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Solid-state diffusion in materials is greatly influenced by microstructural features such as grain boundaries,
dislocations, and second phase particles. However, a systematic investigation of structure-kinetics correlation
during interdiffusion is largely missing. Herein, a novel sandwich diffusion couple approach was utilized to
demonstrate the effects of microstructure on interdiffusion-driven phase formation in the Ni-Sn system. Pure Ni
samples were prepared by cold rolling (CR) and spark plasma sintering (SPS) with different microstructures. Two
sandwich diffusion couples were prepared— a) Ni*™/sn/Ni® and b) Ni®®/Sn/NiS?S, for phase growth analysis at

each interface after annealing at 200 °C for 96 h. The intermetallic phase NigSn4 formed at the NiAM/Sn, NiCR/Sn,
and Ni®"3/Sn interfaces had the thickness of 6, 14, and 41 um, respectively, consistent with larger parabolic
growth constant for the Ni*S/Sn interfaces. The enhanced kinetics at the SPS interface could be attributed to the
presence of ultrafine-grained (UFG) (~320 nm) microstructure dominated by high-angle boundaries.

1. Introduction

Advanced materials development demands the consistent tailoring of
microstructures by thermomechanical processing, to achieve enhanced
mechanical properties[1]. The microstructural development is also
significantly affected by the atomic transport or diffusion process in
materials [2] In addition to temperature, diffusion is greatly influenced
by microstructural elements including grain boundaries (GBs), disloca-
tions, and second phase particles. Lattice and grain boundaries (GBs) are
the two most important paths of atomic transport in solids, the latter
usually possessing a high diffusivity [3]. The nature and number of GBs
in polycrystalline solids therefore affects the diffusivity of the material.
This becomes particularly significant in ultra-fine-grained (UFG) mate-
rials, where the GB fraction is considerably large. For example, diffusion
measurements conducted on ultrafine-grained (UFG) pure Cu and
Cu-based alloys prepared by equal channel angular pressing (ECAP)
revealed the existence of ultra-fast diffusion paths [4-7]. Enhanced GB
diffusion has been shown in severely deformed Ni processed by equi
channel angular pressing [8]. Belkacemi et al. [9] have demonstrated
the presence of kinetically different GBs by correlative analysis using
secondary ion mass spectrometry and a radiotracer approach. The
appreciable difference in diffusivities alters the kinetics of
diffusion-controlled processes in these UFG materials. For e.g., Fe-Cr
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alloy processed by high pressure torsion exhibits enhanced oxidation
resistance due to the accelerated formation of CryOs3 passive layer [10].
A significantly enhanced diffusivity along the moving recrystallization
front has been demonstrated for UFG Ni [11]. Activation energies of
grain growth are significantly lower in CoCrFeMnNi alloys processed by
SPS (d ~ 180 nm) than CoCrFeMnNi produced by liquid melting route (d
~ 20 pm) [12].

A large portion of the diffusion literature deals with the atomic
transport in single crystalline and CG materials. The kinetic measure-
ments in UFG materials have been sporadic and limited to using radio-
tracer approach. The influence of type and number of GBs during
interdiffusion has not been detailed in the reported literature. Interdif-
fusion between metals and alloys is frequently encountered in engi-
neering components and devices, which is often an assembly of different
types of materials, for e.g. in flip-chip technology [13], bond coating
[14], production of NbsSn superconductors[15], nano tubes and lami-
nate structures [16]. The development of interdiffusion zone (IDZ) is
expected to be altered with the change in microstructure of one or both
the end members, which can affect the interface properties in relevant
applications. This has motivated us to carry out systematic in-
vestigations of ultrafine microstructure on interdiffusion-driven phase
transformations.

A novel use of sandwich diffusion couple methodology is proposed,
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where a low melting metal is sandwiched between the CG and UFG
samples of a high melting point (Ty,) metal/alloy. This is schematically
presented in Fig. 1. The use of low melting point metal would ensure
development of reasonable width of IDZ even at low temperatures, while
the use of high melting material in CG and UFG states would guarantee
absence of grain growth during annealing. Since the entire set-up is
annealed together in a fixture, identical heat treatment conditions are
ensured minimizing any experimental uncertainties.

In the present study, pure Ni (T, = 1450 °C) and pure Sn (T, = 232
°C) are chosen as high melting and low melting materials, respectively.
Interdiffusion of Sn and transition metals (TMs) play an important role
in electronic applications and has been widely studied. For e.g. Ni is used
as a diffusion barrier layer in flip-chip packaging to prevent the inter-
action of Cu interconnects and Sn (which comes from the solder), via the
formation of the NizSny4 intermetallic phase [17]. Z. Chen et al. [18]
demonstrated the formation of Ni3Sn4 is preceded by appearance of an
amorphous layer if special Ni microcone structures are used instead of
electroplated Ni in Ni/Sn diffusion couples. The insertion of amorphous
Co-W barrier layer has proven to be effective to prevent interdiffusion
between Cu and Sn[19]. The number of intermetallic phases in inter-
diffusion zone of Au/Sn system decreases with decrease in temperature
due to kinetic constraints [20]. A systematic influence of UFG structure
on the growth behaviour of Ni/Sn diffusion couples, as studied in pre-
sent work, can provide deeper insights in understanding the role of GBs
on interdiffusion driven phase transformations. For a complete investi-
gation, three types of Ni samples are chosen, for the sandwich diffusion
couple, produced by arc melting (AM), cold rolling (CR) and spark
plasma sintering (SPS).

2. Materials and methods

In this study, pure Ni samples have been prepared by arc melting
(AM), cold rolling (CR), and spark plasma sintering (SPS), which
resulted in varied microstructures. High-purity Ni and Sn pieces were
arc melted under a controlled Ar atmosphere. The arc melted (AM) Ni as
a 20x7x7 mm rectangular bar was multi-pass cold-rolled (CR) to 80%
thickness reduction using laboratory rolling equipment (SPX precision
equipment, Fenn division, USA). Alongside, High-purity Ni powder was
ball milled for 10 h (h) followed by spark plasma sintering (SPS) (SCM
1050; Sumitomo Coal Mining Co, Ltd Japan) at 850 °C. CR-Ni and SPS-Ni
specimens were annealed in an Ar atmosphere at 200 °C for 168 h to
ensure the thermal stability of the microstructures during diffusion ex-
periments. A reaction layer was sandwiched between the two end
members of the same material having different microstructures (Fig. 1),
and the assembly was subjected to diffusion annealing. The use of such a
setup ensured that comparisons were made under identical conditions
and reliable correlations were obtained. Two sandwich diffusion couples
namely a) Ni*/Sn/Ni® and b) Ni*™/Sn/Ni%?S, were prepared and
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Fig. 1. Schematic of the sandwich diffusion couple methodology.
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annealed at 200 °C for 96 h for phase growth analysis at each of the
interfaces.

Prior to interdiffusion annealing, the Ni*™/Sn/Ni® and Ni*™/Sn/
NiSPS sandwich diffusion couples were hot compacted at optimized
conditions to ensure initial uniform bonding all over the interfaces. As
depicted in Fig. 1, the sandwich diffusion couple was placed between the
molybdenum foils to avoid diffusion with the stainless fixture, and the
setup was annealed at 200° C for 96 h in an Ar atmosphere using a SiC
furnace with a temperature accuracy of 4 1°. The microstructure of the
as-processed and annealed samples, and the phases developed in the
interdiffusion zones (IDZs) were analyzed using scanning electron mi-
croscopy (SEM) (JEOL-JSM 7800 F), electron probe microanalysis
(EPMA) (JEOL JXA-8530 F) and electron backscattered diffraction
(EBSD) (EDX-AMETEK Inc., USA).

3. Results and discussion
3.1. Microstructure of as-processed samples

The differences in the microstructure of AM, CR, and SPS Ni are
highlighted in the EBSD IPF maps (Fig. 2((a)-(c)) and corresponding
misorientation angle distribution plots (Fig. 2((d)-(f)). The Ni*M shows a
coarse-grained (CG) structure (grain size, d ~ 200 ym) with high angle
boundaries (HABs) fraction of ~0.145 (Fig. 2a, d). Fig. 2b illustrates that
Ni“R develops a typical elongated morphology with grain width i.e. HAB
spacing along the ND ~5 um. The predominance of low angle bound-
aries (LABs) in NiR is reflected in the misorientation distribution plotin
Fig. 2e. An ultra-fine grained (UFG), nearly equiaxed microstructure
with d ~ 320 nm is obtained in NiS%® (Fi g. 2¢). The UFG microstructure
is consistent with a significantly high fraction of HABs (Fig. 2f). The un-
indexed pixels in the NiS"S (Fig. 2¢) are due to the presence of residual
porosity (< 8%).

Since the microstructures of end members must remain thermally
stable during the diffusion annealing, Ni® and Ni®?® samples have been
pre-annealed at 200 °C for 168 h before the diffusion experiments. The
microstructures of the pre-annealed Ni‘® and Ni’"® samples are dis-
played in IPF maps (Fig. 3(a,b)). The misorientation angle distribution
plot of pre-annealed Ni®in Fig. 3c manifest the dominance of low angle
grain boundaries analogous to Ni® in fig2e. The grain size and the
fraction of HAB in the pre-annealed NiSFS sample (Fig. 3(b,d)) matches
with the NiSP® (Fig. 2(c,f)). Therefore, the EBSD analysis negates
microstructural evolution or grain growth during this heat treatment.

3.2. Phase formation in the Ni*M/Sn/ Ni°R and Ni*™/sn/ NiP
sandwich diffusion couples

Fig. 4a) and b) show the BSE micrographs and the corresponding
composition profiles of the IDZs in the Ni®™/Sn/ Ni® and Ni*™/Sn/
NiSPS sandwich diffusion couples annealed for 200 °C/96 h. The
compositional contrast indicates the evolution of a single phase across
both interfaces. Several EDS line scans at both the interdiffusion zones
(IDZs) have been carried out and the compositions obtained are as fol-
lows: 56-59 at% and 41-44 at% of Sn and Ni, respectively; thus con-
firming the formation of a Ni3Sny4 intermetallic phase.

The formation of Ni3Sn4 at the interface of Ni/Sn diffusion couples
has also been observed in the literature [21,22]. In the Ni-Sn binary
phase diagram, three intermetallic phases are observed at 200 °C,
namely, Nis3Sn, NizSnjy, and NigSns [23]. However, at each of the in-
terfaces in our studied diffusion couples, only Ni3Sny is obtained. This
remarkable difference can be attributed to the fact that the diffusion
annealing temperature (200 °C) corresponds to a significantly larger
homologous temperature for Sn (0.9 Ty, Ty, is the melting point) than
for Ni (0.3 Ty). This implies that Sn diffusivity is much higher compared
to Ni, and hence results in the preferential evolution of the Sn-rich
NisSn4 phase.
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Fig. 2. EBSD ((a)-(c)) IPF maps and ((d)-(e)) the misorientation angle distribution plots of ((a),(d)) NiM, ((b),(e)) Ni®? and ((c),(f)) Ni*"® (RD: rolling direction; TD:

transverse direction).
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Fig. 3. EBSD ((a), (b)) IPF maps and ((c), (d)) the misorientation angle distribution plots of (a) NiR 200°C,168 h and (b) Ni’*® 200°C,168 h (RD: rolling direction;

TD: transverse direction).

3.3. Kinetics of NisSny phase growth

The kinetics of NizSn4 growth have been shown to follow a parabolic
growth law in the literature for Ni/Sn diffusion couples [21,22]. To

confirm the nature of phase

growth for Ni®®/Sn, additional diffusion

annealing for time intervals of 144, 192, and 216 h have also been

carried out for Ni®™/Sn/ Ni®®. The evolution of the NisSny phase with
time at the Ni°R/Sn interface is presented by plotting the variation of the



N.K. Chaitanya et al.

Materials Today Communications 35 (2023) 105843

100 ..:g:}\\[ :?\':(R .......... (b):
80F
X
3 6o0f
=
S wf
1] B
ok et triranest ereessesens o
0 10 20 30 40 50 60 70 80
Distance(um)
] SRS ISR R ()
80 .
X ] ——
R B S 1
g {\E: ;r'\llssnr-l o, "'.:::_32':' /\
2 40 et Gt 1
< H
20 : 1
5 e ]

0 20 40 60 80 100 120
Distance (um)

Fig. 4. ((a), (c)) BSE micrographs and the ((b), (d)) composition profiles of the ((a),(b)) Ni®™/sn/ Ni®®, ((c),(d)) Ni*/sn/ Ni"® sandwich diffusion couples,

annealed for 200 °C/96 h.

square of the average thickness (Ax?) with time (©) (Fig. 5a), which
confirms a parabolic growth. The value of the parabolic growth constant
(kp) is estimated from the slope of the plot as 5.1 x 10717 m?%/s.

The value of k;, for the growth of Ni3Sny at different interfaces in the
present work and with the reported literature is compared in Fig. 5(b).
The k, at the AM-Ni/Sn interface is the least and agrees well with the
literature values [21,22] reported for the case of coarse-grained Ni used
in Ni/Sn interdiffusion. For the Ni’® interface, a slight increase in ky
value is observed, which can be attributed to the generation of LABs
during cold rolling. Such an increase in diffusivities has also been
observed by Divinski et al. [24] for the cold-rolled Ni, when analyzed
through the radiotracer approach. The k;, value at the NiSPS/Sn interface
is significantly higher than that estimated for the Ni**/sn and Ni’R/sn
diffusion couples. This can be understood in terms of the considerably
reduced grain size (~320 nm) of Nisps, which implies a considerably
high GB fraction. It is well established that the GBs offer a

high-diffusivity path [25] in solids when compared to the lattice. A large
GB area in NiSPS, therefore, leads to the increase in overall diffusion flux
and hence faster growth of the intermetallic phase.

4. Conclusion

Two sandwich diffusion couples- a) Ni*M/Sn/Ni’® and b) Ni*M/Sn/
Ni%"® were prepared and annealed at 200 °C for 96 h. The formation of
NisSns phase was confirmed at each interface. The parabolic growth
constant (kp) is estimated at each of the interfaces. A slight increase in
the k, value was observed at the NiR/Sn interface due to the LABs
created during the deformation. A significant increase in the k;, value for
NiSPS /Sn diffusion couple was observed, which was consistent with the
UFG structure, high HAB fraction, and enhanced diffusion flux. Thus, the
novel use of sandwich diffusion couple methodology to investigate
structure-kinetics correlation during interdiffusion-driven phase
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Fig. 5. a) phase growth kinetics of NizSn4 phase at the Ni®®/Sn interface b) (Ax)%/t vs NisSny at different interfaces annealed at 200 °C, 96 h.
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transformations was demonstrated in the present work.
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