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Hydrogen-Induced Enhancement of Interdiffusion in Cu-Ni Diffusion Couples

E. Hayashi, Y. Kurokawa,* and Y. Fukai
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Drastic enhancements of the interdiffusion were observed in Cu-Ni diffusion couples when samples
were heated under high hydrogen pressyres GPa. Interdiffusion coefficients measured between
600—800 °C were increased by-10* 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 interstitial
hydrogen atoms. [S0031-9007(98)06440-0]

PACS numbers: 66.30.Ny, 61.72.Ji

A few years ago we discovered a formation of supering, the sample was recovered to ambient conditions, and
abundant vacancies in Ni and Pd, amounting to as mucthe distribution of Cu across the interface was measured
as ~10 at.%, when specimens were heated under highby a scanning electron microscope (JEOL JSM 5400-Link
hydrogen pressures [1,2]. Subsequent work on less hyexl). For comparison, control experiments of exactly the
drogen absorbing metals, Al [3] and Mo [4], also showedsame annealing conditions were performed without incor-
enhanced vacancy concentrations in hydrogen-chargembrating a hydrogen source in the cell.
samples amounting to, respectively, 8 and 12 orders of Concentration profiles of Cu observed after annealing
magnitude higher than in vacuum under correspong@ing in hydrogen of 5 GPa at four different temperatures are
T conditions. The origin of this superabundant vacancyshown in Fig. 1, together with the result of a control
formation was ascribed to the lowering of the formationexperiment af00 °C without hydrogen.
energy of a vacancy by trapping hydrogen atoms on its
neighboring interstitial sites [4—7].

Since the diffusion of metal atoms generally proceeds 1
via a vacancy mechanism, a concomitant enhancement « 0
the metal-atom diffusion can be expected, and was indee ~
indicated in the hydrogen-induced acceleration of phast o o

. . (d) " 800°C,H,
separations in some Pd alloys [8-11]. In ay R, 1.0 . St
alloy, for example, the interdiffusion coefficient@i0 °C ' =
was roughly estimated to be- 10’ times larger under
5 GPa of hydrogen pressure than in vacuum [10]. o

The present work is intended to demonstrate unam: 1.0~ oon eon non comem "'-” 7507C,H,
biguously the hydrogen-induced enhancement of the inter & . w240
diffusion, by examining its composition and temperature 8 == .
dependence more quantitatively, using diffusion couples € (b) ', 700°C,H,
of Cu-Ni. g 1.0+ e=e-~ "% R
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A specimen consisted of a pair of Cu and Ni disks,
each2.0 mm¢ X 0.1 mm in size, 99.9% and 99.99% in
purity, respectively. It was enclosed in an NaCl container (a)
(a hydrogen sealant) together with an internal hydroger
source (LiAIH 4), and placed at the center of a high- 1.
pressure cell. Details of the sample cell design were giver
elsewhere [12]. The cell, a cube of 8 mm edge length,
was compressed from all six sides equally by tungster (©) 700°C, ref.
carbide anvils of top faces measuriigmm X 6 mm, 0 b — 0
using a cubic-anvil press Oz.F1 of our laboratory. -100 0 100

Experiments were performed in the following way:

First, the pressure was raised to 5 GPa, then the terr Distance(um)

perature was raised to prescribed values (600, 700, 759]6 1. Concentration profiles of Cu after diffusion annealin
800, 900, and 000 °C), maintained there for 30 min, and for 30 min at (a)600°C. (%) 700 °Cr (¢) 750 °C, and (800 °C g
quenched. In the process of heating, a sample was hydrgy 5 spa of hydrogen, and (8)0°C under a mechanical
genated by an irreversible decomposition of the internapressure of 5 GPa. The zero of distance is taken at the
hydrogen source at300 °C. After the diffusion anneal- Boltzmann-Matano interface.
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The increase of diffusion lengths in a hydrogen at-end (extrapolated) and-10 on the Cu-rich end. The
mosphere is obvious. Even at the lowest temperature afurves at different temperatures are nearly parallel to each
600 °C, the diffusion length is definitely larger than that other, which means that the activation energy is nearly
of the control experiment, which in fact shows the limit of the same at all compositions from Ni to Cu.
spatial resolution of approximatefy um. The asymmet- In Fig. 3, the Arrhenius plot is shown of interdiffusion
ric shape of the profiles indicates that the observed proces®efficients on the Ni-rich end, i.e., impurity diffusion
was essentially a dissolution of Cu into Ni, without any coefficients of Cu in Ni, which leads to an expression,
noticeable Ni diffusion into Cu. Measurements of con-D) = 4.1 X 10~ 7e 120eV/AT 2 /g
centration profiles after annealing abd@ °C were dif- Implications of these results can be discussed most
ficult due to excessive deformations of recovered samplesonveniently in terms of Darken’s formula:

In one of the runs, the recovered sample was roundish in .

shape, and its concentration profile was nearly flat. These D = ful@ = y)Dcu + yDxi]. (1)
observations indicate that the melting took place at abouwhere fy, is the thermodynamical factor, andc, and

900 °C: The melting point was lowered appreciably by hy- Dy; are the intrinsic diffusion coefficients of Cu and Ni,
drogenation, front,, = 1260 °C for Cu and1630 °C for  respectively, in CuNi;—,H,.

Ni at 5 GPa [13]. The effect of hydrogen orfy, is estimated to be

Interdiffusion coefficients obtained by analyzing thesesufficiently small: £, = 1 for both ends of the alloy
concentration profiles by a conventional Boltzmann-composition § = 0 and 1), andfy = 1.69-1.41 for
Matano method are shown in Fig. 2, together with some&00-900 °C in the middle(y = 0.5). (The values were
reported data obtained under ordinary conditions [14]calculated from the heat of solution of hydrogen in Cu
The enhancement of interdiffusion coefficients underand Ni [15], the Gibbs free energy of the alloy [16], and
5 GPa of hydrogen amounts te10* times on the Ni-rich  fluid hydrogen under the relevant range of pressure and

temperature [17].)
The intrinsic diffusion coefficientdc, and Dy; can
S I B I L B be written, approximately, as a product of vacancy con-
P(H,)=5GPa centrationX, and vacancy diffusivityD,, and in view
of the rapid motion of hydrogen atoms their effect on
D, 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 diffusion
enhancement.

More quantitative discussions can be made by focusing
. attention on the Ni-rich end, where the interdiffusion is
700°C . reduced to the impurity diffusion of Cu in a Ni matrix.
.7906°C  Taking the ratio of the impurity diffusion coefficient
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> 600C <, 5866°C under high hydrogen pressurég to that under normal
o 7] conditionsD;, we obtain the following expression for the
g L P // 4 | vacancy concentration under high hydrogen pressures:
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FIG. 2. Interdiffusion coefficients in Cu-Ni alloy. The upper 10%/T(K™)

group of curves is the present experimental data obtained in
5 GPa of hydrogen, and the lower group reported data obtaineBIG. 3. Arrhenius plot of interdiffusion coefficients in Cu-Ni
under ordinary conditions [14]. alloy on the Ni-rich end.
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X! = X,(D!/D;) exd(Ah,, — Ahwi)/kT], (2) > hy — Ahy + Ahyy ~ 6e, — e, Since this quantity

assumes large, positive values in all of the cases in-
vestigated to date, the enhancement of metal-atom diffu-
sion can always be expected, provided hydrogen atoms

atom (Cu) and of vacancy-impurity binding, respectively,eX'St in interstitial sites. The large magnitude of this

caused by high hydrogen pressures. Substituting thgydrogen—induced diffusion enhancement strongly indi-
reported dataX, = 3e~!7°¢V/FT [18] and D; = 6.1 X cates its significant implications for wide areas of mate-

rials processing.

This work was supported, in part, by a Grant-in-Aid for
Scientific Research on Priority Areas from The Ministry
e(?T Education, Science, Sports and Culture.

where X,, is the equilibrium concentration of vacancies
under normal conditions, and#,, and Ahy,; are the
changes in the enthalpy of migration of the impurity

1075 7200eV/KT m2 /5 [19], and the present expression
of D], we obtain X! =2.0 X 1072 exd(—0.39 eV +
Ahy, — Ahyyi)/KT].

On the other hand, a theory based on vacancy-hydrog
interactions gives the following approximate expression
for the concentration of vacancy-hydrogen clusters [4]:

Xaq = Xg eX[{ASf/k - <hf - Z h;,)/kT}, 3) *Present address: Ricoh Co. Ltd., Atsugi, Kanagawa,
) ) Japan.
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cancy (.79 + 0.27 eV atp = 5 GPa forv, equal to 0.8 (1993).

times the atomic volume [19]), is the binding enthalpy  [2] Y. Fukai and N. Okuma, Phys. Rev. LeRt3, 1640 (1994).

of a hydrogen atom to a vacancy,(= 0.43 eV for the [3] H.K. Birnbaum, C. Buckley, F. Zaides, E. Sirois,
first two and0.28 eV for the additional four hydrogen P. Rozenak, S. Spooner, and J.S. Lin, J. Alloys Compd.
atoms atp = 0 [20]), andAS, is the formation entropy 253-254 260 (1997). _

of a cluster. Xy is the concentration of hydrogen on [4] Y. Fukai, Y. Kurokawa, and H. Hiraoka, J. Jpn. Inst. Met.

. . . . : 61, 663 (1997).
untrapped) solution sites, which can be written approxi- :
gnatelygsxl = 0.3¢M005¢V/AT ynder 5 GPa of hydrggen [5]' Y. Fukai, J. Alloys Compd231, 35 (1995).

_— . 6] R.B. McLell d M. L. Wasz, J. Phys. Chem. Sol
pressure [17]. Substitution of these values into Eq. (3)[ ) 523 (190908)_an an asz ys. Chem. Soltls

leads toXo =7 X 107* ex{AS;/k + 0.22 eV/kT].  [7] R.B. McLellan and Z. R. Zu, Scr. Metal86, 1201 (1997).
Equating the expressions fdf, and X.;, we obtain  [8] H. Noh, T.B. Flanagan, B. Corundolo, and A. Craft, Scr.

AS; = 3.3k andAh,, — Ahp, = 0.61 eV. The fact that Metall. 25, 225 (1991).

the formation entropy of a cluster is larger than typical [9] H. Noh, T.B. Flanagan, and M.H. Ransick, Scr. Metall.

values for a vacancy(0.5 ~ 1)k [19], is reasonable in 26, 66 (1992).

view of the possible decrease of vibrational energiedl0] K. Watanabe, N. Okuma, Y. Fukai, Y. Sakamoto, and
of hydrogen atoms on trapping. The enthalpy change _ Y- Hayashi, Scr. Metall34, 551 (1996).
being of the order of the migration energy of a hydrogen11] JH'A'RIS;ISI éb%pgéea,vélezyészigéeilanagan’ and A. Croft,
H _ H . .
som ¢ 02 e 21 et e raqu St of iy 75 KON % 1 v . o e
g . . ) Memory Materials and Hydridesedited by K. Otsuka
remaining termspAV,, (AV,,: the migration volume) and

! - and Y. Fukai (Materials Research Society, Japan, 1994),
Ahyyi, are expected to be smaller in comparison, and tend  y/q|. 188, p. 1291.

to cancel with each other. pQAV,, = 0.07 eV for AV,,  [13] J.F. Cannon, J. Phys. Chem. Ref. Dai&81 (1974).
equal to 0.2 times the atomic volume.) [14] G. Brunel, G. Cizeron, and P. Lacombe, C. R. Acad. Sci.
The fact that the hydrogen-induced diffusion enhance-  (Paris)269C, 895 (1969).

ment is small on the Cu-rich end can be naturally un{15] H. Wenzl, Int. Met. Rev27, 140 (1982).
derstood because hydrogen concentrations in Cu in thd6] R.C. Sharma, Trans. Indian Inst. M&6, 372 (1982).
present experiments are nearly an order of magnitudg’] H. Sugimoto and Y. Fukai, Acta Metal0, 1227 (1992).
smaller [17], leading to a negligibly small number of [18] E" LIJEI?r::ilgr’ raﬁé%rlrtmédr[?giﬁs I\Ilr;steéarlilZfdléergusylll
e stmmary. the quanttaie analyais of the temperay. 025 P: 43 (Springer-Verlag, Berin, 1901)

' e . . [19] O. Taguchi, Y. lijima, and K.-I. Hirano, J. Jpn. Inst. Met.
ture dependence of the diffusivity of Cu in Ni showed 48, 20 (1984).
that the increase of thermal-equilibrium vacancy concenpo; s M. Myers, P. Nordlander, F. Besenbacher, and J.K.
trations more than compensates for the dragging effect ~ Ngrskov, Phys. Rev. B3, 851 (1986).
of trapped hydrogen atoms on the vacancy motion. The1] L. Katz, M. Guinan, and R.J. Borg, Phys. Rev.4B330
activation energy of metal-atom diffusion is reduced by (1971).

5590



