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A B S T R A C T   

Recently, several hydrogen-assisted failures have been reported on different nickel alloys used in the subsea oil 
and gas industries. It is thus essential to correlate hydrogen uptake and diffusion behavior with stress conditions 
for an in-depth understanding of the failures. This study reports the first-hand finding on hydrogen diffusion 
behavior in a nickel Alloy 625 under different pre-strain levels by combining the electrochemical permeation test 
and diffusion model, with a particular focus on the effect of grain boundary carbide. As the multiplication of 
dislocations was claimed to trap hydrogen atoms and reduce the diffusivity by increasing the strain levels from 
0.05 to 0.2, an acceleration in hydrogen diffusivity was however observed when the strain was higher than 0.1. 
This phenomenon was deduced to be caused by the diffusion highways by the hydrogen-enhanced strain-induced 
vacancy formation at the grain boundaries and reduced hydrogen trapping by the fractured carbides.   

Hydrogen embrittlement has been recognized as a critical problem 
for components used in the oil and gas industry. Specifically, for nickel 
alloys with prominent mechanical properties and excellent corrosion 
resistance, hydrogen-induced stress cracking was reported as the pre-
dominant factor for the unexpected failures after years of application 
[1–7]. The well-documented reason is the existence of secondary phases 
both in the matrix and at the grain boundaries. For 
precipitation-hardened nickel alloys, the high strength is typically ach-
ieved by γ’ and γ’’ strengthening phases formed in the matrix during 
aging processes. However, other secondary phases such as δ phase 
(Ni3Nb), η phase (Ni3Ti), σ phase/F phase and various carbides and 
carbonitrides can also be found based on the chemical compositions, 
processing, and heat treatments [8–11]. These secondary phases can be 
crack initiation sites under hydrogen occlusion causing either trans-
granular or intergranular fractures [7,12,13]. As a prominent control-
ling factor, hydrogen uptake and diffusion through the alloy matrix 
should be particularly emphasized amidst hydrogen embrittlement 
analysis. Typical investigations on hydrogen uptake and diffusion are 
focused on virgin materials without straining [14–21]. However, it has 
been reported that tensile stress in both the elastic and plastic regimes 
can significantly influence hydrogen transport [22–26]. On the one 
hand, these studies claimed an enhanced hydrogen diffusivity during 
elastic straining because of the lattice expansion such that the material 

can accommodate more hydrogen interstitially [27]. On the other hand, 
pronounced dislocation multiplications can trap hydrogen and retarded 
hydrogen diffusion if further strained into the plastic range [13,26,27]. 
However, most studies have been focused on body-centered structure 
steels, instead of widely used nickel alloys. Furthermore, no studies have 
investigated the effect of secondary phases on the hydrogen diffusion in 
the process of plastic deformation. Therefore, to complement the pio-
neering work, the synergistic effect of plastic deformation and grain 
boundary precipitate on hydrogen diffusion in a face-centered structure 
nickel Alloy 625 was explicitly investigated using the electrochemical 
permeation technique and hydrogen diffusion model, aiming to shed 
light on the plasticity-interplayed hydrogen embrittlement mechanisms 
of nickel alloys. 

The nominal composition and heat treatment process for Alloy 625 
was reported in [28]. The tensile specimens, with a gauge dimension of 
3 × 16 × 32 mm (thickness × width × length), were machined from a 
bar. To investigate the effect of plastic deformation on hydrogen diffu-
sivity, the specimens were pre-strained under uniaxial tension to three 
nominal strain levels (ε): i.e., 0.05, 0.1 and 0.2, using the MTS Series 809 
Test System at a strain rate of 10− 3 s− 1. Afterwards, disk specimens used 
for electrochemical permeation tests were machined out of both the 
plastically deformed and the unloaded samples (Fig. 1). The disk sam-
ples were further ground until 4000 SiC grinding paper to a final 
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thickness of 80 ± 10 µm. The electrochemical permeation test was 
conducted in a Devanathan− Stachursky two-component electrolytic 
permeability cell, where the sample was clamped between an oxidation 
cell and a charging cell. A detailed description of the setup has been 
documented in [28]. The electrolyte in the oxidation cell was 0.1 M 
NaOH, while 0.2 g/L thiourea was added to the charging cell to promote 
hydrogen adsorption. On the oxidation side, the sample was polarized to 
a constant potential of +300 mV vs. a saturated calomel electrode (SCE), 
and on the charging side, a constant cathodic current density of -20 
mA/cm2 was applied using a Gamry potentiostat. The permeation test 
was conducted at room temperature (295 K). In addition, the micro-
structure of the alloy was characterized using scanning electron micro-
scopy (SEM) and energy dispersive spectroscopy (EDS). To quantify the 
dislocation density at different strain levels, scanning transmission 
electron microscopy (STEM) analysis was carried out on the focused ion 
beam (FIB)-milled lamellae, which has a final thickness of ~80 nm. 

In contrast to ferrous alloys, hydrogen transport through nickel- 
based alloys involves a competition between the trapping and grain 
boundary short-circuit diffusion [14–21,29]. Because conventional 
trapping modelling, as in Sofronis and McMeeking [30], cannot directly 
capture the later phenomenon, the approach proposed by Turk et al. 
[31] was adopted to reproduce the grain boundary diffusion using an 
extra flux term. Two different trapping sites were modelled, and thus the 
total hydrogen was split into three populations: hydrogen concentration 
in lattice sites (CL), in dislocations (Cd) and in grain boundaries (Cgb). 
Assuming thermodynamic equilibrium and a multi-trapping mass bal-
ance [32], the governing equation for hydrogen transport and the cor-
responding equilibrium terms can be expressed as follows: 
(
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where DL and Dgb represent the lattice diffusivity of hydrogen and the 
diffusivity of hydrogen along grain boundaries. The equilibrium con-
stants depend on the corresponding trap binding energy, i.e., Kd 
= exp[Ed /(RT)] and Kgb = exp[Egb /(RT)], being R the gas constant and T 
the temperature (295 K). Both energies were taken as 26.04 kJ/mol and 
DL = 2.03 × 10− 7exp [-44.46 [kJ/mol]/(RT)] [28]. The number of lat-
tice sites per unit volume, NL, is defined as 9.15 × 1028 sites/m3 

assuming an usual nickel density (8.9 g/cm3) and a preferred octahedral 
face-centered cubic occupancy [33]. On the other hand, trap densities 
were deduced from the experimental observations: the density of 
dislocation trapping sites, Nd, is expressed from the geometrical rela-
tionship with the dislocation density in Eq. (4) [34], which was 
measured through STEM bright field images using the line intercept 
method for each pre-strain level [35]. 

Nd =
̅̅̅
3

√
ρ
/

a (4)  

where a is the nickel lattice parameter (3.499 × 10− 10 m). Similarly, a 
cubic grain shape is assumed to determine the number of grain boundary 
sites per unit volume, Ngb, as a function of the STEM-based measure-
ments for the grain size (dg = 10 µm) and the grain boundary thickness 
(tgb = 5 nm) [31]: 

Ngb = NL

(
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d3

g
(
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)3

)

(5) 

It must be noted that the extra flux term to account for grain 
boundary acceleration invalidates the assumption of a triangular CL 

distribution at the steady-state, and therefore the steady-state flux jss 
does not only depend on the concentration on the entry side C0

L . Solving 
the differential equation at the steady-state, the following equation can 
be obtained: 

jss =
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Therefore, the C0
L boundary condition was deducted from the 

experimental jss and the assumed trapping values after solving the cor-
responding second-order equation. To assess the influence of grain 
boundary hydrogen acceleration, the permeation was numerically 
reproduced in a 1D model in the Comsol Multiphsics 6.0, which is 
suitable for the simulation of coupled phenomena and the Transport of 
Diluted Species module by implementing Eqs. (1) to (6). Different Dgb =

ϕDL values were iterated until the fitted Deff matches the experimental 
data, where ϕ represents a pre-factor. 

Fig. 2(a) shows the pristine micrograph of Alloy 625 exhibiting a 
typical polycrystalline face-centered cubic structure with an average 
grain size of 10 µm. Grain boundary precipitates highlighted by the 
yellow arrows. EDS mapping on the area enclosed by the yellow box 
demonstrates that the precipitates are rich in C, Mo, Nb and deplete in 
Ni. A previous study reported the precipitate as M6C carbide, which 
shares an incoherent interface with the matrix [28]. The initial carbide 
fraction was measured to be 0.67%, which equals to approximately 9.5% 
of the total grain boundary length. After the sample was strained to 0.05, 
cracks in the carbides started to form, as indicated by the red arrows 
(Fig. 2(f)). Upon further straining, more cracked carbides appeared 
(Fig. 2(g, h)). In addition, when the samples were being strained, the 
contrast change in the micrographs (Fig. 2(f)− (h)) indicates dislocation 
multiplication and interaction during the plastic deformation. The STEM 
images before and after pre-straining are demonstrated in Fig. 2(i)− (l). 
For the sample without deformation, few dislocations are detected in the 
field of view (Fig. 2(i1)). Upon further straining, dislocation multipli-
cations along {111} slip planes and interactions with microstructural 
features, such as dislocations, grain boundaries and carbides are clearly 
revealed (Fig. 2(j1)− (l1)). In some cases, cracked carbides are captured, 
as highlighted in Fig. 2(l). According to the SEM and STEM images, a 
statistical analysis of the dislocation density is plotted in Fig. 3(a). The 

Fig. 1. Schematic of the sample preparation for electrochemical permeation test including the pre-straining, machining, and thinning processes.  
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dislocation density increases from 4.2 × 1012 m− 2 in the pristine 
microstructure to 0.15 × 1015 and 0.31 × 1015 m− 2 at strain 0.05 and 
0.1. Furthermore, a pronounced dislocation multiplication at strain 0.2 
with a density of 1.62 × 1015 m− 2, was observed. Additionally, based on 
the statistical analysis of about 300 carbides at each strain level, a 
summary of the cracked carbide fraction exhibits the same trend as that 
of the dislocation density (Fig. 3(a)). The number of cracked carbides 
increases with strain level. Specifically, 4.75% of the carbides were 
cracked at strain 0.05, and this fraction increases to 14.93% at strain 0.1. 
When the strain is increased to strain 0.2, more than half fraction of the 
total carbides were fractured. The microstructure evolution reflecting 
the permeation flux is presented in Fig. 3(b). The permeation curves 
show that the detection time for hydrogen remains approximately un-
changed up to strain 0.1. What has been changed is the slope of the 
permeation curve, manifesting a change in both the hydrogen trapping 
and diffusion behavior. At the highest pre-strain condition (0.2), the 

hydrogen signal is detected in a much shorter time and the permeation 
slope is steeper. The escalated permeation gradient with pre-strain 
explicitly shows the attenuated hydrogen trapping in the 
microstructure. 

In addition, the effective diffusion coefficient of hydrogen (Deff ) can 
be calculated by the time-lag (tlag) and time-breakthrough (tb) methods 
with the mathematical expressions derived from Fick’s second law [36]: 

Deff(tlag) =
L2

6tlag
(7)  

Deff (tb) =
L2

15.3tb
(8)  

where tlag is the time (s) for the permeation flux to reach 0.63 of the 
steady-state current density i∞. tb is the breakthrough time that corre-
sponds to 10% i∞. L is the sample thickness (m). The results in Fig. 3(c) 

Fig. 2. (a) Micrograph of the pristine Alloy 625 sample showing secondary grain boundary precipitate; (b)–(e) EDS mapping of the highlighted area in (a) mani-
festing an enrichment of C, Mo, Nb and depletion of Ni in the precipitate; (f, g) micrographs of the samples at engineering strain of 0.1 and 0.2; (h) distribution of 
cracked carbide fraction under different loading conditions. (i)–(l) STEM images showing dislocations of the pristine sample and samples after pre-strain to 0.05,0.1, 
and 0.2. 

Fig. 3. (a) Statistical results of the cracked carbide fraction and dislocation density in the pristine microstructure and at different strains; (b) Hydrogen permeation 
flux and (c) the effective diffusion coefficients (Deff ) at strain levels of ε equals to 0, 0.05, 0.1 and 0.2. 
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shows a slight reduction in Deff at strain 0.05 compared to the unde-
formed sample, while it further increases with strain exhibiting a drastic 
escalation, in particular, at strain 0.2. 

Based on the aforementioned theory, an improved trapping model 
with grain boundary acceleration features considered was developed to 
assess the competition between the trapping and short-circuit diffusion 
at different strain levels. The permeation delay was numerically 
captured because Nd increases with the measured dislocation density; 
however, for a higher ϕ value, i.e., for a higher Dgb, the grain boundaries 
serve as not only traps, but also fast diffusion pipes for hydrogen atoms, 
and this fact shifts jss by producing an earlier permeation transient. Deff 

values were numerically obtained by a sweep study over different ϕ 
values and compared to the experimental values, using both the tlag and 
tb expressions, as shown in Fig. 4. In Fig. 4(a), each permeation transient 
is represented by a point ϕ (numerical input) and Deff (fitted from the 
numerical output flux). The crossing point between numerical and 
experimental Deff is expected to capture the real grain-boundary accel-
eration, i.e., the ϕ value. Therefore, the fitted ϕ value depends on the Deff 

fitting method (tlag or tb). It can be seen in Fig. 4(b) that even though the 
effective diffusivity obtained from numerical simulation fits the exper-
imental value, the corresponding transient fluxes slightly deviate from 
the permeation tests. The simulated permeation transients for all the 
strain levels were plotted in Fig. 4(c, d) for both methods (tlag and tb). 
The observed deviation from experimental curves is attributed to the 
possible bias in the determination of DL and energy values. 

Despite the deviation, the influence of deformation on both the 

dislocation trapping and grain boundary acceleration was successfully 
captured and corroborated the experimental results. The increase in the 
fitted ϕ values with straining is plotted in Fig. 5 together with the 
cracked carbide fraction. As predicted by Turk et al. [31], the carbides 
originally act as obstacles to hydrogen diffusion along grain boundaries, 
and this phenomenon has been proven by the authors in a previous study 
on the non-deformed Alloy 625 by combining the hot extraction and 

Fig. 4. Determination of ϕ for the unstrained condition using parametric sweep study; Deff is obtained for different input ϕ values by fitting the simulated output flux. 
(a) Evolution of Deff as a function of ϕ and compare with the experimental values, the crossing point (experimental-numerical) gives the estimation of ϕ; (b) Nu-
merical permeation flux fitted to the experimental curve. Numerical permeation flux for ϕ values fitted from (c) tlag (d) tb at strain levels of 0, 0.05, 0.1, and 0.2. 

Fig. 5. Fitted ϕ values as a function of strain, with the cracked carbide frac-
tion included. 
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thermal desorption analysis [37]. In that study, the sample with a higher 
fraction of grain boundary carbides demonstrated a lower Deff and a 
lower absorbed hydrogen content after 45 h of charging, where the 
hydrogen concentration was far from the saturation level. In the case of 
pre-strain at 0.05, the slight decrease in Deff is consistent with previous 
studies [23,26,27,31] demonstrating the effect of grain boundary car-
bides and reversible traps, here dislocations. However, we observed that 
even though the hydrogen diffusivity can be lowered because of the 
presence of carbides and the multiplication of reversible traps, when 
these carbides are progressively cracked as the sample was deformed to 
strain 0.1 and more, an acceleration in Dgb was confirmed from both the 
permeation results and trap modelling. The postulated reasons for the 
enhanced Dgb can thus be summarized as two aspects in the following: 
firstly, at higher strain levels, distortion at the grain boundaries and 
incoherent carbide interfaces are accommodated by strain-induced va-
cancy, which provide diffusion highways for hydrogen atoms that have 
been documented in previous studies [29,38,39]. Concomitantly, 
hydrogen atoms promote the formation of vacancies and vacancy clus-
ters and further speed up the fast diffusion of hydrogen atoms along 
grain boundaries. Second, the removal of carbide interfaces during 
plastic deformation significantly reduces hydrogen trapping ability and 
contributes to the acceleration of hydrogen diffusion. Because carbides 
account for only 9.5% of the total grain boundary length, the effect of 
the cracked carbides and formation of micro-voids on hydrogen diffu-
sivity is minor compared to the above reasons. Although the carbides 
potentially act as hydrogen traps, this effect seems to be overruled by the 
accelerating factors. This novel finding is at odds with previous obser-
vations and conveys important information regarding the validation of 
using existing diffusion equations to evaluate hydrogen mobility under 
plastic deformation pertaining to complex microstructures evolutions. 

In conclusion, this is a first-hand study that correlates the hydrogen 
permeation behavior with the evolution of microstructure, in particular 
grain boundary carbide, under different pre-strain levels in a nickel 
Alloy 625. The results demonstrate an accelerated hydrogen diffusivity 
as the grain boundary carbides were cracked at strain higher than 0.1. As 
the multiplication of reversible traps (i.e., dislocations) was claimed to 
reduce the diffusivity of hydrogen atoms, the acceleration in diffusivity 
was deduced to be caused by the diffusion highways by the hydrogen- 
enhanced strain-induced vacancies at the grain boundaries and 
reduced hydrogen trapping by the fractured carbides. The new insight of 
this study showcases that more attention should be devoted to the effect 
of deformation-induced microstructure evolution on hydrogen diffusion 
in materials, particularly for advanced alloys with precipitates at grain 
boundaries. 
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