-nm-thick slabs were fixed at the top and 
bottom surfaces of the simulation cell. The shear load was applied by 
imposing a displacement-controlled boundary condition on the top slab, 
while the bottom slab remained fixed. 

The simulations were carried out using the LAMMPS [23] atomistic 
simulation package, employing an embedded atom method potential 
specifically developed by Zhou et al. [24] for the FeNiCrH system. The 
visualization tool OVITO [25] was utilized to perform the common 
neighbor analysis to clearly display the stacking faults and nanotwin 
boundaries. During the simulation, the applied shear strain γxy = 0.04 
was gradually exerted and then fixed in the canonical ensemble (NVT) at 
finite temperature T = 600K. MD simulation allowed for the observa-
tion and recording of the twinning nucleation process, facilitating sub-
sequent analysis and investigation. In the FeNiCrH system, hydrogen 
atoms were randomly inserted into octahedral sites within the simula-
tion cell. To quantitatively assess the hydrogen concentration, the 
hydrogen fraction parameter was introduced to represent the ratio of 
total hydrogen atoms to all metallic atoms. It has been noted that 
varying the strain rate at finite temperature can have a more or less 
significant impact on the mechanical behavior of materials [26–28]. To 
prevent such issues, we have chosen a method involving a substantial 
number of cycles with small displacements at 0 K. In each cycle, energy 
minimization is achieved using the conjugate gradient method. Strain 
loading precedes the use of the NVT ensemble, and the strain value is 
then maintained until twinning occurs. This approach helps ensure 

consistent and controlled conditions in our simulations. 

2.2. Statistical distribution of twinning nucleation 

Traditional twinning theory insists that the deformation twin in face- 
centered cubic (FCC) metals is achieved through layer-by-layer move-
ment of partial dislocations on close-packed atomic planes [29]. Previ-
ous literature has proposed that the time required for dislocation 
nucleation follows the Poisson distribution [30]. However, according to 
the probability theory and statistics, the Pascal distribution with success 
number r = 1 might be better probability model than that of Poisson 
distribution [31]. Thus, we assume the time required for twinning 
nucleation follows the Pascal distribution. 

To be specific, the total MD simulation time ttotal is discretized into n 
time intervals (or called steps), in which the duration time of each in-
terval is Δt = ttotal/n. Imagine a sequence of independent interval: each 
interval has two potential outcomes called “twinning nucleation occurs” 
or “twinning nucleation fails”. In each interval the probability of twin-
ning nucleation is p and of failure is 1 − p. Then the total random 
number of intervals k corresponding to the observation of the first 
twinning nucleation follows the Pascal distribution. And the probability 
mass function is 

f (k, p) = (1 − p)k− 1
• p (1) 

If we consider the variable νt = (k • Δt)− 1 as the elementary twinning 
nucleation rate, then the theoretical mean nucleation rate can be defined 
as 

〈νt〉 =
∑n

k=1
νt • f (k, p) ≈

pln(1/p)
(1 − p)Δt

(2) 

Here, we consider the parameter metric of nucleation rate 〈νt〉 to 
quantitatively assess the difficulty level of the twinning nucleation. 

We have conducted MD simulations with20 independent samples for 
each hydrogen fraction (e.g., the total hydrogen fraction χ0 = 0.0001), 
where each simulation spanned a total time of ttotal = 1000ps. Employing 
a duration time Δt = 100ps, we divided the total time into n = ttotal/

Δt = 10 intervals. For the kth interval, i.e., the time t = k • Δt, we 
analyzed the unnucleated twinning ratio u(k, p), i.e., the ratio of samples 
without observing twinning process across the total 20 samples. This 
yields the simulated unnucleated ratio as a function of the time interval. 
Drawing on above-mentioned probability theory, the theoretical 

Fig. 1. Atomistic simulation of FeNiCr twinning process. (a) Simulation setup of random FeNiCr MEA. (b) Initial and (c) twinning atomic configurations of simu-
lation cell. (d) Side view of magnified image of the boxed region in (c), showing the twinning configuration. Here the atomic structure visualization tool OVITO is 
used for common neighbor analysis, so as to identify atoms with hexagonal-close packed (HCP) structure (red), atoms with face-centered cubic (FCC) structure 
(green), and atoms on the surface (gray). 
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unnucleated ratio at the kth interval u(k, p) is defined as 

u(k, p) = (1 − p)k (3) 

The appropriate choice of Δt depends on both the shear strain and 
temperature. Specifically, at higher shear strain rates and elevated 
temperatures, twinning nucleation becomes more likely. Therefore, in 
these conditions, it is advisable to select a smaller Δt for recording the 
twinning nucleation process. Conversely, when dealing with low strain 
rates and lower temperature, a larger Δt can be chosen. It’s worth noting 
that the probability parameter p is directly linked to Δt and exhibits a 
monotonically increasing trend as Δt is increasing. After we choose the 
appropriate Δt, we can capture the probability value p through curve 
fitting and obtain the mean nucleation rate of 〈νt〉. 

2.3. Simulation results: homogeneous twinning nucleation 

Fig. 2 illustrates simulation outcomes concerning twinning nucle-
ation process across various hydrogen fractions for FeNiCrH system. 
Evidently, the unnucleated ratio satisfies the anticipated power-law 
stated in Eq. (3). This verifies the application of Pascal distribution in 
characterizing the time required for homogeneous twinning nucleation 
in the FeNiCr MEA. Through curve fitting, we derive a twinning nucle-
ation probability of p = 0.26. Additionally, Fig. 2b displays the calcu-
lated mean twinning nucleation rate 〈νt〉 based on the established 
twinning probability according to Eq. (2). As the hydrogen fraction in-
creases, the mean twinning nucleation rate also rises, implying that 
hydrogen atoms facilitate the homogeneous twinning nucleation. This 
observation aligns with the experimental findings of prior studies [17, 
18], which highlight the enhanced twinning nucleation attributed to 
hydrogen in MEAs. 

Fig. 2c-e present detailed atomistic configurations of twinning 
nucleation process. It reveals that twin nucleation in FeNiCrH system is 
accomplished through the formation of twinning partial dislocations on 
consecutive atomic planes, i.e., the layer-by-layer stacking fault [29]. 
Thus, the observed hydrogen-enhanced twinning might be attributed to 

the hydrogen-enhanced nucleation of partial dislocation, which has 
been thoroughly investigated in the literatures. For example, Wen and Li 
[32] revealed that the hydrogen atoms lower the activation energy and 
thereby enhance homogeneous dislocation nucleation (HDN) in FCC Ni. 
Zhou et al. [33] observed the similar phenomenon of 
hydrogen-enhanced HDN in FCC Ni and Pd, but attributed this to the 
hydrogen-induced local expansion. The former emphasizes on the 
chemical effect of hydrogen on HDN, and the latter focuses on the me-
chanical effect. For the FeNiCrH system, chemical and mechanical ef-
fects may be both working in the HDN and the following twinning 
nucleation process. Furthermore, due to the intrinsic chemical disorders 
in MEA/HEA, even in the random solid solution state, a certain level of 
chemical heterogeneity/fluctuation at the atomic level is inevitable. 
This leads to a spatially distributed local stacking fault energy [34–36]. 
Hydrogen’s interaction with this chemical heterogeneity and hydrogen 
effect on the stacking fault energy may also play a crucial role in the 
twinning nucleation process, which will be investigated in future work. 

3. Atomistic modeling of surface twinning nucleation 

As we have known, in comparison to being located within the bulk 
octahedrons, hydrogen atoms tend to locate on the surface of the ma-
terial as well [5]. This section focuses on understanding how this 
surface-based localization of hydrogen atoms affects the process of 
twinning nucleation in the FeNiCrH system. To facilitate the investiga-
tion, we have modified the simulation setup to incorporate three 
traction-free boundaries, intentionally placing all hydrogen atoms on 
the surfaces. 

As shown in Fig. 3a, the relationship between the unnucleated ratio 
and the time interval does not satisfy the theoretically predicted expo-
nential form, i.e., (1 − p)k, for any fixed hydrogen fraction. Conse-
quently, the applicability of the proposed mean twinning ratio is limited 
in scenarios involving free boundaries. However, it is evident that higher 
hydrogen fractions lead to an increase in the unnucleated ratio, thereby 
impeding the twinning nucleation. This observation contrasts with the 

Fig. 2. MD simulation results of twinning nucleation in FeNiCr and FeNiCrH systems. (a) Unnucleated twinning ratio u(k, p) versus time interval k in the logarithmic 
scale at a shear strain γxy = 0.04 and a temperature T = 600K. (b) Mean twinning nucleation rate 〈νt〉 as a function of hydrogen fractions χ0 for FeNiCrH system. (c) 
Perspective view of twinning nucleation process in random FeNiCrH system, in which hydrogen atoms are denoted by black spheres. (d) Magnified view of the 
denoted region in (c), revealing detailed snapshot of twinning nucleation. (e) Magnified side view of the denoted region in (c). In (c)-(e), the black lines serve as 
guides to show nanotwinned structure in different views. 
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behavior observed in homogeneous twinning nucleation, where an 
accelerated nucleation rate was noted with rising hydrogen fractions. 
Fig. 3b-d demonstrate that the twinning process with free boundaries is 
associated with the surface dislocation nucleation process. This obser-
vation suggests an assumption that the inhibiting effect of hydrogen is 
arising from the hydrogen-induced suppression of surface dislocation 
nucleation. Through in-situ stress relaxation experiments and atomistic 
simulations in Ag, Yin et al. [30] revealed that the hydrogen located on 
the surfaces of nanowires would suppress the dislocation nucleation. 
Our simulation results are aligned with their findings. 

4. Twinning nucleation with equilibrium hydrogen atmosphere 

In this section, we aim to investigate the role of hydrogen atmo-
sphere in twinning nucleation, considering the hydrogen atoms reach an 
equilibrium distribution, i.e., hydrogen atoms are situated both within 
the simulation cell and on its surfaces. We firstly investigate the 
hydrogen diffusion rate to estimate the relaxation time in the twinning 
nucleation simulation. For the hydrogen diffusion rate in FeNiCr MEA, 
we have conducted a series of MD simulations, including 50 samples, to 
track the trajectory of an individual hydrogen atom at 800 K. In Fig. 4, 
we present the mean-square displacement of the hydrogen atom as a 
function of time. Since the hydrogen atom exhibits Brownian motion, its 
displacement adheres to the classic diffusion equation, i.e., 

〈
x2〉 = 2DHt, 

where x is the displacement of the hydrogen atom, DH is the hydrogen 
diffusion rate and t is the time. Through curve fitting, we can obtain that 
the hydrogen diffusion rate in FeNiCr MEA is approximately DH ≈ 1×

109 m2/s. 
For the MD simulation of twinning nucleation, to ensure consistency, 

we maintained the same simulation cell and boundary conditions as 
those employed in Fig. 3. In order to establish the equilibrium 

distribution of hydrogen atoms, we initially place hydrogen atoms 
within the octahedrons inside the simulation cell (as shown in Fig. 5d). 
Subsequently, we conduct MD simulations in the canonical ensemble 
(NVT) for a duration of 10ns at a temperature of T = 800K. Since the 
cross section of simulation cell is 7nm× 6nm, the maximum distance of 
one hydrogen atoms diffusion into the adjacent surface is λ = 7nm

2 =

3.5nm. Then the rough time estimation of hydrogen diffusion into 

Fig. 3. MD simulation results of twinning nucleation for FeNiCrH systems with free boundaries. (a) Unnucleated twinning ratio u(k, p) versus time interval k for 
various hydrogen fractions under a shear strain γxy = 0.047 and a temperature T = 750K. Here the duration time of each interval is Δt = 1ps. (b) Perspective view of 
twinning nucleation process in random FeNiCrH system, in which hydrogen atoms are denoted by black spheres. (c) Magnified view of the denoted region in (b), 
revealing detailed snapshot of surface nucleation process. (d) Magnified side view of the denoted region in (b). In (b)-(d), the Ni atoms located on the surface are 
removed to display the twin boundaries; the black lines serve as guides to show nanotwinned structure in different views. 

Fig. 4. Mean square displacement of the individual hydrogen atom under 
800 K as a function of time. The mean values are obtained by averaging 50 
samples with different distributions of Fe, Ni and Cr atoms. 
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adjacent surface is λ2

2DH
≈ 6ns, which is less than the time parameter of 10 

ns in the MD simulations. Moreover, as the binding energy of hydrogen 
located on the surface is much lower than that in the octahedrons, there 
would be an additional force driving the hydrogen atoms to the surface 
(see Fig. 5e). Then, a canonical ensemble (NVT) was maintained while 
monitoring the system until twinning occurred. Twinning was induced 
by applying a resolved shear strain of γxy = 0.05 and at a temperature of 
T = 800K. 

Fig. 5(a) and (b) reveal that the twining nucleation process is formed 
by the layer-by-layer surface dislocation nucleation, which is the same 
as that presented in Fig. 3. As shown in Fig. 5c, the relationship between 
the unnucleated ratio and the time interval does not follow the theo-
retically predicted exponential form for any fixed hydrogen number, 
similar to the case where hydrogen atoms are all located on the surface. 
This makes it challenging to employ a probability parameter to gauge 
the level of twinning difficulty. Nevertheless, we can still qualitatively 
assess the level of twinning nucleation difficulty based on varying 
hydrogen concentrations. It becomes evident that at low hydrogen 
fraction (χ = 0.001), the unnucleated ratio is lower than that without 
hydrogen, suggesting that hydrogen atoms enhance twinning nucleation 
in that condition. As the hydrogen fraction increases (χ = 0.002,0.004), 
the unnucleated ratio rises, indicating that at high hydrogen fraction 
hydrogen atoms hinder the twinning nucleation process. 

A plausible mechanism can be proposed to explain this phenomenon. 
When the amount of hydrogen is relatively small, only a few hydrogen 
atoms diffuse onto the surface. In such case, the interior hydrogens 
primarily influence the twinning nucleation process, leading to the 
promotion of twinning. However, as the quantity of hydrogen increases, 
a large number of hydrogen atoms diffuse to the surface. The augmented 
hydrogen concentration on the surface exerts a more significant impact, 
which manifests as the inhibitory influence on the twinning process. 
These observations underscore the intricate interplay between hydrogen 
and twinning, underscoring the distinct effects stemming from interior 
hydrogen versus exterior hydrogen. 

5. Concluding remarks 

In summary, we have conducted a thorough investigation into the 
impact of hydrogen on twinning nucleation in FeNiCr MEA through 
atomistic simulations. Our simulations have revealed that the time 
required for homogeneous twinning nucleation follows the classic Pascal 
distribution with a success number of r = 1. Moreover, our findings 
indicate that hydrogen atoms facilitate the homogeneous twinning 
nucleation. In contrast, we have observed that hydrogen atoms located 
on the surfaces of the alloys exhibit an inhibiting effect on twinning 
nucleation. This distinction underscores the intricate interplay between 
hydrogen and twinning mechanisms, highlighting the differing effects 
arising from interior hydrogen as opposed to exterior hydrogen. 

The presence of twin architecture significantly contributes to the 
alloy’s overall strength, ductility and toughness. Consequently, the 
multifaceted influence of hydrogen atoms on twinning nucleation in-
troduces complexity to the broader scenario of hydrogen’s impact on the 
mechanical properties of MEAs. Through a comprehensive exploration 
of the hydrogen-twinning relationship, we can attain a profound 
comprehension of its implications for a material’s resistance to 
hydrogen embrittlement. 

This enhanced understanding establishes a fundamental basis for the 
development of more precise and efficient materials engineered to 
withstand the challenges posed by hydrogen exposure. Our study not 
only opens avenues for investigating the hydrogen’s effects on twinning 
nucleation but also sheds light on other deformation mechanisms asso-
ciated with MEAs. Ultimately, this research contributes to the broader 
effort of advancing materials science to mitigate hydrogen embrittle-
ment issues and improve the durability of engineering components in 
hydrogen-rich environments. 
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