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Hydrogen-Induced Enhancement of Interdiffusion in Cu-Ni Diffusion Couples
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Drastic enhancements of the interdiffusion were observed in Cu-Ni diffusion couples when sam
were heated under high hydrogen pressuress,5 GPad. Interdiffusion coefficients measured between
600 800 ±C were increased by,104 times on the Ni-rich end and by,10 times on the Cu-rich end.
The observation is explained in terms of superabundant vacancy formation in the presence of inters
hydrogen atoms. [S0031-9007(98)06440-0]
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A few years ago we discovered a formation of supe
abundant vacancies in Ni and Pd, amounting to as mu
as ,10 at.%, when specimens were heated under hi
hydrogen pressures [1,2]. Subsequent work on less
drogen absorbing metals, Al [3] and Mo [4], also showe
enhanced vacancy concentrations in hydrogen-char
samples amounting to, respectively, 8 and 12 orders
magnitude higher than in vacuum under correspondingp,
T conditions. The origin of this superabundant vacan
formation was ascribed to the lowering of the formatio
energy of a vacancy by trapping hydrogen atoms on
neighboring interstitial sites [4–7].

Since the diffusion of metal atoms generally procee
via a vacancy mechanism, a concomitant enhancemen
the metal-atom diffusion can be expected, and was inde
indicated in the hydrogen-induced acceleration of pha
separations in some Pd alloys [8–11]. In a Pd0.8Rh0.2
alloy, for example, the interdiffusion coefficient at600 ±C
was roughly estimated to be,107 times larger under
5 GPa of hydrogen pressure than in vacuum [10].

The present work is intended to demonstrate una
biguously the hydrogen-induced enhancement of the int
diffusion, by examining its composition and temperatu
dependence more quantitatively, using diffusion coup
of Cu-Ni.

A specimen consisted of a pair of Cu and Ni disk
each2.0 mmf 3 0.1 mm in size, 99.9% and 99.99% in
purity, respectively. It was enclosed in an NaCl contain
(a hydrogen sealant) together with an internal hydrog
source sLiAlH 4d, and placed at the center of a high
pressure cell. Details of the sample cell design were giv
elsewhere [12]. The cell, a cube of 8 mm edge leng
was compressed from all six sides equally by tungst
carbide anvils of top faces measuring6 mm 3 6 mm,
using a cubic-anvil press Oz.F1 of our laboratory.

Experiments were performed in the following way
First, the pressure was raised to 5 GPa, then the te
perature was raised to prescribed values (600, 700, 7
800, 900, and1000 ±C), maintained there for 30 min, and
quenched. In the process of heating, a sample was hyd
genated by an irreversible decomposition of the intern
hydrogen source at,300 ±C. After the diffusion anneal-
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ing, the sample was recovered to ambient conditions, a
the distribution of Cu across the interface was measur
by a scanning electron microscope (JEOL JSM 5400-Lin
exl). For comparison, control experiments of exactly th
same annealing conditions were performed without inco
porating a hydrogen source in the cell.

Concentration profiles of Cu observed after annealin
in hydrogen of 5 GPa at four different temperatures ar
shown in Fig. 1, together with the result of a contro
experiment at700 ±C without hydrogen.

FIG. 1. Concentration profiles of Cu after diffusion annealing
for 30 min at (a)600 ±C, (b) 700 ±C, (c) 750 ±C, and (d)800 ±C
in 5 GPa of hydrogen, and (e)700 ±C under a mechanical
pressure of 5 GPa. The zero of distance is taken at th
Boltzmann-Matano interface.
© 1998 The American Physical Society
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The increase of diffusion lengths in a hydrogen a
mosphere is obvious. Even at the lowest temperature
600 ±C, the diffusion length is definitely larger than tha
of the control experiment, which in fact shows the limit o
spatial resolution of approximately5 mm. The asymmet-
ric shape of the profiles indicates that the observed proc
was essentially a dissolution of Cu into Ni, without an
noticeable Ni diffusion into Cu. Measurements of con
centration profiles after annealing above900 ±C were dif-
ficult due to excessive deformations of recovered sampl
In one of the runs, the recovered sample was roundish
shape, and its concentration profile was nearly flat. The
observations indicate that the melting took place at abo
900 ±C: The melting point was lowered appreciably by hy
drogenation, fromTm  1260 ±C for Cu and1630 ±C for
Ni at 5 GPa [13].

Interdiffusion coefficients obtained by analyzing thes
concentration profiles by a conventional Boltzmann
Matano method are shown in Fig. 2, together with som
reported data obtained under ordinary conditions [14
The enhancement of interdiffusion coefficients und
5 GPa of hydrogen amounts to,104 times on the Ni-rich

FIG. 2. Interdiffusion coefficients in Cu-Ni alloy. The uppe
group of curves is the present experimental data obtained
5 GPa of hydrogen, and the lower group reported data obtain
under ordinary conditions [14].
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end (extrapolated) and,10 on the Cu-rich end. The
curves at different temperatures are nearly parallel to ea
other, which means that the activation energy is nearl
the same at all compositions from Ni to Cu.

In Fig. 3, the Arrhenius plot is shown of interdiffusion
coefficients on the Ni-rich end, i.e., impurity diffusion
coefficients of Cu in Ni, which leads to an expression
D0

i  4.1 3 1027e21.26 eVykT m2ys.
Implications of these results can be discussed mo

conveniently in terms of Darken’s formula:

D  fthfs1 2 ydDCu 1 yDNig , (1)

where fth is the thermodynamical factor, andDCu and
DNi are the intrinsic diffusion coefficients of Cu and Ni,
respectively, in CuyNi12yHx .

The effect of hydrogen onfth is estimated to be
sufficiently small: fth  1 for both ends of the alloy
composition (y  0 and 1), andfth  1.69 1.41 for
600 900 ±C in the middlesy  0.5d. (The values were
calculated from the heat of solution of hydrogen in Cu
and Ni [15], the Gibbs free energy of the alloy [16], and
fluid hydrogen under the relevant range of pressure an
temperature [17].)

The intrinsic diffusion coefficientsDCu and DNi can
be written, approximately, as a product of vacancy con
centrationXy and vacancy diffusivityDy, and in view
of the rapid motion of hydrogen atoms their effect on
Dy can be expected to be reasonably small (see below
Thus, we are left with the enhancement of vacancy con
centration as a major cause of the observed diffusio
enhancement.

More quantitative discussions can be made by focusin
attention on the Ni-rich end, where the interdiffusion is
reduced to the impurity diffusion of Cu in a Ni matrix.
Taking the ratio of the impurity diffusion coefficient
under high hydrogen pressuresD0

i to that under normal
conditionsDi , we obtain the following expression for the
vacancy concentration under high hydrogen pressures:

FIG. 3. Arrhenius plot of interdiffusion coefficients in Cu-Ni
alloy on the Ni-rich end.
5589



VOLUME 80, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 22 JUNE 1998

in-
fu-
ms
is
i-

e-

r
y

a,

,
d.

t.

r.

l.

d

,

4),

ci.

,

.

K.
X 0
y  XysD0

iyDid expfsDhm 2 DhbvidykT g , (2)

where Xy is the equilibrium concentration of vacancie
under normal conditions, andDhm and Dhbvi are the
changes in the enthalpy of migration of the impurit
atom (Cu) and of vacancy-impurity binding, respectivel
caused by high hydrogen pressures. Substituting
reported dataXy  3e21.79 eVykT [18] and Di  6.1 3

1025e22.66 eVykT m2ys [19], and the present expressio
of D0

i , we obtain X 0
y  2.0 3 1022 expfs20.39 eV 1

Dhm 2 DhbvidykT g.
On the other hand, a theory based on vacancy-hydrog

interactions gives the following approximate expressio
for the concentration of vacancy-hydrogen clusters [4]:

Xcl  X6
H exp

∑
DSfyk 2

µ
hf 2

X
hb

∂ ¡
kT

∏
, (3)

wherehf  ef 1 pyf is the heat of formation of a va-
cancy (1.79 1 0.27 eV at p  5 GPa foryf equal to 0.8
times the atomic volume [19]),hb is the binding enthalpy
of a hydrogen atom to a vacancy (eb  0.43 eV for the
first two and 0.28 eV for the additional four hydrogen
atoms atp  0 [20]), andDSf is the formation entropy
of a cluster. XH is the concentration of hydrogen on
(untrapped) solution sites, which can be written approx
mately asXH  0.3e10.05 eVykT under 5 GPa of hydrogen
pressure [17]. Substitution of these values into Eq. (
leads toXcl  7 3 1024 expfDSfyk 1 0.22 eVykT g.

Equating the expressions forX 0
y and Xcl, we obtain

DSf  3.3k andDhm 2 Dhbvi  0.61 eV. The fact that
the formation entropy of a cluster is larger than typic
values for a vacancy,s0.5 , 1dk [19], is reasonable in
view of the possible decrease of vibrational energi
of hydrogen atoms on trapping. The enthalpy chan
being of the order of the migration energy of a hydroge
atom (eH

m  0.42 eV [21]) reflects the dragging effect of
trapped hydrogen atoms on the vacancy motion. T
remaining terms,pDVm (DVm: the migration volume) and
Dhbvi, are expected to be smaller in comparison, and te
to cancel with each other. (pDVm  0.07 eV for DVm

equal to 0.2 times the atomic volume.)
The fact that the hydrogen-induced diffusion enhanc

ment is small on the Cu-rich end can be naturally u
derstood because hydrogen concentrations in Cu in
present experiments are nearly an order of magnitu
smaller [17], leading to a negligibly small number o
vacancy-hydrogen clusters [see Eq. (3)].

In summary, the quantitative analysis of the temper
ture dependence of the diffusivity of Cu in Ni showe
that the increase of thermal-equilibrium vacancy conce
trations more than compensates for the dragging eff
of trapped hydrogen atoms on the vacancy motion. T
activation energy of metal-atom diffusion is reduced b
5590
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P
hb 2 Dhm 1 Dhbvi , 6eb 2 eH

m . Since this quantity
assumes large, positive values in all of the cases
vestigated to date, the enhancement of metal-atom dif
sion can always be expected, provided hydrogen ato
exist in interstitial sites. The large magnitude of th
hydrogen-induced diffusion enhancement strongly ind
cates its significant implications for wide areas of mat
rials processing.
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