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The effects of Fe stoichiometry on hydrogen embrittlement and hydrogen diffusion in ordered Ni
3
Fe intermetallics were

investigated. The experimental results show that the ordered Ni
3
Fe alloy with the normal stoichiometry has the lowest mechanical

property, the highest susceptibility to hydrogen, and the highest ability of catalytic reaction. The mechanical properties, the
susceptibility to hydrogen embrittlement, and the amount of adsorbed hydrogen of the ordered Ni

3
Fe alloy are dependent of degree

of order of the alloy. The apparent hydrogen diffusion coefficient of the ordered Ni
3
Fe alloy is independent on degree of order of

the alloy but depends on Fe stoichiometry. The activation energy of hydrogen diffusion decreased linearly with Fe stoichiometry
for the ordered Ni

3
Fe alloy.

1. Introduction

Intermetallics have the good properties of high specific
strength, high temperature resistance, and excellent corro-
sion resistance. But there exists the environmental embrit-
tlement at room temperature for intermetallics [1]. The envi-
ronmental embrittlement of intermetallics has been proved
to be a hydrogen embrittlement process. Among Fe-Ni
alloys, Ni

3
Fe (permalloy) is known as soft magnetic [2, 3]

intermetallic compound that presents a AuCu
3
type Pm3m

space group face-centered cubic (FCC) structure. Ni
3
Fe

phase is a solid solution not having a single component.
There is a disorder-order transformation in the critical
temperature 𝑇

𝑐
for Ni

3
Fe alloy, which is about 500∘C. There

is noH
2
-induced environmental embrittlement for the disor-

dered Ni
3
Fe in gaseous hydrogen; however, the H

2
-induced

embrittlement for the ordered alloy (L1
2
crystal structure)

having the same chemical composition becomes severer [4].
The susceptibility of the ordered Ni

3
Fe alloy to hydrogen

embrittlement increases with increasing degree of order [5].
The mechanism of hydrogen embrittlement for Ni

3
Fe alloy

is that the transitional elements on the surface catalyze H
2

molecule in environment into H atom, and then atomic

hydrogen diffuses into materials, segregates at the grain
boundaries, and decreases the grain-boundary cohesion [6].
This mechanism has been confirmed by the experimental
results of adsorption-desorption of hydrogen on the surface
of Ni
3
Fe alloy [7, 8]. The effect of B suppressing the envi-

ronmental embrittlement of ordered Ni
3
Al alloy depends

on Al stoichiometry of the alloy. It was suggested that alloy
stoichiometry strongly influences grain-boundary chemistry
which, in turn, affects the grain-boundary cohesion [9]. It was
found that the phase composition and the grain size of Ni

3
Fe

alloy are independent of Fe stoichiometry, and the effect of
Fe stoichiometry on themechanical properties of the ordered
alloy is larger than that of disordered alloy [10]. The apparent
hydrogen diffusion coefficient decreases with increasing the
boron concentration doped in the ordered Ni

3
Fe alloy, and

the doping boron in the Ni
3
Fe alloy is effective in reducing

the hydrogen diffusion at the grain boundary [11]. Therefore,
Ni
3
Fe alloy is an ideal alloy for studying the effect of the

stoichiometry on susceptibility to hydrogen embrittlement
of ordered intermetallics. The purpose of this paper is to
determine the effect of stoichiometry on a mechanism of
hydrogen embrittlement and hydrogen diffusion for the
ordered Ni

3
Fe intermetallics.
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Figure 1: Engineering stress-strain curves for the ordered Ni
3
Fe alloys with different stoichiometry when tested in vacuum and H

2
.

2. Experimental Procedure

Several Ni
3
Fe alloys with different stoichiometry, Ni-18Fe,

Ni-22Fe, Ni-25Fe, and Ni-28Fe, (all in at.%) were prepared
by arc melting high purity of Ni and Fe. The ingots were
hot rolled to sheets of 2mm at 1050∘C. Then the sheets
were cold rolled to sheets of about 1mm thickness after
stress relief annealing. Tensile specimens with a gage section
of 10 × 2 × 1mm were electric discharge machined from
the sheets and sealed in an evacuated quartz tube. The
specimens were disordered by annealing at 800∘C for 2 h,
and then the capsule was broken under water. For ordering
treatment, some disorder treated specimens were sealed also
in evacuated quartz tubes and annealed at 470∘C for 200 h,
followed by furnace cooling. Tensile tests were conducted
on an MTS machine equipped with a vacuum chamber.
For tensile testing in gaseous hydrogen, the chamber was
evacuated twice to a pressure of about 2 × 10−2 Pa and
backfilled with pure hydrogen gas released from hydrogen-
storage materials (the purity of H

2
is about 99.999%). All

tensile tests were carried out at the constant nominal strain
rate of 2 × 10−3 s−1 and at room temperature. The ductility
of the alloys was obtained by comparing the length of gage
section before and after fracture.The fracture surface of tested
specimens was examined by scanning electron microscopy
(SEM).The depth of intergranular (IG) fracture on a fracture
surface was also measured in situ by SEM.

The hydrogen adsorption by Ni
3
Fe powder with different

stoichiometry was conducted on the impulsive adsorption
apparatus. The Ni

3
Fe powder was made by mechanical alloy-

ing using pure Ni and Fe powders. The hydrogen adsorption
experiment was performed in a flow system using a thermal
conductivity detector (TCD) to monitor the variation of
H
2
concentration. The hydrogen adsorption experiment was

described detailedly in [7].

In order to study the effect of Fe stoichiometry on
diffusion coefficient of hydrogen, the sheet specimens were
cathodically precharged with hydrogen at 25∘C, 35∘C, or 45∘C
for 5 h, respectively. A charging current density of 45mA/cm2
was applied to the unmasked gage length area.The electrolyte
was 0.5mol/lH

2
SO
4
solution poisonedwith 50mg/lNaAsO

2
.

After charging, the specimens were quickly rinsed first in
distilled water and then in acetone and alcohol, respectively.
After being dried by blowing air at room temperature, the
specimens were immersed in liquid nitrogen to limit the
redistribution of charging hydrogen. Tensile test of the charg-
ing specimenswas conducted on anMTSmachine in vacuum
condition at room temperature and at the nominal strain rate
of 2 × 10−3 s−1. A diffusion coefficient of hydrogen of the
ordered Ni

3
Fe with different stoichiometry was calculated by

time lag method, which was described in [11].

3. Results and Discussion

It was found that there is only single phase in the disordered
Ni
3
Fe alloys with different stoichiometry, which means that

the stoichiometry ofNi
3
Fe alloywith the studied composition

does not change the phase composition of the alloy [10].
Figure 1 illustrates the engineering stress-strain curves of the
ordered Ni-18Fe and Ni-25Fe alloy when tensile tested in
vacuum and gaseous hydrogen. The stress-strain curves of
the ordered Ni-22Fe and Ni-28Fe are similar to that of Ni-
25Fe. The mechanical properties of the ordered Ni

3
Fe with

different stoichiometry when tested in vacuum and in H
2
are

listed in Table 1. Figure 2 shows the relation curve between
the maximum tensile strength (𝜎max) and Fe stoichiometry
for the ordered Ni

3
Fe alloy in vacuum and H

2
. It can be seen

from Figure 2 that 𝜎max increases firstly and decreases and
then increases again when Fe stoichiometry changes from
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Table 1: The mechanical properties of the ordered Ni3Fe alloy with
different stoichiometry when tested in vacuum and H2.

Alloy In vacuum In H2 𝐼H2 , %
𝜎max, MPa 𝛿, % 𝜎max, MPa 𝛿, %

Ni-18Fe 627.7 32.5 509.3 15.6 51.9
Ni-22Fe 762.3 28.2 616.8 11.9 57.7
Ni-25Fe 725.9 23.4 505.7 6.9 70.7
Ni-28Fe 958.3 30.8 681.1 10.4 66.2
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Figure 2: Relationship between the maximum tensile strength and
Fe stoichiometry.

18 at.% to 28 at.%. The change of the stoichiometry of alloy
alters contents and kinds of point defect and degree of order
of the alloy, which affects the mechanical properties of the
ordered Ni

3
Fe alloy [10].The change range of tensile strength

of the ordered Ni
3
Fe when tested in vacuum is larger than

that when tested in H
2
.

It can be seen from Figure 2 that 𝜎max when tested in
vacuum is all higher than that when tested in H

2
for the

ordered Ni
3
Fe alloy with the same stoichiometry because

of the effect of hydrogen embrittlement. The effect of the
hydrogen embrittlement varies with Fe stoichiometry of
Ni
3
Fe alloy. We define a parameter Δ𝜎max to describe the

effect of the hydrogen embrittlement on 𝜎max; Δ𝜎max is
defined as follows:

Δ𝜎max = 𝜎
in H
2

max − 𝜎
in vacuum
max , (1)

where 𝜎in vacuum
max and 𝜎in H

2

max are the maximum tensile strength
of the ordered alloy when tested in vacuum and in H

2
,

respectively. According to the data of Figure 2, we can plot the
curve of Δ𝜎max versus 𝐶Fe (Figure 3). It is showed in Figure 3
that Δ𝜎max value induced by the hydrogen embrittlement
decreases with the increase of Fe stoichiometry of the ordered
Ni
3
Fe alloy. The higher the maximum tensile strength of the

ordered alloy in vacuum, the larger the effect of the hydrogen
embrittlement on 𝜎max.
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Figure 3: The curve of Δ𝜎max versus 𝐶Fe.
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Figure 4: The change of elongation of the ordered Ni
3
Fe with Fe

stoichiometry when testing in vacuum and in H
2
.

Figure 4 illustrates the changes of elongation of the
ordered Ni

3
Fe alloy when tested in vacuum and in H

2

with Fe stoichiometry. Different from the change of the
tensile strength with Fe stoichiometry, the elongation of alloy
increases linearly with increasing the extent of deviating
the normal stoichiometry, and the elongation of the normal
stoichiometric orderedNi

3
Fe alloy is the lowest in the studied

alloy. The elongations of the alloy when tested in H
2
are

all lower than that when tested in vacuum for the ordered
Ni
3
Fe having the same stoichiometry because of the effect of

hydrogen embrittlement.
Generally, the susceptibility to hydrogen embrittlement of

a material is characterized by a factor of hydrogen embrittle-
ment (𝐼H

2

). The factor of hydrogen embrittlement is defined
as

𝐼H
2

=
𝛿vacuum − 𝛿H

2

𝛿vacuum
× 100%, (2)
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Table 2: The value of 𝑥 and𝐷
𝐴
of the ordered Ni3Fe alloy with different stoichiometry precharged hydrogen at various conditions.

Alloy 25∘C 35∘C 45∘C
𝑄, kJ/mol

𝑥, 𝜇m 𝐷
𝐴
, cm2/s 𝑥, 𝜇m 𝐷

𝐴
, cm2/s 𝑥, 𝜇m 𝐷

𝐴
, cm2/s

Ni-22Fe 44.86 1.86 × 10−10 58.15 3.13 × 10−10 72.29 4.84 × 10−10 37.64
Ni-25Fe 27.69 7.10 × 10−11 34.73 1.12 × 10−10 41.83 1.62 × 10−10 32.54
Ni-28Fe 22.50 4.69 × 10−11 27.03 6.77 × 10−11 31.55 9.22 × 10−11 26.65
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Figure 5: The factor of hydrogen embrittlement of the ordered
Ni
3
Fe versus Fe stoichiometry.

where 𝛿vacuum is the elongation of the material when tensile
tested in vacuum and 𝛿H

2

is the elongation of the material
when tensile tested in H

2
.

𝐼H
2

of the orderedNi
3
Fe alloywith different stoichiometry

is listed also in Table 1. Figure 5 shows that 𝐼H
2

of the ordered
Ni
3
Fe alloy changes with Fe stoichiometry. It can be seen

from Table 1 and Figure 5 that 𝐼H
2

of the ordered Ni
3
Fe

alloy increases firstly and then decreases with the increase
of Fe stoichiometry. 𝐼H

2

of the ordered Ni
3
Fe alloy with the

normal stoichiometry is the largest in the studied alloy. This
means that the susceptibility of the ordered Ni

3
Fe alloy with

the normal stoichiometry to hydrogen embrittlement is the
largest in the ordered Ni

3
Fe.

Fractographs of the ordered Ni
3
Fe with different stoi-

chiometry when tested in vacuum are showed in Figure 6.
It can been seen from Figure 6 that the fracture surfaces of
the ordered Ni

3
Fe with different stoichiometry when tensile

tested in vacuum present all 100% transgranular fracture.
But examination of the fracture surface failing in gaseous
H
2
reveals that the ordered Ni-18Fe and Ni-28Fe failed by

a mixed transgranular-intergranular rupture as shown in
Figures 7(a) and 7(c) whereas the ordered Ni-25Fe (normal
stoichiometry) exhibited very brittle fracture, that is, with
100% intergranular fracture (Figure 7(b)).Thus, the observed
fractographs are quite consistent with the elongation and
ultimate tensile strength listed in Table 1.

The experimental results approved that the higher sen-
sitivity to H

2
-induced environmental embrittlement of the

ordered Ni
3
Fe in gaseous H

2
was attributed to the enhance-

ment of the catalytic reaction on the surfaces to produce

more atomic hydrogen [7]. The effect of Fe stoichiometry
on ability of catalysis has been studied by the impulsive
adsorption apparatus. Figure 8 illustrates that the specific
capacity of adsorbed hydrogen by the ordered Ni

3
Fe powder

varies with Fe stoichiometry of the alloy. It can be seen
from Figure 8 that the amount of adsorbed hydrogen by the
normal stoichiometric Ni

3
Fe alloy is the largest in all studied

Ni
3
Fe powder. This means that there is an effect of the Fe

stoichiometry on the ability of catalytic reaction to produce
atomic hydrogen. Because of the relation between the Fe
stoichiometry and degree of order in the ordered Ni

3
Fe alloy

[10], it is suggested that the ability of catalytic reaction of the
ordered Ni

3
Fe alloy depends on degree of order of the alloy.

It was found that the factor of hydrogen embrittlement
of the ordered Ni

3
Fe alloy increases linearly with increasing

degree of order of alloy [5]. According to results of Figure 5,
the orderedNi

3
Fe alloywith the normal stoichiometry should

have the highest degree of order in four Ni
3
Fe alloys studied

in this experiment. The experimental results approved that
the change of the stoichiometry of Ni

3
Fe alloy altered degree

of order of the alloy, which affected themechanical properties
of the ordered Ni

3
Fe alloy [10]. Similarly, it is also confirmed

in this paper that the Fe stoichiometry alters degree of order
of the ordered Ni

3
Fe, which changes the susceptibility of the

ordered Ni
3
Fe to hydrogen embrittlement.

The hydrogen embrittlement contains generation of the
atomic hydrogen and hydrogen atom diffusion in the alloy.
Thus, the diffusion of hydrogen is an important step of the
hydrogen embrittlement. After precharged with hydrogen at
various temperatures for 5 h, themechanical properties of the
sheet specimens ofNi-22Fe,Ni-25Fe, andNi-28Fewere inves-
tigated by tensile test in vacuum at room temperature. The
average depth of IG fracture (𝑥) wasmeasured in situ by SEM
and a value of𝑥 is obtained by averaging twentymeasurement
data from both sides of each specimen after rupture. Table 2
shows 𝑥 value measured for the ordered Ni

3
Fe alloy with

various stoichiometric ratios charging hydrogen at different
temperatures. It can be seen from this table that the depth
of IG fracture of the ordered Ni

3
Fe alloys decreases with

the increment of Fe stoichiometry at the same precharging
temperature. The apparent hydrogen diffusion coefficient
(𝐷
𝐴
) of the ordered Ni

3
Fe alloy may be calculated by the

depth of IG fracture and the time lag method [11]. The
calculated apparent hydrogen diffusion coefficient of the
ordered Ni

3
Fe alloy with various stoichiometries is also listed

in Table 2. It can be seen from Table 2 that the change of
the apparent hydrogen diffusion coefficient of the ordered
Ni
3
Fe alloy is consistent with change of the depth of IG

fracture when changing the precharging temperature or Fe
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Figure 6: SEM fractographs of the ordered Ni
3
Fe with different stoichiometry when tested in vacuum.
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Figure 7: SEM fractographs of the ordered Ni
3
Fe with different stoichiometry when tested in H

2
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Figure 8: The curves of the quantity of hydrogen adsorption per
gram for the ordered Ni

3
Fe powder versus Fe stoichiometry.

stoichiometry. At the same precharging temperature, 𝐷
𝐴
of

the orderedNi
3
Fe decreaseswith increasing Fe stoichiometry.

The data of Table 2 demonstrate that Fe stoichiometry of
the ordered Ni

3
Fe alloy has a strong effect of reducing the

hydrogen diffusion along the grain boundaries.
The relationship between the apparent hydrogen diffu-

sion coefficient (𝐷
𝐴
) of the ordered Ni

3
Fe alloy with various

Fe stoichiometries and reciprocal absolution temperature
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Figure 9: ln𝐷
𝐴
versus 1/𝑇 for the ordered Ni

3
Fe alloys with various

stoichiometry.

is shown in Figure 9. There is a good linear relationship
between ln𝐷

𝐴
and 𝑇−1 for the ordered Ni

3
Fe alloy. From

Figure 9, the activation energy of hydrogen diffusion (𝑄)
can be estimated for the ordered Ni

3
Fe alloys and is also

listed in Table 2. Figure 10 shows that there is a linear relation
between the activation energy of hydrogen diffusion and Fe
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Figure 10: Relationship between the diffusion activation energy and
Fe stoichiometry.

stoichiometry. Because the normal stoichiometric alloy has
the highest degree of order in the ordered Ni

3
Fe alloy, it

can be deduced by the above experimental results that the
diffusion coefficient and the activation energy of hydrogen
diffusion are independent of degree of order of the alloy.This
result means that the effect of Fe stoichiometry in the ordered
Ni
3
Fe alloy may influence grain-boundary chemistry which,

in turn, affects hydrogen diffusion along the grain boundary.
Based on the above experimental results and discussions,

we deduce that the effect of Fe stoichiometry on the sus-
ceptibility to hydrogen embrittlement is achieved by altering
degree of order of the ordered Ni

3
Fe alloy. The normal stoi-

chiometric Ni
3
Fe alloy has the highest degree of order; thus

it has the highest ability of catalytic reaction and the highest
susceptibility to hydrogen embrittlement. But Fe stoichiome-
try affects the behavior of hydrogen diffusion by influencing
grain-boundary chemistry of the ordered Ni

3
Fe alloy.

4. Conclusion

(1) The mechanical properties and the susceptibility to
hydrogen embrittlement of the ordered Ni

3
Fe alloy

vary with the Fe stoichiometry.
(2) The normal stoichiometric Ni

3
Fe alloy has the lowest

mechanical properties, the highest susceptibility to
hydrogen embrittlement, and the highest ability of
catalytic reaction.

(3) Degree of order is a key factor to influence suscepti-
bility to hydrogen embrittlement of the orderedNi

3
Fe

alloy.
(4) The apparent hydrogen diffusion coefficient and the

activation energy of hydrogen diffusion of the ordered
Ni
3
Fe alloy decrease with the increase of Fe stoi-

chiometry.
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