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ABSTRACT

The influence of nickel addition to tin substrate on microstructure, kinetics
parameters as well as diffusion coefficients was studied on Cu/Sn diffusion
couples. The results revealed that the presence of nickel did not affect the
growth of CusSn phase in comparison with that of the binary Cu/Sn diffusion
couple. However, it substantially influenced the morphology and chemical
composition of the (Cu;_.Ni)sSns phase, which grew with dual morphology
and different chemical composition. The layer of the phase was poorer in nickel,
whereas detached grains were richer in nickel concentration. The calculated
kinetic parameters showed that the growth of the CuszSn and Ni-poor
(Cu;_«Niy)eSns phases was controlled by volume diffusion, but in the case of Ni-
rich (Cu;_«Ni,)eSns phase, the growth was controlled by a complex mechanism.
The calculations of diffusion coefficients and activation energies of CuzSn and
Ni-poor (Cu;_,Ni)eSns phases revealed that the presence of nickel in the tin
substrate did not affect the rate of formation/growth of those phases in com-
parison with the binary Cu/Sn diffusion couples.
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the electro-mechanical properties of the final product.
Copper and nickel are the main components of the
metallized layer [8-11], while tin is the key con-
stituent of the lead-free solders. Therefore, the careful

Introduction

The development of the basic knowledge in the field
of phase transformations in the Cu-Ni-Sn ternary

system considered as one of the most important in
the soldering has an extra meaning for the imple-
mentation of new lead-free materials [1-7]. The
intermetallic phases growing at the interface of
under-bump metallization and solder strongly affect

analysis of structural changes, supplemented with
kinetics description of the process occurring during
the interaction between Ni, Cu and Sn, is very
important from the application point of view [12-14].
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Previous studies have shown that even relatively
small amount of Ni (up to 5 at.%) added to a copper
substrate strongly affected the microstructure of the
(Cu,Ni)/Sn reaction zone [15, 16]. In a classical Cu/
Sn diffusion couple, the n[CueSns] phase formed first,
and then the growth of &[CusSn] phase took place.
The addition of even 1 at.% of Ni to Cu causes the
appearance of (Cu;_Niy)eSns phase together with
¢[CusSn]. Further addition of Ni (5 at.%) blocks the
growth of e[CusSn] phase to such an extent that only
(Cuy_«Niy)eSns is present in the reaction zone [15, 16].
Additionally, in the case of the (Cu,Ni)/Sn/(Cu,Ni)
diffusion-soldered joints, the nickel addition to cop-
per significantly affects the morphology of the
(Cuy_«NiyeSns phase, so that it does not grow as a
continuous layer but it spreads in the form of many
individual grains. Further annealing causes their
agglomeration, and finally, they join together to cre-
ate the layer [15]. Moreover, the nickel addition to
copper leads to such a change in the diffusion
mechanism that the phase transformations occurring
in diffusion couples accelerate by about an order of
magnitude [17]. However, the practical implementa-
tion of the nickel addition to copper may be chal-
lenging. Therefore, the present research is devoted to
the study of the influence of nickel addition to tin on
the diffusion phenomena and growth mechanism of
the intermetallic phases at the Cu/(Sn,Ni) interface,
being much more easy to apply in the production
line. Although there are reports related to the nickel
addition to lead-free solders such as SAC (SnAgCu)
alloy, they are associated rather with the technologi-
cal aspects [18].

Experimental

The (5n,Ni) and Cu substrates used in the diffusion
couple experiment were prepared using pure metals:
Sn 99.998%, Ni 99.99% and Cu 99.99% (Alfa Aesar).
The appropriate amounts of pure metals were melted
in vacuum induction furnace (Leybold-Heraeus)
under argon protective atmosphere (0.03 MPa) to
obtain the (Sn,Ni)-based alloys with 1 at.% of Ni and
Cu. Then, the cast alloys were cut into 3 mm thick
pads. Before the diffusion couple experiment, the
surfaces of the (Sn+1at.%Ni) and Cu substrates were
ground with the paper of 2000 maximum gradation
and then cleaned with acetone in an ultrasonic
washer. The prepared pads were pressed, sealed in
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quartz ampoules and subjected to annealing at 200,
215 and 220 °C (473, 488 and 493 K) for 48, 120, 168
and 225 h followed by cooling with the furnace for an
appropriate time interval.

The obtained diffusion couples were subjected to
detailed microstructure and chemical composition
characterization using scanning electron microscope
JEOL JSM 5510 LV equipped with an energy disper-
sive X-ray spectrometer (EDS), IXRF Model 500.

In order to perform the growth kinetics analysis
and diffusion coefficient calculations, the thick-
nesses (A) of the intermetallic CuzSn and Ni-poor
(Cuy_xNiyeSns phases, which were formed more or
less as layers, were measured after different tem-
peratures and times of annealing, using the spe-
cialized computer program—R-Tools, written in
Borland Delphi 6.0 [19]. Its operation is based on the
analysis of the imported image of the microstructure
obtained in the scanning electron microscope. The
interface between Ni-rich and Ni-poor variants of
(Cuy_xNieSns phase was indistinguishable during
ordinary observations using backscattered electrons
mode (BSE). Therefore, the thickness of Ni-poor
(Cu;_xNi)eSns phase variant was chosen based on the
EDS line scans made across the reaction zone between
the Cu and (Sn,Ni) substrates in many different places
of the sample. Due to the irregular growth of the
phases, at least 3 different photographs, taken at the
same magnification, were used for the analysis. The
average of 20 independent measurements of thickness
was made for each image. The arithmetic average of
the phase thicknesses and the standard deviations of
measurements were calculated. The stereological
analysis using the software ImageJ] by Wayne Rasband
1.45 s from the National Institutes of Health, USA, was
carried out in the case of the (Cu;_,NisSns phase
formed as irregular grains (Ni-rich variant) [17, 20], to
obtain quantitative information about the phase area.
Based on this analysis, the determination of the
growth kinetics parameter for this variant of the
(Cu;1_xNieSns phase was performed.

Results and discussion

Microstructure and chemical composition
analysis

Studies of the microstructure and chemical compo-
sition of the Cu/(Sn+1at.%Ni) diffusion couples
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were performed for the samples annealed at 200, 215
and 220 °C (473, 488 and 493 K) for 48, 120, 168 and
225h (2, 5, 7, 9.3 days), using scanning electron
microscope (SEM). The examples of the SEM
microstructures of the obtained cross sections of
samples and the phase identifications are presented
in Fig. 1.

The chemical composition analysis with SEM/EDS
technique revealed the presence of three intermetallic
phases (IMPs): CuzSn, (Cu;_xNiy)eSns, (Ni;_Cuy)sSny
(Fig. 1), due to the interdiffusion of elements across
the interface. The (Ni; _,Cu,)3Sn, phase appeared as a
result of the copper diffusion into NizSn, grains dis-
persed in the (Sn+1lat.%Ni) substrate. The NizSny
phase was present in the (Sn+lat.%Ni) pad before
the experiment of diffusion couples (Fig.2). The
microstructure of Sn+1at.%Ni substrate is discussed
in details in [21].

The appearance of NizSng phase results directly
from the Sn-Ni binary phase diagram [22]. The SEM/
EDS analysis showed some fluctuations of the copper
concentration in the (Ni;_,Cu,)35n4 phase depending
on its distance from the Cu and (Sn+1at.%Ni) reac-
tion zone. The grains located far from the interface
contained on average: 3.1 & 0.4 at.% of Cu, 39.4 & 0.8
at.% of Ni, 57.5 + 1.2 at.% of Sn and those located
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closer: 6.1 & 1.0 at.% of Cu, 33.6 = 1.3 at.% of Ni,
60.3 £ 1.2 at.% of Sn.

Apart from the (Ni;_,Cu,)3Sn, phase, the growth
of two additional new intermetallic phases was
observed, which were identified as (Cu;_,Ni,)eSns
and CuzSn. The (Cu;_,Ni)eSns phase formed with a
dual morphology. From the (Sn+1at.%Ni) pad side,
the grains of irregular shapes surrounded by the pure

Figure 2 Etched surface of the (Sn+1at.%Ni) substrate with
visible needle precipitates of the randomly and evenly distributed
in the Sn matrix (optical microscope).

¥

(b) : A . .‘é
(Cu1.xNix)sSns /",

(Cu1-xNix)eSns kR :
‘ Ni - rich variant

Ni - poor variant

Figure 1 SEM images of Cu/(Sn+1at.%Ni) diffusion couples obtained at 220 °C for a, b 48 h and ¢, d 225 h.
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tin were observed, whereas the discontinuous layer
of (Cu;_,Ni,)eSns appeared closer to the center of the
diffusion couple (Fig. 1). The EDS/SEM quantitative
analysis clearly showed that dual morphology was
accompanied by the fluctuation of the chemical
composition of the (Cu;_,Ni,)¢Sns phase. The layer of
(Cu;_«Ni)eSn  consisted of 485 £+ 09 at.% Cu,
5.3 £ 0.3 at.% Niand 46.2 £ 0.9 at.% Sn (called in the
text as “Ni-poor”), while the large grains contained
35.0 £ 0.7 at.% Cu, 19.2 & 0.8 at.% Ni and 45.8 &= 0.9
at.% Sn (referred to as “Ni-rich”). The differences in
the morphology, chemical composition and localiza-
tion of the (Cu;_,Ni,)eSns phase were attributed to
various mechanisms of its formation. The Ni-rich
variant transformed from the NizSn4 phase present in
the initial (Sn,Ni) end member. On the other hand,
the formation of the Ni-poor layer took place as a
result of diffusion at the initial interface. The detailed
description and explanation of the phenomena were
presented in previous papers [21, 23]. The third
phase, generated during annealing close to the cop-
per substrate in the form of a continuous layer, was
identified as CusSn (74.5 + 1.5 at.% of Cu, 0.2 &+ 0.1
at.% of Ni and 25.3 + 0.5 at.% of Sn) [21]. Such a
complex microstructure of the reaction zone obtained
in the Cu/(5n,Ni) diffusion couples with 1 and 3 at.%
of the nickel addition annealed at 160, 180 and 200 °C
for various times up to 1139.5 h was also described
by Nakayama et al. [24]. However, in comparison
with the presented results, some differences in the
chemical composition of the formed phases were
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found. Nakayama et al. [24] observed three inter-
metallic phases. The thin continuous layer of CuzSn
phase was established close to the Cu pad. The next
layer was identified as the CusSns phase, without the
nickel content. The Ni was detected only in single
detached grains in the form of (Cu,Ni)¢Sns. The
authors suggested that the different mechanisms of
the CueSns phase formation were the reason for the
occurrence of dual morphology phenomena and
fluctuations of the Ni concentration [24].

Growth kinetics of the intermetallic phases

The thickness of the Ni-poor (Cu;_«Niy)eSns and
CusSn phases was measured using the R-tools pro-
gram based on the series of SEM micrographs [19].

The experimental results of the measured average
thicknesses of CuzSn and Ni-poor (Cu;_,Ni)eSns
layers for different annealing times at temperatures
200, 215 and 220 °C are presented in Table 1 and
Table 2.

The thickness of the growing phase/layer (A) can
be expressed as function of time (t)

A=kt (1)

where the value of the power n determines the
mechanism controlling the kinetics of layer growth.
For example, n = 0.5 means that the process is con-
trolled by volume diffusion. Measured thicknesses of
the layers CuzSn and Ni-poor (Cu;_.Niy)eSns as
function of time are presented in Figs. 3 and 4. The
values of n for the Cu;Sn phase at temperatures 200,

Table 1 Measured average

thicknesses (A) of CusSn layer ~ Time 200 °C 215°C 220°C

and their standard deviation A, pm o, um A, pm o, pm A, pm o, um

error (o) for different

annealing times at 2 days (48 h) 1.48 0.39 1.8 0.44 2.16 0.92

temperatures 200, 215 and 5 days (120 h) 2.17 0.71 2.73 0.61 3.63 1.22

220 °C 7 days (168 h) 2.3 0.59 3.35 1.01 3.82 0.86
9.3 days (225 h) 3.17 0.94 3.83 1.14 - -

Table 2 Measured average

thicknesses (A) of Time 200 °C 215 °C 220 °C

(Cu; _xNiy)eSn Ni-poor layer A, um o, um A, pm 7, um A, pm 7, um

and their standard deviation

error (o) for different 2 days (48 h) 4.30 1.44 5.82 1.22 6.75 1.65

annealing times at 200, 215 5 days (120 h) 6.43 2.23 8.27 1.72 10.69 2.05

and 220 °C 7 days (168 h) 8.03 1.41 10.57 2.08 11.63 2.95
9.3 days (225 h) 9.11 2.82 10.92 1.97 - -
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57 = 200°C:n=0.45+0.08
e 215°C:n=0.49+0.02
44 a 220°C:n=0.48+0.09

. —— T
50 100 150 200 250

Figure 3 Thickness of CuzSn layer as function of time (logarith-
mic scale) for temperatures 200, 215 and 220 °C.

159 = 200 °C:n=0.49+0.03
e 215°C:n=0.43:0.04
A 220 °C:n=0.45+0.05

T 1 1
50 100 150 200 250
t(h)

Figure 4 Thickness of Ni-poor (Cu;_Ni,)sSns CusSn layer as
function of time (logarithmic scale) for temperatures 200, 215 and
220 °C.

215 and 220 °C calculated by the least square linear
approximation method are 0.45 £ 0.08, 0.49 + 0.02
and 0.48 & 0.09. They indicate that the growth of
Cu3Sn layer is controlled by volume diffusion for all
studied temperatures.

The calculated values of 1 determined for Ni-poor
(Cuy_«NiyeSns layer were 0.49 £ 0.03, 0.43 £+ 0.04
and 0.45 % 0.05 for temperatures 200, 215 and 220 °C,
respectively. Those data indicated that volume dif-
fusion was a dominating growth mechanism at all
temperatures.
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Such a similar parabolic growth mechanism was
reported by Tang et al. [25] and Yuan et al. [26] for the
CuzSn and CugSns phases formed in the Cu/Sn dif-
fusion couples. Their results suggested that nickel
addition to the Sn substrate did not influence the
character of phases growth as significantly as the
morphology.

In the case of the Ni-rich (Cu;_,Ni,)eSns phase, the
situation was even more complicated than it was
mentioned above. The description of the phase
growth which has a complex three-dimensional
geometry may be expressed by the volume of Ni-rich
(Cuy_«NiyeSns phase in function of time. Unfortu-
nately, only two-dimensional sections of these grains
could be obtained from the experiments that had
been carried out in the study. However, under some
assumptions, useful information about the three-di-
mensional growth could be deduced from the two-
dimensional measurements.

The total volume of grains is given by integral

H
|V| = [|Vi|dh, where V), is the cross section of a set V
0

at height /. Hence, V represents the grain phase and
| | denotes the volume or area of a given set (3D or
2D measure). Assuming that a distribution of grains
is uniform, the approximation |V},| ~ Ay can be used;
hence, |V| = AgH, where Ay is the area of grains in
any representative cross section. Thus

NV = |V|/|Vtotal‘ = AOH/AlotalH = AO/Atolal'

In practice Ay is the average of several measure-
ments along the phase boundary for one cross sec-
tion. Such possibility results from the fact that
probabilities of grain distribution in “vertical” and
“horizontal” directions are assumed to be equal. This
is a very important property because it allows omit-
ting the necessity to cut out many cross sections V,
for different h.

Thus, provided that the distribution is uniform and
relatively dense, the kinetics of volume growth can be
obtained by 2D measurements.

The question of the mechanism of kinetic growth
(reaction or diffusion control) can be answered by the
following reasoning. It can be shown that for simple
shapes (spheres, cubes, ellipsoids), the linear
dimension of growing grain is proportional to v/t if
the process is diffusion controlled; hence, the area is
proportional to t{. More complicated shapes can
locally be viewed as similar to plane or sphere, so we

@ Springer
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Figure 5 Ratio of area of grains to the total area at the cross
section as function of time for Ni-rich (Cu;_,Ni,)sSns at: a 220 °C
and b 215 °C.

can extrapolate this criterion to the general case.
Thus, if the 2D area of grains fraction is proportional
to t, i.e., %A(t) ~ t, the kinetics is diffusion controlled.

The changes of the Ni-rich (Cu;_,Ni,)Sns phase
area with time in the bilogarithmic scale for tempera-
tures 215 and 220 °C are presented in Fig. 5.

Mathematical model of layers growth

Based on the results presented above, the mathe-
matical model of intermetallic layer growth was
proposed and the diffusion coefficients for the CuzSn
and Ni-poor (Cu;_xNi,)sSns phases were determined.
The diffusion coefficient calculations for the layer of
Ni-rich variant require additional studies and will be
the subject of further work because of the complex
morphology of the (Cu;_,NiJeSn phase. Figure 6
presents schematic graph of layer growth in Cu/
(Sn+1at.%Ni).

The model assumes that growth of layers is the
result of the diffusion of Cu and Sn components in
each layer:

a—Cz(x, )= —a—]z(x,t) for s1(t) <x<sy(t),

ot ox

oc3 3 (2)
c of

a(x, f) = —a(x,t) for sy(t) <x<ss3(t),

where ¢? and ¢® and J? and J? are the concentrations
and fluxes of Cu in the layers “2” and “3,” respec-
tively, i.e., for layers CuzSn and (Cu;—xNiy)sSns.
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Figure 6 Schematic graph of Cu;Sn and (Cu;_,Niy)eSns layer
growth in Cu/(Sn+1at.%Ni) system.

The movement of the boundaries Cu/CusSn,
CusSn/(Cu_yNi)eSns and (Cuy_,Ni)eSns/Sn is
described by mass balance equations at the moving
boundaries s;(f), s)(f) and s3(t), respectively—
so-called Stefan boundary conditions [27, 28]:

(e~ ) 2L = Psa(0). B - Plsite). ),

(G- ) 20 = Plalt), 1) - Pt 1,

ds
(cx—ct) =,

(B =Plss(t), =T (500, 1),
for t >0,

where c/(x,t), J/(x,t)—concentration and flux of
copper in the j-th layer at position x and for the time ¢,

o, cljz—concentrations of copper in the j-th layer on

the left and right boundary, s;(t), s»(f) and s3(t)—
positions of the Cu/Cu;Sn, CusSn/(Cuy—_Niy)eSns
and (Cu;_.Ni,)¢Sns/Sn boundaries at time ¢.

In the case of two component system, the flux of
copper in the j-th layer can be expressed by Fick’s
formula [29]

, .. oc/
Ji=-Di @)

where D/ is the interdiffusion coefficient in the j-th
layer [30]. For compounds of narrow homogeneity
range (so-called line compounds), one can assume
that the concentration profile is linear and conse-
quently Eq. (4) can be expressed as follows



J Mater Sci (2017) 52:10533-10544 )

R — €
S]'(t) — S]'_1(t) ’

where ¢/, cj are concentrations of copper in the j-th

layer on its left and right boundary; s;(t) —s;_1(t) is
the thickness of j-th layer at time ¢.

Assuming negligible solubility of tin in copper in
layer “1” and constant copper concentration in layer
“4” it can be assumed:

Ji=-D )

C11Q = Ci’ ]1 (Sl(t), t) =0, (6)
cr=ct, Plss(t), H=0. (7)

Consequently, Eq. (3) takes the following form

ds L 2_2
1 2\ 951 2 CR—CL
p— —_— t = —
(cx CL) it (t) s2(t) —s1 ()’
ds = Rk —CF 5 R—C
2 3\052 2 CRTC 3 R™C
— )V 2 () = —
(ck —c2) dt ®) s2(t) —s1(t) - s3(t) —s2(t)’
ds - C3 _ C3

3 _ A3y Pp3_"RTL

(CR CL) dt (t) D S3(t) —Sz(t) .
(8)

Introducing the notations:

@ i=Cp—C, @i=Cyp—C, a3:=Ccg—Cf, 9)
Acy = clzz — 0%7 Acs = C?z - C%v

Equation (8) can be written as follows:

dsq ~ Acy

— ) =D"———F—
ng =D e Tam

dsp . = Acy ~3 Acs
e OO Ry e LY

dsz, . =3 Acs
ST A N O

From (10), the equations describing velocities of the
boundaries can be obtained:
O~ P T
e
D

ypple 1
ay s3(t) —sa(t)’

(11)
Subtracting Egs. (11):
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d ~ 1 1 1
= — = —D*Ac [+ ) =
o (s2(t) —s1(¢)) s)) <a2+al) (0 — 51D
DSAC3 1
ar S3(t) — Sz(t) ’
d D*Ac, 1
E(S3<t) - Sz<t)) - a Sz(t) _ S1(t)
~ 1 1 1
BT AN S
\as a2/ s3(t) — sa(t)
(12)
and introducing further notations:
X(t) :=sa2(t) —s1(t), Y(t) :=s3(t) — s2(4),
D3Ac; . 1 1
B11 = P s B]2 =D AC2 (ﬂz + al), (13)
2
321 = —D~3AC3 (l + l) B Bzz = D ACZ f
as as ap
Equation (12) takes the form:
d _ B | B2
i =y Ty
(14)
i ( ) — ﬂ + %
dt Y(t)  X(t)
Equation (14) with the initial condition—i.e.,

thicknesses of layers X, Y at time zero, defines the
following Cauchy problem [31] for a system of two
ordinary differential equations (ODEs):

d B1] B12 d BZl B22
EX(f):m X)) dr (t)zm X(t)’
X(0) = Xp, Y(0) =Y.

(15)
Solving numerically problem (15) gives layer
thicknesses X(f) and Y(t) as function of time.

Determination of diffusion coefficients
for the layers of Cuz;Sn and Ni-poor
(Cu;-xNi,)eSns phases

A numerical solution of problem (15) is a function of

(unknown) interdiffusion coefficients, D?, D® in
layers “2” and “3,” respectively:

@ Springer
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X(t) = X(t,D? D),

Y(t) = Y(t,D? D). (16)

These diffusion coefficients can be determined by
solution of the suitable inverse problem, but additional
information is necessary, in this case, the measured
layer thicknesses at several times. Denoting as:

XP(t), ..., XTP(tN),

YP(t),..., Y*P(ty), (17)

the measured thicknesses of layers CuzSn and Ni-
poor (Cu;_«Ni)eSns at times ¢y, . . ., ty, the following
function can be defined:

N
GoalF(D?, D%) = 3 (X(k, D?, D) — X*** (1))
k:lN )
+ Z (Y(tka Dza DS) Yexp(tk)) 5
k=1

(18)
which is a “distance” between measured and calcu-
lated (from the model) thicknesses of layers “2” and
“3” at times tq,...,IN.

In order to determine diffusion coefficients, func-
tion (18) has to be minimized and values of D?, D3
which minimize goal function (18) are looked for:
GoalF — min GoalF(D?, D?). (19)

D? D?

The calculations for the system Cu/(Sn + lat.% Ni)
were performed for temperatures 200, 215 and 220 °C
using the following data (see notations in Fig. 6):

¢} = ck =1 mol/mol

¢z = 0.76 mol/mol

2 = 0.747 mol/mol

¢; = 0.56 mol/mol

¢; = 0.545 mol/mol

¢} = ¢4 = 0 mol/mol
X(0)=1-10m, Y(0)=1-10"m

NSOk N

Based on the formulated above inverse problem
(18)-(19), the diffusion coefficients for layers CuzSn
and Ni-poor (Cu;—xNiy)eSns for the system Cu/
(Sn+1at.%Ni) and temperatures 200, 215 and 220 °C
were calculated and are presented in Table 3.

Figures 7, 8 and 9 show comparison of calculated
evolution of layer thickness (for diffusion coefficients
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Table 3 Diffusion coefficients calculated using the inverse
problem for layers CuzSn and Ni-poor (Cu;_4Niy)sSns for Cu/
(Sn + 1at.%Ni) diffusion couples for selected temperatures

T(°0) Dcugsn, m? s~ D(cuNi) sns» M2 87"
200 2.48 x 10716 9.71 x 1071°
215 3.95 x 10716 14.46 x 10716
220 5.99 x 1016 2291 x 10716
200 °C

104 (Cu, Ni))Sn,
g }
=
< .

5_

) - % Cu,Sn
O T T T T 1
0 50 100 150 200 250

t(h)

Figure 7 Calculated layer thicknesses (for diffusion coefficients
from Table 3)—Iines and experimentally measured average thick-
nesses of CuzSn and Ni-poor (Cu;_,Ni,)sSns layers (dots) for
selected times for temperature 200 °C.

215 °C

104 ° (Cu,Ni)Sn,
B l
2
< +

5- /

% } } .
0 | | | I I
0 50 100 150 200 o
t(h)

Figure 8 Calculated layer thicknesses (for diffusion coefficients
from Table 3)—Iines and experimentally measured average thick-
nesses of CuzSn and Ni-poor (Cu;_,Ni,)sSns layers (dots) for
selected times for temperature 215 °C.
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220 °C

o (Cu, Ni),Sn,

1-x " 'x/6

Cu,Sn

0 T T
0 50 100 ¢

150 200 250

Figure 9 Calculated layer thicknesses (for diffusion coefficients
from Table 3)—(lines) and experimentally measured average
thicknesses of CuszSn and Ni-poor (Cu;_,Ni,)eSns layers (dots)
for selected times for temperature 220 °C.

from Table 3) with experimentally measured average
thicknesses of CuzSn and Ni-poor (Cu;_.Ni)eSns
layers for various annealing times at 200, 215 and
220 °C. As it can been seen, a very good agreement
was achieved.

The calculated diffusion coefficients (solution of
the inverse problem for Cu/(Sn+1at.%Ni) diffusion
couples) for layers CusSn and Ni-poor (Cu;—,Niy)e
Sns are compared in Tables 4 and 5 with literature
data accessible for the Cu/Sn system.

In both cases of CuzSn and Ni-poor (Cu;—,Ni,)sSns
phases, a good agreement with literature data was
obtained. The results confirm, once again, that in
general the addition of the nickel into the tin does not
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Figure 10 Interdiffusion coefficients for Cu3;Sn and Ni-poor
(Cuj_4Niy)eSns layers as function of temperature—Arrhenius plot
obtained for Cu/(Sn+1at.%Ni) system.

affect significantly the diffusion processes associated
with CuzSn and Ni-poor (Cu;—xNiy)eSns phases in
comparison with CuzSn and CueSns formed in the
binary Cu/Sn system.

The interdiffusion coefficients for layers CuzSn and
Ni-poor (Cu;-xNiy)eSns for Cu/(Sn+1at.%Ni) diffu-
sion couples as function of temperature in the
Arrhenius plot are presented in Fig. 10.

The activation energies for the layers CusSn and
Ni-poor (Cu;—yNieSns were determined to be
34 4+ 9 and 33 + 11 k] mol " using the standard least
square linear approximation. However, significant
discrepancies of activation energies for CuzSn and
CugSns layers in the binary Cu/Sn system were
found in the literature.

Table 4 Comparison of

calculated diffusion T (°C) DCU3Sn7 m?s™!

foem;‘erg?fffor ﬁt“; C“3S“t Onishi and Fujibuchi [32]  Paul ctal [33]  Kumarectal [34]  This work

ayer for different temperatures

with literature data 200 2.22 x 1071 14.9 x 10716 1.92 x 10716 248 x 10716
215 3.87 x 1071¢ - - 3.95 x 1071¢
220 4.62 x 10710 - - 5.99 x 10~1°

Table 5 Comparison of —

calculated diffusion T (°C) Dy, xNi,)GSn57m2 s~

coefficients for the Ni-poor . - ) .

(Cuy_Ni)eSns layer for Onishi and Fujibuchi [32] Paul et al. [33] Kumar et al. [34] This work

1—xVx/J6 5

d.ifferent temperatures with 200 10.88 x 10-16 _ 12.1 x 10-16 9.71 x 10-16

literature data 215 18.04-10°16 - - 14.30 x 1016
220 21.21 x 10716 37.6 x 10716 (225 °C) - 2291 x 10716
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f

Figure 11 Comparison of the intermetallic phase thicknesses in: a Cu/Sn and b Cu/(Sn+1at.%Ni) diffusion couples obtained at 220 °C

after 120 h.

The presented results are in good agreement with
those obtained by Onishi and Fujibuchi [32], in whose
works the activation energy was 36.4 k] mol™' for
CuzSn and 46.0 kf mol™! for CueSns and those
obtained by Kumar et al. [34] who reported 38.7 &+ 7.5
and 47.3 & 5.2 k] mol ™', respectively. Quite different
values of activation energies of interdiffusion for
CusSn and CueSns were determined by Paul et al.
[33], 73.8 and 81 k] mol ', respectively, whose values
were two times higher. Also in the case of Tang et al.
[25], the activation energy for CuzSn phase
90.4 kJ mol ™" was almost three times higher than the
value obtained in this work, while the value of
41.4 KJ mol ™" for CueSns appeared similar. A possi-
ble reason for those differences of the discussed
results, according to Onishi and Fujibuchi [32], was
probably the difference in the measured width of the
phases.

Lack of significant differences in the activation
energies of the intermetallic layer formation in the
Cu/Sn and Cu/(Sn+1at.%Ni) systems suggests that
nickel addition into the tin substrate does not affect
the growth rate of CuzSn and Ni-poor (Cu;—«Ni,)eSns
phases. The comparison of the microstructure of the
reaction zone in the Cu/Sn and Cu/(Sn+1at.%Ni)
diffusion couples, annealed under the same experi-
mental conditions, is the confirmation of these results
(Fig. 11). As it can be seen, the thickness of the phases
is more or less the same in both systems. The
obtained results clearly suggest that it is very
important to which substrate (Cu or Sn) the nickel is
added, especially in the case of the (Cu;—_,Niy)eSns.
As was presented previously [17], the addition of Ni
(5 at.%) into the Cu substrate strongly accelerated the

@ Springer

growth of the (Cu;_.NieSns phase blocking the
formation/growth of CusSn. Also Paul [16] observed
that even 1 at.% of Ni addition into copper results in
increase of the thickness of CugSns.

Conclusions

The presented results showed that the 1 at.% nickel
addition into the tin substrate did not substantially
affect the growth of CusSn phase, while it strongly
influenced the morphology and chemical composi-
tion of the (Cu;_«NiyeSns phase. The latter phase
occurred in two forms/variants—almost continuous
layer and detached irregular grains. The fluctuation
of the Ni concentration in the phase was also
observed. The studies of the formation kinetics of the
CuzSn and Ni-poor (Cu;—Ni,)eSns phases indicated
that the dominating growth mechanism was a vol-
ume diffusion process. In the case of the Ni-rich
(Cuy-xNiyeSns phase, the growth showed a complex
mechanism of transport. The comparison of the dif-
fusion coefficients as well as activation energies cal-
culated for CuzSn and Ni-poor (Cu;_xNiy)eSns
phases with literature data, revealed that the pres-
ence of the nickel in the tin substrate did not influ-
ence the rate of formation of those phases in
comparison with the binary Cu/5Sn diffusion couples.
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