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A B S T R A C T

Intermetallic compound (IMC) formation significantly impacts the reliability of lead-free solder joints, with trace 
elements like Ni and Zn offering potential to control IMC growth. However, the mechanisms by which trace Zn 
influences microstructural evolution and interfacial reactions remain underexplored. This study examines 
microstructural evolution and interfacial behaviour in five Sn–Cu–Zn solder alloys (0–1 wt% Zn). Zn destabilises 
the eutectic interface, producing cellular morphologies with mixed eutectic at cell centres and CuZn IMCs in 
interdendritic regions. Even trace Zn notably affects solidification by reducing undercooling and altering β-Sn 
growth. While trace Zn has limited effect on suppressing η-Cu6Sn5, ε-Cu3Sn, or Kirkendall voids on Cu, it reduces 
IMC thickness, indicating growth inhibition. Adding ≥ 0.8 wt% Zn reduces IMC thickness at 150 ◦C by 68.5 % 
after 1000 h, from ~ 16.5  µm (Sn–Cu) to ~ 5–5.5  µm, also lowering void growth. The presence of a thin 
γ-Cu5Zn8 layer (<100 nm) at the interface substantially alters the nucleation, growth, and morphology of the 
η-phase. Phase-field simulation helped explain the experimental observations indicating thin γ-Cu5Zn8 formation 
at the solder-substrate interface that enhanced nucleation of η-Cu6Sn5 but reduced the growth kinetics of η and ε 
phases by creating a diffusion barrier for Cu atoms.

1. Introduction

The push to eliminate lead (Pb) in consumer electronics has driven 
significant advancements in lead-free solder technology over the past 
two decades. Traditional Sn–37Pb solder, widely used for its excellent 
soldering properties, was phased out due to environmental and health 
concerns, as mandated by global regulatory frameworks such as the 
Restriction of Hazardous Substances (RoHS) directive [1–5]. Among the 
proposed alternatives, eutectic Sn–Cu solder (Sn–0.7 wt% Cu) has 
emerged as a strong candidate, particularly for wave soldering appli
cations. Its wide adoption is attributed to its excellent solderability in 
industrial-scale production and its cost-effectiveness compared to Ag- 
containing alloys, such as Sn–Ag and Sn–Ag–Cu (SAC) systems [6].

Despite its advantages, the Sn–Cu solder alloy poses significant 
challenges compared to traditional Sn–Pb solder. Issues such as the 

formation of Kirkendall voids [7–10], difficulty in nucleating the pri
mary β-Sn phase [11], accelerated intermetallic compound (IMC) 
growth [2], and the spalling of interfacial IMCs [12,13] are particularly 
pronounced in high-temperature applications exceeding 125 ◦C. These 
limitations underscore the need for an in-depth understanding of the 
alloy’s solidification behaviour and microstructural evolution to 
improve its performance and reliability. Extensive research has been 
devoted to characterising the solidification processes in Sn–Cu alloys, 
focusing on the nucleation and growth of primary β-Sn and the eutectic 
β-Sn + η-Cu6Sn5 phases [14]. The eutectic reaction, L → β-Sn +
η-Cu6Sn5, dominates the Sn–Cu system and plays a crucial role in 
determining the alloy’s microstructure and mechanical properties. To 
mitigate some of the inherent drawbacks of the Sn–Cu eutectic, re
searchers have explored the addition of trace elements such as Pb, Ag, 
Bi, Ni, and Zn [15–19]. These studies reveal that trace element additions 
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can destabilise the eutectic interface, leading to cellular eutectic struc
tures and modifying microstructural features.

Besides the bulk solidification behaviour of the solder, the interfacial 
reactions at the solder/substrate interface play a crucial role in ensuring 
the reliability and mechanical integrity of solder joints [20,21]. The 
nucleation and growth of IMCs at this interface are critical factors that 
influence the performance of microelectronic packages. In the case of 
Sn-based solders on Cu substrates, two primary IMCs, Cu6Sn5 (η phase) 
and Cu3Sn (ε phase), are known to nucleate heterogeneously during 
soldering [22]. These IMCs form within milliseconds during the early 
stages of reflow and quickly develop into continuous layers. The thick
ness, morphology, and crystallography of these interfacial Cu–Sn IMCs 
significantly affect solder joint reliability [23,24]. Notably, the hexag
onal η-phase (space group P63/mmc) transitions to its monoclinic ηʹ- 
phase (space group C2/c) at 186 ◦C, generating internal stresses in the 
solder joint that compromise its mechanical performance [24,25]. 
Studies have suggested that stabilising the η-phase over a broad tem
perature range could improve joint strength and durability [26]. Trace 
additions of elements such as Au, Ni, and Zn have been shown to sta
bilise the η-phase from –80 ◦C to 240 ◦C, over extended periods, pre
venting its transformation to ηʹ-phase [27–30].

In addition to stabilising the η-phase, specific trace elements can 
suppress the formation of the ε-phase, thereby mitigating the formation 
of Kirkendall voids and enhancing joint reliability [31–33]. For instance, 
Al, Ag, Bi, Cr, In, Ni, and Zn have been shown to influence interfacial 
IMC formation and bulk solder microstructure through mechanisms 
such as solute segregation, diffusion barrier formation, and altered 
thermodynamic stability [12,34–38]. Ni and Zn, in particular, exhibit 
high solubility in the η-phase and effectively alter interfacial reaction 
kinetics, often leading to refined and more stable microstructures. Ni 
additions typically result in the formation of (Cu,Ni)6Sn5 and suppress 
ε-IMC growth [39], while Ag refines the eutectic microstructure and 
enhances creep resistance in Sn-based solder [40,41]. Trace Zn additions 
have been reported to enhance shear strength and reduce crack propa
gation by refining the IMC morphology and limiting the growth of brittle 
phases at the solder/Cu interface [42]. Bi and In are known to improve 
wetting and reduce undercooling [43], and Al has been reported to form 
thermally stable IMCs that can act as diffusion barriers, thereby 
contributing to reduced IMC layer growth and enhanced joint reliability 
[8]. However, excessive concentrations of these elements may lead to 
the formation of undesirable secondary IMCs, which can negatively 
impact mechanical and thermal performance [12,34]. Despite these 
advances, the underlying mechanisms governing the suppression and 
modification of interfacial IMCs by trace Zn additions remain insuffi
ciently understood, particularly in relation to their impact on nucle
ation, grain coarsening, and interfacial energy modulation.

This study addresses critical knowledge gaps by systematically 
investigating the role of Zn in the solidification and interfacial reactions 
of Sn–Cu–Zn solder alloys. Using model (Sn–Cu)–xZn/Cu systems, the 
effect of Zn on the development of both the as-solidified microstructure 
and the solder-substrate interfacial IMCs is explored. A mechanistic 
hypothesis is proposed wherein trace Zn alters the interaction between 
elements due to its affinity for Cu atoms. This may significantly alter the 
diffusion pathways, thermodynamics and kinetics of IMC formation. 
Especially, the formation of a thin Cu-Zn based intermetallic layer at the 
solder/Cu interface can significantly retard the formation of detrimental 
Cu-Sn based IMCs such as η and ε by creating a diffusion barrier and 
limiting Cu transport during prolonged thermal exposure. Advanced 
characterisation techniques are used to analyse the microstructures and 
reaction layers after reflow and aging to identify the nature and kinetics 
of IMC phases formed due to trace Zn addition. To complement and 
explain the experimental results, phase-field simulations are employed 
to clarify the phase formation and provide insight into the nucleation, 
growth, and evolution of interfacial IMCs. The simulations helped reveal 
how Zn influences solute gradients, phase stability and inhibit growth of 
specific IMCs, thereby clarifying the role played by Zn in the modified 

solder/substrate interactions. Together, the combined experimental and 
computational approach provides a comprehensive framework for 
designing high-reliability, Pb-free solder alloys for demanding thermal 
environments.

2. Materials and methods

2.1. Solder alloy preparation

Binary Sn–0.7Cu and ternary (Sn–0.7Cu)–xZn (x = 0.2, 0.5, 0.8, 1.0 
wt%) solder alloys were prepared using commercially available high- 
purity metals (99.99 % Sn, Cu, and Zn). The required amounts of 
these elements were weighed using an analytical balance (precision ±
0.001 g) to ensure precise composition control. The weighed metals 
were placed in a high-temperature alumina crucible and melted in an 
electric resistance furnace set at 380 ± 3 ◦C. To ensure homogeneity, the 
molten alloy was mechanically stirred for 10 min using a zirconia-coated 
rod. The melt was maintained at the target temperature for an additional 
60 min to allow complete dissolution of the alloying elements (espe
cially Cu) and to stabilise the composition. The molten alloy was then 
cast into cylindrical ceramic mould with an inner diameter of 10 mm 
and a height of 20 mm. The cast samples were allowed to cool to room 
temperature under ambient conditions.

2.2. Solidification temperature measurement

Solidification temperatures were measured using a K-type calibrated 
thermocouple connected to a multichannel data logging system. Cooling 
curves were recorded during solidification to determine undercooling 
and nucleation temperature for phase transformations. Samples were 
cold mounted in resin for microstructural analysis. Phase trans
formations were further investigated using Differential Scanning Calo
rimetry (DSC). Approximately 25–30 mg of each alloy was selected, and 
DSC was performed between 25 ◦C and 250 ◦C under heating and 
cooling rates of 1 ◦C/min. This process was repeated three times to 
ensure repeatability and accuracy of the results. The Mettler Toledo DSC 
822, calibrated for temperature and enthalpy, was used for this analysis, 
and no flux was employed during these experiments.

2.3. Preparation of solder samples

Cu-coated FR4 substrates were cut into 5 mm square plates, with a Cu 
thickness of 35 μm. Before reflow soldering, the substrates were cleaned 
sequentially with isopropyl alcohol (IPA), acetone, and deionised water 
to ensure a contaminant-free surface. For each solder alloy, 0.010 ±
0.003 g of material was cut from the solidified ingot, cleaned, and coated 
with a thin layer of Henkel LF318 flux. A solder layer, with a maximum 
thickness of 1 mm, was applied to the substrate, as shown in Fig. 1.

The soldering process was carried out in a benchtop reflow oven 
(MRO 160). The reflow profile consisted of a preheating stage at 140 ◦C 

Fig. 1. Schematic cross-sectional geometry of the Sn–0.7Cu/Cu and (Sn- 
0.7Cu)–Zn/Cu samples.
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for 150 s, followed by soldering at 260 ◦C for 60 s. After reflow, the 
solder joints were cooled to room temperature in air, and any residual 
flux was removed using acetone.

To simulate high-temperature service conditions, the samples were 
subjected to accelerated aging by heating in air at 150 ◦C for durations 
ranging from 1 to 1000 h. The aging experiments align with accelerated 
thermal aging standards, such as JEDEC JESD22-A103 (High Temper
ature Storage Life, HTSL). This thermal treatment allowed for the study 
of IMCs formation and growth kinetics under solid-state conditions, 
providing insight into long-term behaviour and reliability of the solder 
joints.

2.4. Identification and measurement of IMCs

Following aging experiments, samples were sectioned and polished 
to obtain smooth surfaces for microstructural investigation. Initially, 
specimens were sectioned using a precision saw and then polished 
sequentially with SiC papers followed by diamond suspensions (3 μm 
and 0.05 μm) to achieve a mirror finish.

Microstructural analysis was performed using a ZEISS Axio Lab. A1 
optical microscope for low-magnification imaging and an FEI Quanta 
field emission gun scanning electron microscope (FEG SEM) for higher- 
resolution imaging. The FEG SEM was equipped with energy-dispersive 
X-ray spectroscopy (EDS) for element identification.

For detailed analysis of IMCs, scanning transmission electron mi
croscopy (S/TEM) was conducted using a dual-beam focused ion beam 
(FIB-SEM) system (FEI Scios). Transmission electron microscopy (TEM) 
analysis was performed at 200 kV on a FEI Talos F200X microscope, 
equipped with a super-X EDS system consisting of four silicon drift de
tectors. High-angle annular dark-field (HAADF) and bright-field (BF) 
images were simultaneously acquired in STEM mode, while diffraction 
analysis was performed in conventional TEM mode to obtain crystallo
graphic information. X-ray diffraction (XRD) measurements were car
ried out using an Anton Paar XRDynamic 500 diffractometers equipped 
with Co Kα1/2 radiation. The sample height and flatness were carefully 
adjusted to ensure that the specimen surface was aligned with the go
niometer’s centre of rotation. Each scan was performed over approxi
mately 4 h to achieve sufficient signal quality.

The average thickness of the IMC layers at the solder/substrate 
interface was measured using the Zeiss AxioVision image analysis soft
ware. The reported IMC thickness values are the average of measure
ments taken from at least three different samples, with a minimum of 50 
individual measurements per sample. The error bars in the IMC thick
ness plots correspond to the 95 % confidence intervals.

For the top-view imaging of IMCs, the majority of the solder material 
was ground away, and the remaining solder was etched using 17 % nitric 
acid for approximately 30 min. This selective etching process allowed 
the visualisation of the IMC layer. The mean equivalent diameter of the η 
– Cu6Sn5 grains was calculated by counting the number of grains within 
the SEM images. The grain size was determined using the following 
equation: 

d =

̅̅̅̅̅̅̅
4S
πN

√

(1) 

where d is the mean equivalent diameter, S is the actual area of the SEM 
image and N is the number of grains observed within the image area.

2.5. Computer simulation of IMC formation at the solder/substrate 
interface

The simulation of microstructural evolution was carried out using 
the phase-field approach [44–47]. In this model, the phase-field vari
ables (φ) represent the fractions of different phases and grains within the 
system. The definitions are as follows: φ1 corresponds to the phase 
fraction of the solid, φN corresponds to the phase fraction of the liquid, 

and φj (j = 2,⋯,N − 1) represents the phase fractions of individual grains 
of the η-phase. In this framework, the region where φi = 1 indicates the 
bulk of the i − phase (or i th η grain), while the region where 0 < φi < 1 
corresponds to the interface or grain boundary adjacent to the i-phase 
(or i − η grain). The interface is thus treated as a finite region where a 
mixture of different phases or grains coexists. To ensure physical con
sistency, the phase-field variables at any position in the system are 
subject to the constraint: 

∑N

i=1
φi( x→, t) = 1 (2) 

The total free energy of the system (G), accounting for spatial in
homogeneities in the Zn composition and phase-field variables (φi, 
where i = 1, …, N), is formulated as a function of these variables and 
expressed through a volume (V) integral, as shown in equations (3)–(8)
[45]: 

∂G
∂V

= fP + fT + λφ

∑N

i=1
(φi − 1) (3) 

fP =
∑N

i=1
φifi(ci) (5) 

fT =
∑N

i=1

∑N

j=i+1
(−

ε2
ij

2
∇φi.∇φj + ωijφiφj) (6) 

∂G =

∫

V

[fP + fT + λφ

∑N

i=1
(φi − 1)]∂V (7) 

G =

∫

V

[
∑N

i=1
{φifi(ci) +

∑N

j=i+1
(−

ε2
ij

2
∇φi.∇φj + ωijφiφj)}

+ λφ

∑N

i=1
(φi − 1)]dV (8) 

where, λφ is the Lagrange multiplier for the constraint, fi(ci) is the 
chemical free energy density of i − phase that depends on the phase 
composition (ci), and εij and ωij are the boundary conditions (constant) 
along the IMC height, respectively. The parameters are associated with 
the interfacial energy between φi = 1 and φj = 1 phases (or grains).

The coexisting phases at a position in the interface region are 
assumed to have identical diffusion potential that is defined as the dif
ference between the chemical potentials of the constituent species (Eq. 
(9) [48]): 

δf1

δc1
=

δf2

δc2
= ⋯ =

δfN

δcN
= fʹ(x,φi) (9) 

The evolution of the composition field c( x→, t) (equation (10) and the 
phase fields φi( x→, t) with time is assumed to occur in such a way that 
total free energy of the system, G, decreases monotonically toward a 
minimum (equation (10) and (11), [48]): 

c( x→, t) =
∑N

i=1
ciφi (10) 

δc
δt

= − ∇. j
→

(11) 

With the flux j
→

given by [45,48]: 

j
→

= − Mc
(
c,φi,φj

)
(

δF
δc

)

(12) 

and evolution of the phase-field Eq. (13) [45]: 
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δφi

δt
= −

2
Np

∑N

i∕=j
χiχjL

(
c,φi,φj

)
(

δF
δφi

−
δF
δφj

)

(13) 

Here, Mc represents the atomic mobility, and L
(
c,φi,φj

)
is the relaxation 

coefficient associated with φi and φj, which can depend on c, φi and φj, 
and t denotes time. The parameters χi and χj are set to 1 when the 
respective phase is present and to 0 otherwise. Np represents the number 
of coexistent phases.

The stochastic nature of grain nucleation was modelled using a 
Poisson distribution (Pm) to represent the probability of “minus zero” 
events, as described in equation (14) and (15). This approach captures 
the inherent randomness of nucleation events, allowing for a more 
realistic simulation of the microstructure evolution. 

Pn = 1 − e− JvΔt (14) 

J = Joe
−

4πσ3(cosθ3 − 3cosθ+2)
3kT(ΔGV )

2 (15) 

where, Δt is the time interval, v is the nucleation volume, Jo is the 
nucleation frequency factor, σ is the energy of the solid/liquid inter
phase, k is Boltzmann constant, θ is the nucleation angle, T is the tem
perature and ΔGV is the driving force between crystal/liquid. Jo, σ and θ 
were set at 1.0 × 1029 m/s, 0.346 J/m2 and 296 K, respectively. ΔGV for 
each phase is calculated using the equations and parameters from the 
literature (Table 1). The crystalline phases nucleated were identified as β 
− Sn, η-Cu6Sn5, and γ-Cu5Zn8, and their nucleation probability was 
determined by the ΔGV .

The simulation domain consisted of 200 mesh elements along the X- 
axis and 90 meshes along the Y-axis, with each mesh having a size of 5 ×
10− 8 m. The Cu solid region was defined from meshes 0 to 32 along the 
Y-axis, while the liquid region occupied meshes 32 to 90, forming a 
solid/liquid interface layer between meshes 30 and 32. Neumann 
boundary conditions were applied to the top and bottom of the domain, 
while periodic boundary conditions were implemented along the sides. 
The incubation time, representing the period before nucleation and 
diffusion processes began, was set to 8 s [53]. All molar volumes were 
assumed to have a uniform value of 16.29 cm3/mol.

The equilibrium phase compositions (ca− bc) at the soldering tem
perature (523 K) during the incubation step are presented in Table 2. In 
this notation, a represents the phase, while bc denotes the interphase, 
where b is the predominant phase and c is the minority phase. These 
compositions were determined using the CALPHAD method [52,54]. 
The liquid phase is represented as L (solder), while the solid phases are α 
(Cu), η- and γ-IMC.

3. Results

3.1. Microstructural formation in Sn–Cu–xZn solder alloys

The solidification behaviour of the Sn–0.7Cu alloy system is domi
nated by the eutectic reaction L→β − Sn + η − Cu 6 Sn 5 at 227 ◦C. The as- 
solidified microstructure of Sn–0.7Cu (Fig. 2(a2-e2)) reveals primary 
β − Sn grains surrounded by a eutectic mixture of β − Sn + η − Cu 6 Sn 5. 
The eutectic growth in the Sn–Cu system exhibits two distinct mor
phologies: a fine eutectic structure, typically observed in the interden
dritic regions, characterised by closely spaced η and Sn phases; and a 
course, faceted η-phase morphology, which often forms at grain 
boundaries or in areas of slower solidification.

The addition of Zn significantly modifies the microstructural evolu
tion, as shown in Fig. 2(b2–e2). Even minor Zn additions alter the 
eutectic regions, with Zn incorporating into the η − phase and inducing a 
secondary solidification reaction. Insitu synchrotron radiography ob
servations [16] of the Sn–0.7Cu–0.15Zn alloy reveal the formation of a 
CuZn(Sn) phase during solidification, following the reaction L+
Cu6(Sn,Zn)5→β − Sn+ CuZn. The formation of CuZn phases typically 
requires a Zn content of ≥ 0.5 wt% in the solder alloy.

The microstructure evolves further as the Zn content increases. Al
loys with Zn additions in the range of 0.2–0.5 wt% exhibit a notable 
refinement of the eutectic structure and the appearance of CuZn-based 
IMCs. Although quantitative metrics are not applicable due to the 
fibrous eutectic morphology, refinement is established through micro
structural evidence showing reduced fiber continuity and increased 
phase dispersion. At 1 wt% Zn (Fig. 2(e2)), the microstructure is char
acterised by uniformly distributed eutectic and the formation of 
γ-Cu5Zn8 particles within the β − Sn matrix. These particles form via a 
quasiperitectic reaction: (L + η→CuZn + β − Sn; L + CuZn→β − Sn +

γ − Cu5Zn8; L + γ − Cu5Zn8→β − Sn + CuZn4) and ternary eutectic re
action (L→β − Sn+Zn+CuZn4) [16,55,56].

Detailed microstructural analysis of the 1 wt% Zn alloy reveals pri
mary γ-IMC particles at the centres of β − Sn dendrites (Fig. 2(e2)). 
Further observation indicates multiple γ particles within individual 
β − Sn grains, suggesting these IMCs may not serve as effective nucle
ation site for β − Sn, consistent with earlier findings for η − phase in 
similar systems [57]. These results emphasise the role of Zn in refining 
the eutectic morphology and influencing IMC distribution, thereby 
enhancing the alloy’s microstructural uniformity and potential soldering 
performance.

3.2. Thermal analysis results

The thermal behaviour of (Sn–0.7Cu)–xZn solder alloys was inves
tigated using cooling curves (Fig. 2(a1-e1)) and DSC (Fig. 3). These 
methods provided insight into the solidification and melting trans
formations of β − Sn and eutectic phases across varying Zn 
concentrations.

Heating and cooling transformations: The DSC traces for all solder 
compositions during heating and cooling cycles are presented in Figs. 3 
(a) and (b), highlighting endothermic peaks on heating and exothermic 

Table 1 
Parameters used for simulating IMC formation and growth during soldering at 
530 K from literature [46,49–52].

Phase Phase diffusion 
(m2/s)

Atomic mobility 
(m2/s)

Interphase energy 
(J/m2)

Solid (β-Sn) 2.0 × 10− 18 

[47,53]
− −

Liquid (Solder) 2.0 × 10− 12 

[47,53]
− −

η-Cu6Sn5 4.0 × 10− 17 [47] − −

η-Cu6Sn5 in liquid 2.0 × 10− 13 [47] 2.0 × 10− 6 [47] 0.100 [47,51]
η-Cu6Sn5 in solid 4.0 × 10− 15 [47] 1.4 × 10− 7 [47] 0.300 [47,51]
η-Cu6Sn5 grain 

boundary
4.0 × 10− 14 [47] 1.4 × 10− 7 [47] 0.300 [51,53]

γ-Cu5Zn8 2.6 × 10− 18 

[47,53]
− −

γ-Cu5Zn8 in liquid 1.3 × 10− 14 [47] 1.3 × 10− 7 [47] 0.121 [50,52,53]
γ-Cu5Zn8 in solid 2.6 × 10− 16 [47] 9.1 × 10− 9 [47] 0.076 [50,52,53]
γ-Cu5Zn8 grain 

boundary
2.6 × 10− 15 [47] 9.1 × 10− 9 [47] 0.150 [50]

Cu (solid)/Solder 
(liquid)

− − 0.346 [47, 52 50]

Table 2 
The equilibrium phase compositions for 
the initial step of the soldering 
simulations.

cL− Lη 0.977
cη− Lη 0.436
cL− αL 0.977
cα− αL 0.001
cγ− γL 0.710
cL− γL 0.977
cγ− γα 0.001
cα− γα 0.999
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freezing peaks on cooling. These peaks correspond to the melting and 
solidification of β − Sn and the eutectic phase, respectively. The onset 
temperatures for melting (TL) and solidification (TS) were recorded, 
revealing the influence of Zn addition on these transformations (Fig. 4 
(b)). The onset of melting (TL) decreased slightly with initial Zn addition 
but remained relatively stable for Zn levels between 0.2 and 0.8 wt%. 
However, the onset of solidification (TS) increased significantly 
compared to the Zn-free Sn–Cu alloy, indicating improved nucleation 
behaviour. A distinctive low-temperature peak (~198 ± 1 ◦C) observed 
in the 1 wt% Zn alloy thermograms (marked in Fig. 3) corresponds to the 
solidification of the CuxZn1-x. The small magnitude of this peak suggests 
the limited presence of this phase in the alloy, consistent with 

expectations.
Undercooling and nucleation behaviour: Cooling curve de

rivatives (Fig. 2(a1-e1)) revealed major nucleation events during so
lidification. Zn addition up to 0.8 wt% markedly reduced the 
undercooling required for β − Sn nucleation. Fig. 4(a) shows the nucle
ation temperature increasing with Zn content, with a notable decrease in 
undercooling for compositions between 0.2 and 0.8 wt% Zn. However, 
the addition of 1 wt% Zn slightly increased undercooling for β − Sn 
nucleation, possibly due to the formation of primary γ-phase that reduce 
the availability of Zn solute for nucleation. The nucleation undercooling 
(ΔT = TL − TS) calculated from DSC traces confirms this trend. Zn ad
ditions reduced ΔT significantly by 35–40 ◦C, indicating a pronounced 

Fig. 2. (a1-e1) Cooling curves recorded during the solidification of Sn–0.7Cu and (Sn–0.7Cu)–xZn alloys (x = 0.2, 0.5, 0.8, and 1 wt%) highlighting nucleation and 
phase transformation events. Corresponding micrographs illustrate the microstructure of (a2) Sn–0.7Cu, (b2) (Sn–0.7Cu)–0.2Zn, (c2) (Sn–0.7Cu)–0.5Zn, (d2) 
(Sn–0.7Cu)–0.8Zn, and (e2) (Sn–0.7Cu)–1.0Zn alloys, showcasing the evolution of primary β − Sn, eutectic regions, and Zn-modified IMCs with increasing Zn content. 
EDS analysis confirmed the presence of these phases. (f) XRD analysis of all solder samples, confirmed presence of the CuZn and Cu5Zn8 IMCs.
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effect on β − Sn nucleation. In the Zn-free Sn–Cu alloy, a large temper
ature difference between solidification and melting was observed, 
reflecting higher undercooling requirements. Zn additions mitigate this, 
enhancing nucleation by lowering the energy barrier for β − Sn 
formation.

Role of Zn in promoting nucleation: Zn promotes nucleation 
through two potential mechanisms. First, ZnO particles introduced by 
Zn additions may act as potent nucleation sites for β − Sn [58]. The 
orientation relationship between β − Sn and ZnO, reported in previous 
studies, demonstrates excellent lattice matching: [100]β − Sn ‖

[1213]ZnO with a misfit of 5.29 % and (011)β − Sn ‖ (1010)ZnO with a 
mismatch of 1.24 % [16]. These findings support the hypothesis that 
ZnO enhances nucleation. Second, Zn acts as a growth-restricting solute, 
creating constitutional undercooling that facilitates the nucleation of 
β − Sn [34]. This dual role of Zn in modifying the solidification pathway 
highlights its critical influence on the microstructural evolution of 
(Sn–0.7Cu)–xZn solder alloys.

3.3. Liquid–state reaction between solder and substrate

Fig. 5 presents detailed micrographs of the as-reflowed solder joints, 
revealing the microstructural evolution during the reflow process. In the 
Sn-0.7Cu solder matrix, the β − Sn dendrites are surrounded by a eutectic 
mixture of Cu6Sn5, similar to the as-solidified microstructure of the 
solder alloy. A relatively thin nodular IMC layer forms at the solder/ 
substrate interface during the reflow process. EDS analysis (Fig. 5(a)) 
indicates that a layer of η-phase, approximately 3 µm thick, forms 
rapidly at the interface in the Sn-0.7Cu/Cu system. Furthermore, ε-IMCs 
may also form at the interface of the solder and Cu substrate.

The formation of the IMC layer is predominantly heterogenous and 
random, as evidenced by the irregular growth of the η-IMC at different 
sites. The rapid formation of the ε-IMC (as shown later in Fig. 7, the layer 
is ~ 90  nm thick) in the partially molten solder suggests that the rate of 
nucleation and growth is extremely high in the liquid state. The presence 
of the ε-IMC is particularly significant, as it is known to influence the 
long-term reliability of solder joints by affecting the mechanical prop
erties and thermal stability.

When Zn is introduced into the Sn-0.7Cu solder, the interfacial IMC 

Fig. 3. DSC traces for (Sn–0.7Cu)–xZn alloys recorded at a scan rate of 1 K/min: (a) heating curves showing phase transformation temperatures and (b) cooling 
curves highlighting solidification events.

Fig. 4. Summary of thermal analysis results: (a) nucleation temperatures extracted from cooling curves in Fig. 2, and (b) melting, solidification, and undercooling 
temperatures (ΔT = TL − TS) derived from the DSC traces in Fig. 3.

H.R. Kotadia et al.                                                                                                                                                                                                                             Materials & Design 260 (2025) 115219 

6 



layer becomes finer, and the growth of long IMC particles at the interface 
is suppressed. This effect is clearly shown in Fig. 5(c) to (e), where the 
microstructure of the reflowed solder joints with varying Zn content 
exhibits a reduction in the size and elongation of the interfacial IMC 
particles. EDS analysis of these samples confirms the incorporation of Zn 
into the interfacial η-IMC (called the Cu6(Sn, Zn)5 IMC henceforth). As 
shown in Table 3, the Zn concentration in the interfacial IMC increases 
with the Zn content in the original solder matrix. Specifically, the Zn 
concentration ranges from 0.4 to 2.64 at. %, as the Zn content in the 
solder increases from 0.2 wt% to 1 wt%. This finding supports the idea 
that Zn plays a crucial role in modifying the interfacial IMC structure by 
enhancing the dissolution of Zn in the η- phase.

3.4. Solid–state reaction between solder and substrate

Following the initial formation of η- and ε-phases during the liquid- 
state reaction between Sn and Cu, thermal aging promotes further Sn 
and Cu interdiffusion, which leads to the growth of these phases at the 
solder/substrate interface. The growth of the η phase is facilitated by the 
diffusion of Cu through the existing ε- and η-phases, reacting with Sn at 
the η/Sn interface, while Sn diffuses through the η-phase and reacts with 
Cu at the ε/η interface. Similarly, the growth of the ε-phase occurs as Cu 
and Sn diffuse through the η and ε-IMC, reacting at the ε/η interface, 
with Sn also diffusing through ε to react at the Cu/ε interface. At 150 ◦C, 
Cu interstitial diffusion is expected to dominate, while at higher tem
peratures (≥ 180 ◦C), Sn vacancy diffusion is favoured [23]. During the 
solid-state aging process, the grain boundaries act as channels within the 
IMC layer serve as the primary diffusion pathways for IMC growth, 

Fig. 5. Cross-sectional microstructure of solder/substrate interfaces for as (a1) − (e1) reflowed and (a2)-(e2) thermally aged (150 ◦C for 1000 h) samples. Arrows in 
high magnification image of (a2)–(c2) indicate Kirkendall voids and cracks observed at the interfaces.

Fig. 6. Evolution of IMC layer thickness with aging time at 150 ◦C: (a) ε-Cu3Sn, (b) η-Cu6Sn5/Cu6 (Sn,Zn)5, and (c) total IMC thickness. Data points affected by 
spalling were excluded from the analysis.
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suggesting that the grain morphology and the area percentage of grain 
boundaries are critical factors in determining the behaviour of IMC 
growth.

Fig. 5 summarises typical aged microstructures after thermal aging at 
150 ◦C for 1000 h. As shown, the microstructure of the unmodified Sn- 
0.7Cu solder alloy is compared with that of the modified alloys. Micro- 
cracks along the ε/Cu interface were observed in the Sn-0.7Cu, (Sn- 
0.7Cu)-0.2Zn, and (Sn-0.7Cu)-0.5Zn solders after 1000 h of aging. The 
interfacial region in Fig. 5 reveals Kirkendall voids and cracks marked by 
arrows in Figs. 5(a) to 5(c). In particular, Fig. 5(a) shows a complete 
debonding with excessive growth of both η and ε-IMCs. High- 
magnification TEM images in Fig. 7(c) confirm this observation, where 
the crack location is highlighted. In contrast, Figs. 5(d) and 5(e) show 
significantly fewer interfacial voids and no evidence of extended coa
lescence of these voids (as further confirmed in high-magnification 
interfacial images in Fig. 7(d), explored systematically below in Sec
tion 3.5). These differences suggest that Zn addition reduces the growth 
of interfacial voids, which is critical for improving solder joint 
reliability.

The Kirkendall effect, a phenomenon resulting from the unequal 
diffusivities of Sn and Cu in the diffusion couple, leads to a 

supersaturation of lattice vacancies, particularly during the η to ε-IMCs 
transformation. The presence of Kirkendall voids is an important indi
cator of this effect, which can negatively impact the mechanical integ
rity of the solder joint. The addition of Zn effectively suppresses the 
formation and growth of these voids, reducing the detrimental effects of 
the Kirkendall effect.

Quantitative analysis of the IMC thickness data, shown in Fig. 6 and 
summarised in Table 4, reveals the impact of Zn addition on the IMC 
growth behaviour during solid-state aging. In the Sn-0.7Cu/Cu system, 
the total thickness of the η and ε-IMC layers increases significantly with 
aging, growing from approximately 3 µm to 8 µm after 250 h. The aspect 
ratio (height/diameter) of these IMCs increases with higher Zn content 
in the solder after reflow. However, during aging, this trend reverses as 
Zn suppresses both the growth (thickness) and coarsening of the IMCs. 
Notably, the addition of 0.8 wt% Zn leads to a reduction in IMC thick
ness, with an even more pronounced effect observed at 1.0 wt% Zn. This 
indicates that Zn inhibits the growth of interfacial IMCs, thereby miti
gating potential embrittlement caused by the thickening of the IMC 
layers during aging.

The growth of the ε-IMC layer is significantly suppressed in the 
presence of Zn, even after 1000 h of aging. As seen in Figs. 5(d) and 5(e), 
the growth of the combined ε + η IMC layer is most effectively restricted 
by the addition of 1.0 wt% Zn. This observation highlights that 1 wt% Zn 
is the most effective composition for reducing the growth of the inter
facial IMC layers during thermal aging. The growth kinetics of the IMCs 
follow diffusion-controlled Fick’s law, expressed as: 

d = (Dt)1/2 (16) 

where d is the average thickness of the IMCs, D is the diffusion-related 
growth rate constant, and t is the aging time. The values of D for the 
ε, η, and total IMCs are summarised in Table 5. It is evident that the 
diffusion coefficient D decreases with increasing Zn concentration in the 
solder, further supporting the conclusion that Zn inhibits the growth of 
interfacial IMCs by restricting the diffusion of the constituent elements. 
This suppression of IMC growth is particularly advantageous for 
enhancing the long-term reliability of Sn-0.7Cu-based solder joints in 
electronic applications.

Fig. 7. TEM analysis of Sn-0.7Cu/Cu and (Sn-0.7Cu)-1.0Zn/Cu interfaces after reflow and aging at 150 ◦C: (a, b) Cross-sectional views of the as-reflowed samples 
show a ~ 100 nm thick γ-Cu5Zn8 IMC layer in the Zn-containing system; (c, d) Cross-sectional views after 1000 h aging reveal significant ε-Cu3Sn IMC growth and 
crack formation via Kirkendall voids in the Sn-0.7Cu system. In contrast, the Zn-containing solder exhibits a thinner ε − Cu3Sn IMC, reduced Kirkendall voids, and 
increased γ-Cu5Zn8 IMC thickness.

Table 3 
Chemical composition of interfacial η-Cu6Sn5 IMC in as-reflowed samples and 
after 1000 h of thermal aging at 150 ◦C.

Solder/Cu As-reflow (0 h) (at. %) 150 ◦C, 1000 h (at. %)

Sn Cu Zn Sn Cu Zn

Sn-0.7Cu/ 
Cu

46.26 
± 0.9

53.74 
± 1.4

− 35.90 
± 0.6

64.10 
± 0.7

−

(Sn-0.7Cu)- 
0.2Zn/Cu

47.39 
± 0.9

53.21 
± 1.1

0.4 ±
0.1

38.90 
± 0.8

60.21 
± 1.1

0.89 ±
0.5

(Sn-0.7Cu)- 
0.5Zn/Cu

43.44 
± 1.0

55.41 
± 1.7

01.15 
± 0.4

38.72 
± 1.2

59.82 
± 1.9

01.45 
± 0.3

(Sn-0.7Cu)- 
0.8Zn/Cu

44.02 
± 0.8

54.07 
± 1.3

01.91 
± 0.2

47.15 
± 1.9

50.20 
± 2.3

02.66 
± 0.8

(Sn-0.7Cu)- 
1.0Zn/Cu

42.29 
± 0.8

55.08 
± 2.4

02.64 
± 0.7

40.35 
± 2.1

55.30 
± 1.7

04.35 
± 1.1
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3.5. Detailed characterisation of interfacial IMCs with simulation results

The interfacial structure of the solder joints was investigated in- 
depth using STEM and phase-field simulations to study the evolution 
of IMCs during reflow and aging. SEM analysis revealed a relatively 
thick η-IMC layer at the solder-substrate interface after reflow, which is 
easily detectable, while the ε and CuZn IMCs, which form between the 
Cu substrate and the η-IMC, were often too thin to be observed with SEM 
alone. To overcome this limitation, detailed STEM analyses were 

performed on selected samples, which provided higher-resolution in
sights into the microstructure and the evolution of these phases over 
time.

STEM-EDS mapping (Fig. 7) identified two distinct IMCs in the Sn- 
0.7Cu/Cu system: η and ε phase. In contrast, the (Sn-0.7Cu)-xZn/Cu 
system exhibited a third IMC, γ- phase), which was found to form as a 
thin, undulant, scallop-shaped layer (<100 nm thick) directly at the Cu 
interface (Fig. 7(b) and Fig. 8(a)). The presence of this CuZn IMC layer 
significantly inhibits the growth of ε and η-IMCs, as it restricts Cu 
diffusion, which is essential for the formation of these phases. Further
more, Zn diffusion was observed to form CuZn at the interface, further 
blocking the flow of Sn from the solder to the Cu substrate, thus slowing 
the growth of ε- and η-phases (Fig. 7(b) EDS mapping). This phenome
non is corroborated by the STEM images presented in Fig. 8, where Zn 
and Sn elemental maps show the clear formation of CuZn at the interface 
(Fig. 8(c)).

Diffraction pattern analysis of the interfacial grains (Fig. 8(c)) 
revealed that the observed IMC phases (η, ε, and γ); match the predicted 
crystallographic structures, with diffraction patterns indexed to zone 
axes of < 0110 >, < 011 >, and < 511 >, respectively. Notably, the 
grains of the η- and ε-phases exhibit an orientation relationship of 
{200}//{1011}, though no distinct correlation was observed between 

Table 4 
Statistical analysis results for the total thickness, radius, and particle density of IMCs in (Sn–0.7Cu)–xZn/Cu samples, measured using the image analysis method.

Solder/Cu TotalIMCs thickness, h (µm)* IMC diameter, d (µm) Aspect ratio Number of particles (mm2)

Mean SD CV Mean SD CV h/d

After reflowing
(Sn-0.7Cu)/Cu 3.46 0.73 0.21 4.42 1.40 0.63 0.8 28,754
(Sn-0.7Cu)-0.2Zn/Cu 3.23 0.83 0.26 4.28 1.50 0.70 0.8 31,601
(Sn-0.7Cu)-0.5Zn/Cu 3.26 0.55 0.17 3.38 1.14 0.68 1.0 37,295
(Sn-0.7Cu)-0.8Zn/Cu 3.04 0.30 0.10 2.34 0.87 0.74 1.3 96,797
(Sn-0.7Cu)-1.0Zn/Cu 3.02 0.37 0.12 1.98 0.30 0.31 1.5 99,359
After aging at 150 ◦C for 1000 h
(Sn-0.7Cu)/Cu 16.67 0.84 0.05 9.54 1.35 0.28 1.7 20,071
(Sn-0.7Cu)-0.2Zn/Cu 15.91 0.72 0.05 7.52 1.25 0.33 2.1 25,338
(Sn-0.7Cu)-0.5Zn/Cu 12.06 0.54 0.04 6.24 1.05 0.34 1.9 34,021
(Sn-0.7Cu)-0.8Zn/Cu 5.66 0.80 0.14 5.17 0.86 0.33 1.1 62,491
(Sn-0.7Cu)-1.0Zn/Cu 4.96 0.40 0.08 4.58 0.56 0.24 1.1 82,562

*Total IMC thickness measured by using η-Cu6Sn5 + ε-Cu3Sn or Cu6(Sn, Zn)5 + ε-Cu3Sn IMCs; SD and CV stand for standard deviation and coefficient of variation, 
respectively.

Table 5 
Growth rate constants of IMCs (cm2/s) as a function of Zn concentration.

Solder/Cu ε-Cu3Sn η-Cu6Sn5 or Cu6(Sn, Zn)5 Total

(Sn-0.7Cu)/Cu 1.55 × 10− 17 6.05 × 10− 17 1.35 × 10− 16

(Sn-0.7Cu)-0.2Zn/ 
Cu

1.77 × 10− 17 4.30 × 10− 17 1.34 × 10− 16

(Sn-0.7Cu)-0.5Zn/ 
Cu

1.32 × 10− 17 1.59 × 10− 17 6.15 × 10− 17

(Sn-0.7Cu)-0.8Zn/ 
Cu

1.11 × 10− 18 1.95 × 10− 18 6.73 × 10− 18

(Sn-0.7Cu)-1.0Zn/ 
Cu

7.49 × 10− 20 7.39 × 10− 19 6.91 × 10− 18

Fig. 8. TEM images of the (Sn-0.7Cu)-1.0Zn/Cu interface, showing detailed microstructures with corresponding diffraction patterns for each individual IMC layer.
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the γ and Cu substrate grains, suggesting a more complex interaction at 
the interface.

To further analyse the morphology of the η-phase, selective etching 
was applied to expose the IMC layers following reflow (Fig. 9). The 
scalloped morphology of the η-phase is clearly visible, with individual 
grains separated by deep channels. This morphology typically forms 
during grain coarsening, not during nucleation [46]. Our phase-field 
simulation results support this observation, as they show a transition 
from prism-type η grains to the scalloped shape as reflow time increases. 
The simulations capture the grain boundary movement and surface 
diffusion processes that lead to this coarsening-driven transformation. 
The channels between the grains are attributed to grain boundary 
grooving, a thermodynamically driven phenomenon that occurs in sol
id–liquid couples. The varying angles of the grooves indicate the 
different crystallographic conditions of the grains.

The addition of Zn significantly influenced the formation of the η 
phase. As shown in Fig. 10, the number density of η grains increased 
with Zn content, and the coarsening of these grains was suppressed 
compared to the reference Sn-0.7Cu system during reflow and after 
thermal aging at 150 ◦C for 1000 h. This suggests that Zn plays a key role 
in limiting grain coarsening, which is crucial for the stability and reli
ability of the solder joint. In the phase-field simulations, Zn addition led 
to a larger number of smaller η grains, in contrast to the conventional Sn- 
0.7Cu solder, where larger grains are observed. These results are 
consistent with the experimental data and suggest that Zn limits the 
diffusion of Cu into the Sn matrix, thereby suppressing the growth of η 
and ε-IMCs.

In summary, both the experimental and simulation results demon
strate that the presence of γ-IMC at the interface significantly influences 
the nucleation and growth of ε and η-IMCs. The addition of Zn to the 

solder alloy not only enhances the number density of η grains but also 
prevents excessive grain coarsening, leading to more stable interfacial 
structures.

4. Discussion

This study combined experimental observations with phase-field 
simulations to reveal the influence of Zn on interfacial IMC nucle
ation, growth, and suppression in Sn-0.7Cu solder systems. The phase- 
field model accurately predicted phase evolution at the Cu interface, 
aligning well with experimental observation and validating the simu
lation’s reliability in capturing the effects of Zn on interfacial IMC 
evolution.

During reflow, Cu rapidly dissolves into the liquid solder until the 
solder becomes supersaturated at the Cu/liquid solder interface. This 
supersaturation, combined with the thermodynamic driving force, leads 
to the formation of Cu-Sn IMCs. The η-phase typically nucleates het
erogeneously within 65 ms [59], followed by growth at the interface 
[60]. At the fast-moving liquid Sn/Cu interface, η-phase IMCs often 
adopt a scalloped morphology. The morphology and growth kinetics of 
these scallops vary depending on the crystallographic orientation of the 
Cu substrate, with distinct differences reported for specific planes [23].

The top-view images in Fig. 9 and Fig. 10 reveal that η-phase grains 
nucleate randomly on the polycrystalline Cu substrate. Experimental 
evidence from this study suggests a crystallographic relationship be
tween η-phase grains and the commercial Cu-coated FR4 substrate of 
approximately < 0110 > // < 233 >. This relationship implies an 
angular misalignment of ~10◦ between the {233} plane of the cubic Cu 
substrate and the {111} plane of Cu. While prior studies using Cu single 
crystals have shown specific orientation relationships, such as {1010}/

Fig. 9. Comparison of experimental and phase-field simulation results for interfacial IMCs from side view and top view. (a) Sn-0.7Cu/Cu, (b) (Sn-0.7Cu)-0.5Zn/Cu, 
and (c) (Sn-0.7Cu)-1.0Zn/Cu systems in reflowed condition. Phase-field simulation results confirm the experimental observations, showing the formation of a γ- 
Cu5Zn8 IMC layer at the Cu interface and an increase in η-Cu6Sn5 IMC particle density in the Zn-containing solder. Note that IMCs results have been non- 
dimensionalised for the mathematical convenience.
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/{111} and {1120}//{001} [61], polycrystalline substrates offer 
insufficient time for preferred orientation development, resulting in 
random nucleation.

The experimental and phase-field results presented in this work 
(Fig. 9) highlight the role of the interfacial γ-IMC layer in promoting 
η-phase nucleation. The presence of this γ-IMC layer at the Cu interface 
enhances the nucleation potency of the η-phase, leading to significant 
refinement of η grains. Both the simulation and experimental data 
confirm this refinement effect. The γ-IMC layer also likely inhibits Cu 
diffusion into the Sn solder, constraining η grain growth. This inhibition 
is attributed to the strong chemical affinity between Zn and Cu, which 
forms a stable γ-phase that acts as a diffusion barrier. The findings 
emphasise the importance of the γ-IMC layer in controlling interfacial 
IMC growth and morphology.

This investigation suggests that nucleation and growth of different 
IMC phases operate simultaneously during the reaction temperatures 
investigated. Initially, during reflow, the rapid dissolution of Cu into the 
liquid solder provides an abundant Cu supply, enabling the quick growth 
of the η-phase IMC layer. In Sn-0.7Cu solder systems, the η-phase forms 
first, followed by the development of the ε-IMC layer. In contrast, the 
(Sn-0.7Cu)-xZn/Cu system generates a multi-layered structure 
comprising η, ε, and γ-IMCs. Once the Cu substrate becomes covered 
with an IMC layer, Cu diffusion through the IMC layer and along grain 
boundaries becomes the dominant mechanism for further IMC forma
tion. Grain boundaries and phase boundaries act as high-diffusivity 
pathways, with diffusion along these paths occurring much faster than 
lattice diffusion.

The η-phase grain size in reflow reaction follows t1/3 growth kinetics 
akin to Ostwald ripening, rather than the general diffusion-controlled 
parabolic t1/2 kinetics observed for the overall IMC layer growth [43]. 
The scalloped morphology of the η-phase observed experimentally, with 
curved grain boundaries and interfaces, aligns with models that incor
porate rapid grain boundary diffusion as the primary mass transport 
mechanism. This emphasises the critical role of grain boundary diffusion 
in shaping IMC growth during the early stages of soldering.

The presence of intermediate IMC layers, such as ε or γ, significantly 
affects the growth dynamics of the interfacial η-phase. These layers act 
as barriers, slowing Cu diffusion to the η-phase, thus impeding its 
growth. The γ-IMC layer, in particular, hinders rapid mass flux along η 
grain boundaries, altering the growth and coarsening kinetics of the 
η-phase. Experimental results (Fig. 10) confirm that η grains undergo 
coarsening during solid-state reactions, with an increase in average 
grain size over time reflecting the grain growth kinetics. The scalloped 
morphology of η-IMCs involves growth at the expense of neighbouring 

grains, characteristic of a ripening process. However, in the presence of 
Zn, the coarsening of η grains is significantly suppressed, as evidenced 
by both experimental and simulation data.

The addition of Zn to the solder alloy introduces further complexities 
to the diffusion process. Zn reduces Cu and Sn diffusion by forming the 
γ-phase layer at the solder-substrate interface, which acts as a barrier at 
the interface and between η-phase grains. This reduces the driving force 
for coarsening, resulting in a growth mode where grains developed 
vertically with minimal lateral coarsening. In contrast, systems without 
Zn experience enhanced Cu flux through grain boundary and triple 
junctions, which promotes horizontal growth of η grains until neigh
bouring grains meet. This leads to more significant coarsening during 
solid-state aging. Consequently, the addition of Zn not only refines the 
η-phase grain structure but also modifies the growth dynamics, 
favouring a more stable and less coarsened microstructure.

Following the nucleation and growth of the η-phase, the ε-phase 
emerges as the second IMC in the Sn-0.7Cu/Cu system. Our experi
mental analysis revealed a distinct two-layered structure of ε-phase 
grains (Fig. 7(a)). The first layer comprises columnar ε grains, oriented 
perpendicular to the Cu substrate. This columnar morphology likely 
originates from the steep temperature gradient during reflow, which 
directs heat transfer and facilitates anisotropic growth from the Cu 
substrate. The second layer features equiaxed ε-phase grains, which 
nucleate between the columnar grains and the Cu substrate.

During solid-state aging, additional ε grains nucleate and grow, 
forming new equiaxed ε layers at the Cu/ε and ε/η interfaces, as 
observed in Fig. 8(a). This behaviour is governed by the diffusion of 
reactive species, particularly Cu and Sn, and the reaction pathways 
available. Notably, ε-phase growth is significantly more pronounced in 
the Sn-0.7Cu/Cu system compared to the (Sn–0.7Cu)-xZn/Cu system. 
This disparity arises from differences in the supply of Cu and Sn, which 
diffuse via solid-state mechanisms. At 150 ◦C, the diffusion rate of Cu in 
the ε-phase is approximately three times that of Sn in the same phase 
[62]. For Sn atoms to contribute to the reaction, they must diffuse 
through the preexisting η and ε layers to reach the Cu/ε interface. In the 
Sn-0.7Cu/Cu system, the initial layer of columnar ε grains facilitates this 
diffusion by providing efficient channels for Sn transport. Consequently, 
new ε grains preferentially nucleate and grow at the triple junctions of 
columnar grain boundaries and the Cu/ε interface, a phenomenon also 
noted in prior studies [63].

In contrast, the presence of Zn in the (Sn-0.7Cu)-xZn/Cu system al
ters this dynamic. The γ-IMC layer, positioned between the Cu substrate 
and the ε-IMC, serves as a significant diffusion barrier. This layer re
duces the rate of Cu diffusion, while the absence or limited number of 

Fig. 10. (a) Particle density after reflow and aging at 150 ◦C for 1000 h, showing the change in the percentage of interfacial IMCs with respect to Zn concentration in 
the Sn-0.7Cu solder alloy. (b to e) SEM images of η-Cu6Sn5 IMC particles viewed from above before and after aging for Sn-0.7Cu/Cu and (Sn-0.7Cu)-1.0Zn/ 
Cu systems.
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columnar ε grains restricts the channels available for Sn diffusion. As a 
result, ε-IMC growth in the Zn-containing solder is substantially 
hindered.

The presence of the γ-IMC layer in Zn-containing solder systems has 
emerged as a critical factor influencing microstructural evolution and 
interfacial reactions in solder joints. This phase nucleates heteroge
neously at the Cu substrate, primarily forming within the Cu-Zn diffu
sion region before coalescing into a continuous layer. 
Thermodynamically, the formation of the γ-IMC is highly preferable 
[56], with a favourable change in the Gibbs free energy of –12.34 kJ/ 
mol, compared to that for the η-phase (–7.42 kJ/mol) [64]. This lower 
energy threshold and the Zn concentration above a critical threshold 
during soldering enable the early-stage formation of the γ-phase. 
Experimental results (Fig. 7(d)) confirm the layer’s growth through a 
diffusion-controlled mechanism, with its thickness increasing notably 
during prolonged aging.

The γ-IMC layer acts as a diffusion barrier, reducing interfacial re
actions that otherwise promote ε-phase growth. Its presence alters 
diffusion kinetics, decreasing Sn and Cu transport to the ε-phase. This 
reduction is particularly effective in Zn-containing solders with ≥ 0.8 wt 
% Zn, where ε-phase growth is suppressed, and Kirkendall voids are 
significantly reduced. These findings demonstrate that Zn’s role extends 
beyond simply forming an additional IMC layer. Due to its affinity for 
Cu, introduction of Zn allows the formation of γ-IMC layer, in preference 
to the Cu-Sn IMCs, at the interface between the solder and the Cu- 
substrate. This is observed in the experimental results and confirmed 
through the phase-field simulations which indicate formation of this 
continuous interlayer at the substrate surface. This γ-IMC layer funda
mentally alters the growth kinetics of the Cn-Sn IMCs (the η and the ε 
phases) by absorbing the Cu atoms and altering the diffusion pathways 
of Cu and Sn atoms, effectively acting as a diffusion barrier. This 
modification reduces the flux of Cu-atoms required for the growth the η 
and ε phases, thereby slowing their growth and coarsening during sub
sequent aging. Phase-field simulations in this study provide crucial 
mechanistic insights into these processes by visualising when and where 
the γ-layer forms and its dependence on the Zn concentration. This helps 
explain the observed growth inhibition of the Cu-Sn IMCs in the Zn 
containing solder due to the presence of the interfacial γ-layer, offering 
predictive understanding of Zn’s inhibitory effects on IMC formation 
and growth. Experimental observations (Fig. 5(a) and Fig. 7(b)) high
light that voids are fully interconnected in (Sn-0.7Cu)/Cu systems, 
resembling line cracks at the interface, whereas Zn-containing systems 
exhibit fewer and smaller voids (93–325 nm). The presence of Zn not 
only reduces void formation but also delays crack formation even in 
solders with intermediate Zn concentrations (e.g., 0.2–0.5 wt%).

Three key findings emerge from the detailed analysis of void for
mation and interfacial reactions: 

(1) Crack formation in Sn-0.7Cu/Cu systems: Kirkendall voids 
form extensively in the ε-phase and often connect, creating a 
crack at the Cu/ε interface (Fig. 5(a)). These voids are primarily 
driven by unbalanced Cu and Sn diffusion during aging.

(2) Suppression of voids in Zn-containing systems: With Zn con
centrations ≥ 0.8 wt%, voids are minimised, appearing only 
sporadically within the ε-phase and remaining isolated, which 
mitigates structural degradation (Figs. 5(b), (c)).

(3) Localised reaction and coarsening: In systems with large voids 
at the Cu/ε interface, Cu flux to the η-phase diminishes, leading to 
localised ε-to-η conversion and accelerated coarsening of η grains 
(Fig. 10(a)).

The reduction in Kirkendall voids in Zn-containing systems is further 
attributed to Zn’s ability to scavenge sulfur from the Cu substrate. Sulfur 
removal minimises sulfide formation, which has been linked to void 
initiation and propagation [33,65,66]. This dual role of Zn-forming the 
γ-IMC layer and scavenging impurities, enhances the integrity of the 

solder joint.
Fig. 11 provides a schematic representation of the diffusion path

ways for Cu and Sn during liquid-state soldering and solid-state aging. 
The diagrams illustrate the contrasting reaction scenarios with and 
without Zn. In the Sn-0.7Cu system, the η and ε phases nucleate and 
grow, accompanied by the formation of Kirkendall voids during aging. 
In Zn-containing solders, the γ-IMC layer forms in the liquid state, 
subsequently facilitating η-phase nucleation while suppressing η-phase 
coarsening, ε-phase growth and void formation. This behaviour em
phasises the significance of Zn concentration in optimising solder 
microstructure and mitigating interfacial degradation mechanisms.

While the benefits are notable, Zn also poses significant drawbacks to 
solder joints, notably regarding wettability and corrosion [34,67]. Even 
a small increase from 0 to 1 wt% Zn can drastically worsen wetting, 
increasing the contact angle from ~ 28◦ to 52◦ due to the formation of 
stubborn zinc oxides that require aggressive fluxes [34]. These fluxes 
can be corrosive and leave harmful residues. Moreover, Zn’s higher 
anodic potential compared to tin makes the solder joint more prone to 
galvanic corrosion, potentially weakening it and causing electrical is
sues [68]. Additionally, the variation in Zn concentration within the 
interfacial IMC correlates with the volume of the solder and the area of 
the substrate, consistent with previous studies on the influence of micro- 
alloying elements on IMC formation and growth [12,42]. The incorpo
ration of Zn not only affects the interfacial layer composition but also 
influences the overall mechanical properties and the stability of the 
solder joints during thermal aging and under operational conditions.

5. Conclusions

In this study, we systematically investigated the impact of Zn on the 
interfacial IMC phase formation and growth in Sn-0.7 wt% Cu solder on 
a Cu substrate during both liquid and solid-state reactions. The key 
findings and contributions of this work are as follows: 

• Trace amounts of Zn (0.2–0.8 wt%) significantly reduced under
cooling, increased nucleation temperature (~1.5 ◦C), and lowered 
the growth temperature (~4 ◦C) of β-Sn, while modifying the 
eutectic morphology and promoting the formation of CuZn IMC 
particles in the interdendritic region. Higher Zn levels (≥1 wt%) still 
reduced β-Sn nucleation undercooling but formed primary γ-Cu5Zn8 
IMC.

• The γ − Cu5Zn8 IMC layer was found to enhance the nucleation of 
η-Cu6Sn5 IMC, ensuring more uniform and refined particles rather 
than isolated or segregated formations. This effect was attributed to 
pronounced and uniform nucleation, and the hindrance of Cu 
diffusion, which restricted growth.

• During solid-state aging, Zn was observed to suppress the growth of 
ε-Cu3Sn IMC and the formation of Kirkendall voids at concentrations 
≥ 0.8 wt%. Zn also caused an increase in γ-Cu5Zn8 IMC thickness, 
which impeded grain boundary diffusion, further suppressing the 
growth of interfacial IMCs and reducing coarsening of η-Cu6Sn5 IMC.

This study provides clear insights into the role of Zn in Sn-0.7Cu 
solder, highlighting the impact of γ-Cu5Zn8 interfacial IMC on the for
mation and growth of η-Cu6Sn5 and ε-Cu3Sn IMCs, as well as on Kir
kendall voids. The findings underscore the potential of Zn to modulate 
the microstructure and reliability of solder joints. Further controlled 
experiments are needed to fully rationalize the role of γ-Cu5Zn8 in IMC 
nucleation and its broader implications in soldering processes.
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