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a  b  s  t  r  a  c  t

The  effect  of  adding  0.5–1.5  wt.% Zn  to Sn–3.8Ag–0.7Cu  (SAC)  solder  alloy during  reflow  and  solid  state
ageing  has  been  investigated.  In particular,  the  role  of  the  Zn  addition  in suppressing  interfacial  Inter-
metallic  Compound  (IMC)  growth  on Cu  and  Ni–P  substrates  has  been  determined.  Solder–substrate
couples  were  aged  at 150 ◦C  and  185 ◦C for 1000  h. In the  case  of  0.5–1.0  wt.% Zn  on  Cu substrate,  Cu3Sn  IMC
was  significantly  suppressed  and  the  morphology  of  Cu6Sn5 grains  was  changed,  leading  to  suppressed
Cu6Sn5 growth.  In  the SAC–1.5Zn/Cu  substrate  system  a  Cu5Zn8 IMC layer  nucleated  at  the  interface  fol-
oldering
ead-free solder
ntermetallic compounds
n–Ag–Cu alloys

lowed  by  massive  spalling  of  the  layer  into  the  solder,  forming  a barrier  layer  limiting  Cu6Sn5 growth.  On
Ni–P substrates  the (Cu,Ni)6Sn5 IMC  growth  rate  was  suppressed,  the  lowest  growth  rate  being  found  in
the SAC–1.5Zn/Ni–P  system.  In  all cases  the  added  Zn  segregated  to  the  interfacial  IMCs  so  that  Cu6Sn5

became  (Cu,Zn)6Sn5 and  (Cu,Ni)6Sn5 became  (Ni,Cu,Zn)6Sn5. The  effect  of  Zn  concentration  on  under-
cooling,  wetting  angles  and  IMC  composition  changes  during  ageing  are  also  tabulated,  and  a  method  of

 solde
incorporating  Zn  into  the

. Introduction

Interfacial reactions occur readily when a molten metal is in
ontact with a compatible solid metal (substrate). Such reactions
nvolve interdiffusion between the liquid and solid metals and often
esult in the formation and growth of intermetallic compounds
IMCs) at the interface [1].  In this context, Pb–Sn alloys have been
xtensively studied and used for electronic interconnects. How-
ver, medical studies have shown that Pb is a heavy metal toxin that
an damage the kidney, liver, blood, and the central nervous system
2].  Therefore, implementation of Sn-rich Pb-free solder manufac-
uring has become increasingly important in recent years due to
he legislation to prohibit Pb in electronics products. Over the past
wo decades, considerable research has been carried out on Pb-
ree solders such as eutectic Sn–3.5Ag, Sn–0.7Cu, SnxAgyCuz (SAC)
nd the IMCs formed with different substrates such as Cu, Ni, Ni–P
uring liquid and solid-state reaction [3–7]. From all these Sn-rich
b-free solders, the SAC solder alloy has been identified as a promis-
ng candidate for electronics packages. However, many problems
ave been reported in SAC solder such as void formation in inter-
acial IMCs, higher IMC  growth rates, spalling of interfacial IMCs
uring high temperature storage and large undercooling during

∗ Corresponding author. Tel.: +44 0207 848 2370; fax: +44 0207 848 2932.
E-mail address: hiren.kotadia@kcl.ac.uk (H.R. Kotadia).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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r  during  reflow  without  compromising  solder  paste  reflow  described.
© 2011 Elsevier B.V. All rights reserved.

solidification [8].  The problems become acute for high temperature
applications when IMC  growth rates accelerate.

During operation, electronic packages are usually subjected
to a wide range of temperatures, especially in automotive,
aerospace and traction industry applications. These components
may  experience temperature changes from −40 ◦C to 150 ◦C or
even higher [9,10],  driving IMC  growth as a function of time
and progressively converting ductile solder into brittle IMCs. This
growth in solid-state is of particular technology concern, since
it occurs continuously and may  cause delayed and unpredictable
problems.

The undercooling behaviour of Sn-rich Pb-free solders is also
an issue, and the use of trace elements to reduce undercooling
has been successful [11]. Previous research [11–14] suggests that
the nucleation of �-Sn phases due to impurity elements, such as
Zn, Co, and Fe reduces the undercooling of Sn-rich solder alloys.
These various alloying elements also have major effects on sol-
der/substrate reactions, as they are either soluble in the IMC  layer
(e.g., Ni, Au, Co, etc.), or form new interfacial IMC  barrier layers
(e.g., Fe, Al, P, etc.) [15]. Small additions of Zn into Pb-free solder
have received much attention in comparison to the other alloying
elements [8,14,16–19] because of: (i) significantly reduced under-
cooling, (ii) thinner and void-free IMCs at the interface. Despite

the benefits of Zn, use of SAC + Zn solder alloy particles in the sol-
der paste generally fails due to excessive oxidation of the particles
resulting in incomplete particle coalescence during reflow. Other
attempts to introduce Zn into the system during reflow of solder

dx.doi.org/10.1016/j.jallcom.2011.09.024
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hiren.kotadia@kcl.ac.uk
dx.doi.org/10.1016/j.jallcom.2011.09.024
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Fig. 1. SEM images showing the grain sizes in fabricated ingots of diff

aste include the use of Cu–Zn substrates [20] and Zn compounds
n the flux [21]. In this paper we extend the existing studies of
MC  suppression to higher temperatures (150 ◦C and 185 ◦C) and
ncrease understanding of the mechanism of IMC  growth suppres-
ion. We  also show that the mixing Zn particles in the 1–5 �m range
nto solder paste results in solder reflow and incorporation of Zn
nto the IMCs.

. Experimental procedure

.1. Alloy preparation

Sn–3.5Ag–0.7Cu (SAC) alloy was supplied by Henkel Ltd., UK. The SAC solder

lloy with various amounts of Zn wt.% (0.5, 1, 1.5), subsequently referred to as
AC–0.5Zn, SAC–1Zn, and SAC–1.5Zn solder alloys, were fabricated in-house by
issolving the corresponding metallic foils at 420 ◦C for 20 min  in a ceramic cru-
ible  using an electrical resistance furnace (all compositions in this article are given
n  weight percent unless otherwise stated). The fabricated ingot micrographs are

able  1
ifferential scanning calorimetry (DSC) test results for solder alloys.

Alloy composition (wt.%) Onset melting
temperature during
heating (T1) (◦C)

Sn-3.8Ag–0.7Cu 217.73 

(Sn-3.8Ag–0.7Cu)–0.5Zn 216.23 

(Sn-3.8Ag–0.7Cu)–1Zn 216.65 

(Sn-3.8Ag–0.7Cu)–1.5Zn 215.86 
solder alloys: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn.

shown in Fig. 1. There is no Zn segregation observed in any of the SAC–Zn solder
ingots. Predetermined weights of solder were cut from the ingot and cleaned using
acetone before soldering. The melting point and undercooling of solder alloys were
measured by differential scanning calorimetry (DSC). The DSC experiment heating
and cooling rate was fixed at 10 ◦C min−1 range from 25 ◦C to 250 ◦C. The undercool-
ing  (�T) is determined as the temperature difference between the melting point on
the heating curve and the onset temperature of solidification on the cooling curve.
DSC results are tabulated in Table 1.

2.2. Preparation of samples

Ni–P substrates were supplied by Schlumberger, Paris and consisted of Electro-
less Ni Immersion Gold (ENIG) bond pads on polyimide boards. The Cu substrates
consisted of Cu coated FR4. The substrates were cut into 5 mm square plates with Cu

thickness of 35 �m.  Before reflowing, the substrate was cleaned using IPA (isopropyl
alcohol), acetone and, finally, deionised water. For all of the alloys, 0.010 ± 0.003 g
samples of solder alloy were cut from the solidified ingot, cleaned, coated by a thin
layer of Henkel LF318 flux, and placed onto the substrate with a solder layer approx-
imately 1.5 mm in maximum thickness and sent into a benchtop reflow oven (MRO

Onset solidification
temperature during
cooling (T2) (◦C)

Undercooling
�T = T1 − T2 (◦C)

199.89 17.84
212.06 4.17
212.61 4.04
213.32 2.54
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ig. 2. SEM images showing the interfacial microstructures for different systems a
nserts  show low magnification optical images where � represents the solder ball c

60). The reflow was  carried out in air by preheating at 140 ◦C for 150 s and sol-
ering at 260 ◦C for 60 s. The molten solder was  then allowed to cooled to room
emperature by natural convection in air and finally cleaned of flux residues using
cetone. The resulting solder samples form a hemispherical cap with a maximum
hickness of 1 mm at the top of the solder dome and the average thickness of solder
s 0.54 mm.  For the SAC and SAC–Zn solder alloys, high temperature storage of the
amples was carried out in air at 150 ◦C and 185 ◦C for between 1 and 1000 h, as to
eveal the IMC  growth kinetics under solid-state reactions.

.3. Solder paste preparation

While solder alloys prepared as described in Section 2.1 were used for the bulk

f  the IMC  growth experiments, solder pastes mixed with Zn powder were also
repared. SAC alloy particles were supplied by Henkel (Sn–3.5Ag–0.7Cu particles
f  20–38 �m diameter) and mixed with Zn powder and Henkel LF318 flux. The Zn
owder (1–5 �m diameter) was supplied by Goodfellow, UK and the compositions
ere 86% metal in the paste and SAC–(0–1.5)Zn nominal alloy composition assuming

able  2
lemental analysis of (Cu,Zn)6Sn5 and (Cu,Ni,Zn)6Sn5 interfacial IMCs by EDX, after reflow

Alloys (Cu,Zn)6Sn5 at Cu substrate, wt.% (at.%) 

Cu Zn Sn 

(Sn-3.8Ag–0.7Cu)–0.5Zn 0 h 35.8 (50.9) 0.2 (0.3) 64.0 (4
1000  h 62.5 (74.5) 3.2 (3.7) 34.3 (2

(Sn-3.8Ag–0.7Cu)–1Zn 0 h 38.3 (52.1) 5.0 (6.6) 56.7 (4
1000  h 70.0 (78.3) 7.6 (8.3) 22.4 (1

(Sn-3.8Ag–0.7Cu)–1.5Zn 0 h 41.7 (54.7) 7.2 (9.2) 51.1 (3
1000  h 41.2 (55.5) 3.3 (4.4) 55.5 (4
flow on Cu substrate: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn. The
 angle.

all the added Zn is incorporated into the solder rather than expelled with the flux
during reflow.

2.4. Microscopy and quantitative metallography

The reflowed and the thermally aged samples were prepared for observations
of  cross-sectional structure. The samples were cut perpendicular to the substrate
using a diamond blade and polished with SiC abrasive papers and finally with 3 �m
and 0.25 �m diamond suspensions. In order to quantify the IMC  layer thickness 100
data points were taken for each solder–substrate combination. In order to obtain the
top view of IMCs, the majority of the solder on the specimen was ground away, and
then the specimens were etched with 17% concentrated nitric acid for approximately
30  min  to selectively dissolve the remaining solder.
The microstructures of the samples were observed without etching under
a  ZEISS Axioscop2 MAT  optical microscope equipped with an automated Zeiss
AxioVision image analyser, which was used for the preliminary microstructural
investigation and quantitative analysis. A FEI scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDX) at an accelerating volt-

 (0 h) and 1000 h storage at 150 ◦C.

(Cu,Ni,Zn)6Sn5 at Ni–P substrate, wt.% (at.%)

Ni Cu Zn Sn

8.8) 12.4 (19.1) 21.2 (30.2) 0.4 (0.6) 66.0 (50.1)
1.8) 16.7 (21.7) 37.7 (45.5) 6.5 (7.6) 39.1 (25.2)

1.3) 9.1 (14.5) 19.4 (28.5) 1.1 (1.6) 70.4 (55.4)
3.4) 17.4 (22.9) 32.8 (39.8) 9.2 (10.8) 40.6 (26.4)

6.1) 31.9 (38.6) 27.4 (30.6) 13.3 (14.4) 27.4 (16.4)
0.1) 26.0 (32.0) 27.5 (31.2) 17.1 (18.9) 29.4 (17.9)
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ig. 3. Representative SEM images of Cu6Sn5 and/or (Cu,Zn)6Sn5 from top view for
n  Cu.

ge of 10–25 kV was employed to achieve higher magnification in areas of interest,
nd to characterise the interfacial structures and compositions of the IMCs formed
etween the solder and substrate after reflow and during the high temperature
torage.

The  cumulative probability curves of the thicknesses of IMCs formed in the
amples stored at 150 ◦C for 1000 h for different systems were plotted on normal
robability coordinates, where the vertical axis represents the inverse of a cumula-
ive  Gaussian distribution, expressed as [22]:

−1[F(X)] = − �

�
+ 1

�
X (1)

here � is the mean, � is the standard deviation and F(X) is the cumulative Gaussian

unction:

(X)  = 1

�
√

2�

∫ X

−∞
exp

(
X − �

2�2

)
dX (2)

able 3
ifferent solder alloys on Cu substrate: observed IMCs, effective interdiffusion coefficient

Alloys Observed IMC  Deff

Cu6Sn5/
(cm3 s−1

Sn–3.8Ag–0.7Cu Cu6Sn5, Cu3Sn layer Ag3Sn plate 8.39 × 10
(Sn–3.8Ag–0.7Cu)–0.5Zn (Cu,Zn)6Sn5, Cu3Sn, and Ag3Sn plate 3.98 × 10
(Sn–3.8Ag–0.7Cu)–1Zn (Cu,Zn)6Sn5, Cu3Sn layer, Ag3Sn plate

and Cu5Zn8 particles
8.61 × 10

(Sn–3.8Ag–0.7Cu)–1.5Zn (Cu,Zn)6Sn5, Cu3Sn, Cu5Zn8 layer,
Ag3Sn plate and Cu5Zn8 particles

5.8 × 10−
rent systems: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn, after reflow

For data following an ideal normal distribution, the cumulative probability curve
would be a straight line on the normal probability coordinates.

3. Results

3.1. Intermetallic compound growth between solder and Cu
substrate

Fig. 2a is a typical cross-sectional SEM image and EDX  analysis
reveals (Table 2) the standard interfacial reaction and IMCs formed
between SAC solder and Cu substrate during reflow. Cu diffuses

rapidly into the molten solder and forms �-Cu6Sn5 scallop shaped
IMC  grains [5–7], while a much thinner �-Cu3Sn IMC  layer devel-
ops between the �-Cu6Sn5 and the Cu substrates. The Cu6Sn5 IMC
forms at the substrate/solder interface because Cu6Sn5 has lower

, Ag3Sn plate size, and contact angle.

Average size of
Ag3Sn plates (�m)

Avg. contact
angle (◦)

(Cu,Zn)6Sn5

)
Cu3Sn (cm2 s−1)

−14 2.07 × 10−14 84.2 28.38
−15 60.3 41.10
−15 54 51.92

15 35.9 59.12
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ig. 4. Representative SEM images of Cu6Sn5 and/or (Cu,Zn)6Sn5 from top view for
torage  at 150 ◦C.

ctivation energy compared to the Cu3Sn. However, the Cu6Sn5 IMC
ayer is thermodynamically unstable and therefore, Cu3Sn IMC  will
orm over time by consuming the Cu6Sn5 IMC  layer [7].  The sol-
er/Cu system has a structure of Sn-rich grains (�-Sn) with some
g3Sn plate and Cu6Sn5 phase precipitated above the interfacial

MC.
To understand the effects of Zn addition on the microstructure

odification, careful observation and examination were carried out
y the EDX analysis, which was used to detect any segregation
f Zn atoms during interfacial reactions of the solder on Cu sub-
trates. The IMCs formed on the interface and solder matrix strongly
epend on the amount of Zn wt.% addition into the basic SAC solder
lloy. Immediately after the reflow, 0.5–1 wt.% Zn addition modi-
ed the Cu6Sn5 IMC  found in SAC/Cu couples to (Cu,Zn)6Sn5 (Fig. 2b
nd c) with the exact compositions given in Table 2. By contrast, the
ddition of 1.5 wt.% Zn resulted in Cu–Zn (i.e., �-Cu5Zn8 [23]) IMC
ormation, followed by massive spalling of this layer into the sol-
er (Fig. 2d). The phenomenon of massing spalling occurs when
epletion of Zn in the solder due to formation of the Cu5Zn8 means
hat this reaction product is no longer in local thermodynamic
quilibrium with the solder [24]. The Cu6Sn5 phase that is now
n thermodynamic equilibrium replaces the Cu5Zn8 resulting in a

 layer structure at the interface; Cu6Sn5 next to the Cu substrate,

 3–4 �m thick Cu5Zn8 layer in the solder and the gap between the
wo occupied by solder. It is important to note that massive spalling
ccurs due to the limited solder volumes in the system and does
ot occur when using a large volume solder bath (repeating the
ent systems: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn, after 100 h of

experiment in a solder bath resulted in the Cu5Zn8 layer remain-
ing attached to the Cu substrate). In the SAC–1Zn and SAC–1.5Zn
systems several IMCs containing Zn also precipitated in the solder
matrix CuSnZn, Cu5Zn8, AgZn3, Ag5Zn8 [25,26].

Ag3Sn IMC  plate also forms during solidification due to the slow
cooling rate, often nucleating and growing from the interfacial
Cu6Sn5 layer, as seen in Fig. 2a (inset). These may  have a detrimen-
tal effect on the solder reliability due to a weak interface between
Ag3Sn and the tin matrix phase [12]. The number of large Ag3Sn
plates in the SAC/Cu system was  estimated by counting the Ag3Sn
plates of length greater than the average of 84.2 �m.  In contrast to
the SAC/Cu system, the SAC–Zn/Cu systems had a reduced number
of plates and these had reduced size (insets in Fig. 2 and Table 3).
Similar results were noted earlier [12].

Fig. 3 shows the morphologies of (Cu,Zn)6Sn5 grains formed
with different Zn concentrations from the top-view. Fig. 3a shows
that the Cu6Sn5 grain appears as a typical round scallop-type grain,
homogeneously distributed across the Cu surface. With the addi-
tion of Zn, the morphology of the (Cu,Zn)6Sn5 grains becomes in
one case an elongated, rod-like shape (SAC–1.0Zn) but generally the
number IMC  grains per unit area are significantly higher than in the
SAC–Zn/Cu system. The white spots on the surface of the Cu6Sn5
grains have previously been reported as Ag3Sn nanoparticles [27].
The IMCs formed after soldering continues to grow at the ageing
temperature by interdiffusion between the elements of the sol-
der and the Cu substrate, resulting in morphology changes and
increased thickness. Fig. 4 shows that after 100 h storage at 150 ◦C,
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Fig. 5. SEM images showing IMC  growth after 1000 h of storage at 150 ◦C on Cu substrate for different systems: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn.
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Fig. 6. Plots of mean IMC thickness versus storage time (a) thickness of Cu3Sn IMC  layer, (b) thickness of Cu6Sn5 and (Cu,Zn)6Sn5 IMCs layer, (c) total IMC  thickness, and (d)
thickness of Cu5Zn8 IMC  for the SAC–1.5Zn/Cu system, where the value corresponding to 0 h stands for the as-reflowed samples and the dotted line in figure (c) indicates the
starting  point of spalling of Cu6Sn5 IMC  particles. All samples stored at 150 ◦C.
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where � , � , and � refer to the surface tensions of the
Fig. 7. Plots of mean IMC  thickness versus storage time at 185 ◦C.

he channels between the Cu6Sn5 grains have narrowed consider-
bly with the addition of Zn, especially in the SAC–0.5 and 1 wt.%
n solder systems as compared with the SAC system.

Fig. 5 shows the growth of IMC  layers after 1000 h storage at
50 ◦C. Elemental composition changes in the IMCs after are given

n Table 2. The thickening kinetics of layers of Cu3Sn, (Cu,Zn)6Sn5,
nd Cu5Zn8 are analysed by plotting the average thickness versus
he storage time in Fig. 6. In the SAC/Cu system the Cu3Sn layer
rows at the expense of Cu6Sn5 and the Cu6Sn5 IMC  becomes
moother. In the SAC–Zn/Cu systems the Cu3Sn IMC  layer appears
fter a delay of 200 h in high temperature storage. In these systems
he Cu3Sn IMC  layer only grew to about a maximum of 1 �m even
fter 1000 h (Figs. 6 and 7a). In the SAC/Cu system the Cu3Sn IMC
ayer becomes rougher (Fig. 5a) after high temperature ageing. In
ddition, numerous Kirkendall voids are observed at the Cu3Sn/Cu
nterface but these appear to have been totally suppressed by the
ddition of Zn in the solder.

The suppression of the Cu3Sn and voids would be expected to
mprove the mechanical and electromigration reliability [14]. Evi-
ence of this is seen in Fig. 5a, in which SAC solder has separated
rom the Cu substrate at 675 h. By contrast, these cracks do not
ccur in the SAC–Zn/Cu systems. In the SAC/Cu system after 500 h
f storage, spalled Cu6Sn5 particles can be observed in the solder
atrix, which is indicated by the dotted line in Fig. 6c; after this

oint the graph does not capture the true rate of IMC  growth for
he SAC/Cu system. After 1000 h the layer of solder between the
u5Zn8 IMC  and Cu6Sn5 IMC, has been almost entirely consumed
y further growth of the Cu6Sn5 layer, visible in Fig. 5d. Small iso-

ated pockets of solder remain at the interface between the two
MC  layers, but the interface is otherwise almost completely pla-
ar, and the Cu5Zn8 IMC, therefore, acts as a barrier layer to further
u6Sn5 layer growth. In particular, the Cu5Zn8 must act as a barrier

ayer to further diffusion of Sn in order to limit the thickness of the
u6Sn5 layer. Further, the absence of Cu6Sn5 particles in the solder
atrix shows that the Cu5Zn8 layer also blocks Cu diffusion in the

ther direction. Cu5Zn8 IMC  thickness does not change with time
Fig. 6d).

The ageing results clearly demonstrate the total thickness
f IMC  significantly reduced from 13.5 �m (SAC) to ∼3 �m
SAC–(0.5–1)Zn) on Cu substrate (Fig. 6c). It was  found that the
ddition of 0.5–1 wt.% Zn into basic SAC solder alloy will be ade-
uate to suppress Sn–Cu IMCs and that a higher amount of Zn into

asic SAC solder alloy can only achieve slightly more IMC  suppres-
ion and more Cu–Zn based IMCs particles into solder matrix. For
hat reason, high temperature storage at 185 ◦C was carried out on
Fig. 8. Cumulative probability curves of the thickness of (a) Cu3Sn and (b) Cu6Sn5

or (Cu,Zn)6Sn5 formed on Cu substrate, stored at 150 ◦C for 1000 h on the normal
coordinates.

only SAC and SAC–1Zn solder alloys. The measured IMC  thickness
with respect to the storage time is plotted in Fig. 7. The growth of
IMCs in the SAC–1Zn/Cu system growth of IMCs is suppressed rela-
tive to the SAC/Cu system, but after 500 h an unacceptably thick IMC
layer formed and numerous Kirkendall voids were observed close
to the substrate. At the same time, in the SAC/Cu system cracks
grew at the solder/substrate interface and at 200 h the solder has
completely separated from the Cu substrate.

Fig. 8 shows cumulative probability curves of the IMCs thickness
of Cu–Sn in the SAC/Cu and SAC–Zn/Cu samples with 1000 h storage
time at 150 ◦C. In Fig. 8, the R values quoted are the coefficients of
correlation for a linear least squares fit between the data and a nor-
mal  function. The closer the R value is to 1.0, the closer the data fit
to an ideal normal distribution. The fitted lines in Fig. 8 followed the
normal distribution. Comparison of R values showed that for most
reaction conditions, the thickness of the Cu3Sn and (Cu,Zn)6Sn5 for
SAC–(0.5–1.5)Zn/Cu samples appeared to follow the ideal normal
distribution somewhat better than that of the SAC/Cu samples.

The wettability of solder alloy also changes with even a small
amount of Zn addition into the basic SAC solder alloy (insets in
Fig. 2 and Table 3). The surface energies of solder and substrate
play an important role in determining wetting behaviour. This is
mathematically described by classical Young’s equation [28]:

�GS = �LS + �GL cos � (3)
GS LS GL
gas/surface, liquid/surface, and gas/liquid interface respectively
and � is the equilibrium contact angle. However, it is exceptionally
difficult to measure �GS and �GL in Young’s equation. The addition
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ig. 9. SEM images showing the interfacial microstructures for different systems on
ow  magnification SEM images where � represents the solder ball contact angle.

f Zn progressively increases the measured contact angle from 28◦

SAC) to 59◦ (SAC–1.5Zn), while even the SAC–0.5Zn system results
n an angle of 41◦. This increase has been attributed to oxidation of
n atoms at the molten solder surface [29].

.2. Intermetallic compound growth between solder and Ni–P
ubstrate

The ENIG substrates will be referred to as Ni–P substrates subse-
uently as the Au top layer rapidly diffuses in the solder and plays
o discernable role in subsequent solder–substrate interactions
part from one exception (see below). Fig. 9 shows a cross-section
f the interface in a SAC/Ni–P system and SAC–(0.5–1.5)Zn/Ni–P
ystems. Three main IMCs: Ni3P; Ni2SnP and (Cu,Ni)6Sn5 were
bserved in the SAC/Ni–P system, as depicted in Fig. 9a. The mor-
hology of (Cu,Ni)6Sn5 IMC  grains was needle-shaped while Ni3P
nd Ni2SnP IMCs formed as uniform layers. With the addition of
n, it was found that the (Cu,Ni)6Sn5 IMC  becomes (Cu,Ni,Zn)6Sn5.
ther IMC’s containing Zn are also observed in the solder matrix:
u5Zn8 (Fig. 9d) and Ni5Zn21. As with the Cu substrate, the Ag3Sn

MC  plate size significantly reduces with addition of Zn as noted in

able 3.

Fig. 10 shows that as the Zn concentration in the solder
ncreases, the interfacial (Cu,Ni,Zn)6Sn5 IMC  grains become pro-
ressively smaller. An additional feature in the SAC–1.5Zn/Ni–P
substrate: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn. The inserts show

system is the appearance of 15 �m size dendritic grains (com-
position: 17.45 at.% Ag, 6.11 at.% Sn, 6.11 at.% Ni, 35.77 at.% Cu,
27.35 at.% Zn, 7.22 at.% Au) embedded within the (Cu,Ni,Zn)6Sn5
layer (see inset in Fig. 10d). After 100 h storage at 150 ◦C, the
(Cu,Ni,Zn)6Sn5 IMC  grains form a layer type structure and the chan-
nel width between the grains reduces significantly as compared to
the (Cu,Ni)6Sn5 IMC  grains (see Fig. 11).  The wetting angle with the
substrate also increases with increasing Zn concentration in the sol-
der although the effect is far less significant than with Cu substrate
(Table 4).

The growth rate of the (Cu,Ni,Zn)6Sn5 IMC  was  slow compared to
the IMC  growth on Cu substrate, due to the limited supply of Cu, and
slower release of Ni from the substrate. Fig. 12 shows cross-section
SEM micrographs of the SAC/Ni–P and SAC–(0.5–1.5)Zn/Ni–P sys-
tem aged at 150 ◦C for 1000 h. The presence of Ni5Zn21 IMC grains
is also more visible at the interface after ageing. The concentration
of Zn at the interface in all three solder alloys was  measured and
tabulated in Table 2. Fig. 13 shows the growth of interfacial IMC
thickness with time. In the SAC–Zn solder alloy systems, interfa-
cial IMC  growth is clearly lower than with the SAC system with the
lowest growth rate observed with the highest concentration of Zn.

Thus while the (Cu,Ni)6Sn5 IMC  layer grew to 8.5 �m after 1000 h
storage at 150 ◦C in the SAC/Ni–P system, the equivalent thickness
in the SAC–1.5Zn/Ni–P system is 2.5 �m.  After ageing at 185 ◦C
for 1000 h, (Cu,Ni)6Sn5 IMC  grew to 12 �m thickness with SAC
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ig. 10. Representative SEM images of (Cu,Ni)6Sn5 and/or (Cu,Ni,Zn)6Sn5 from top v
hows  images of Ni–Cu–Sn–Zn–Au particles), after reflow.

older, while (Cu,Ni,Zn)6Sn5 IMC  grew to only 5 �m in the SAC–1Zn
ystem. Additionally, at the SAC/Ni–P interface, Kirkendall voids
ere observed inside the Ni3P layer. The thicknesses of (Cu,Ni)6Sn5

nd (Cu,Ni,Zn)6Sn5 IMC  in the SAC/Ni–P and SAC–(0.5–1.5)Zn/Ni–P
ystems followed the normal distribution very well (Fig. 14), in a
imilar manner to the IMCs in the Cu substrate.

.3. Solder Paste + Zn reflowed on Cu and Ni–P substrate

After the addition of Zn powder to solder paste the mixture was
eflowed in a benchtop reflow oven. The following observations
ere made after cross sectioning and reflow: (i) The solder alloy
articles coalesced as they would have in a normal solder paste, (ii)

he wetting angle increased on Cu and Ni–P substrates in a similar

anner to that observed in the SAC + Zn alloy experiments, (iii)
ome Zn particles were expelled along with the flux (see Fig. 15),
iv) the IMC  compositions were similar to those observed in the

able 4
ifferent solder alloys on Ni–P substrate: observed IMCs, effective interdiffusion coefficie

Alloys Observed IMC  

Sn–3.8Ag–0.7Cu (Cu,Ni)6Sn5,Ni2SnP,Ni3P layer; Ag3Sn plate 

(Sn–3.8Ag–0.7Cu)–0.5Zn (Cu,Ni,Zn)6Sn5, Ni2SnP, Ni3P layer; Ag3Sn plate 

(Sn–3.8Ag–0.7Cu)–1Zn (Cu,Ni,Zn)6Sn5, Ni2SnP, Ni3P layer; Ag3Sn
plate, Ni5Zn21 and Cu5Zn8 particles

(Sn–3.8Ag–0.7Cu)–1.5Zn (Cu,Ni,Zn)6Sn5, Ni2SnP, Ni3P layer; Ag3Sn
plate; Ni5Zn21, Cu5Zn8 particles
or different systems: (a) SAC, (b) SAC–0.5Zn, (c)SAC–1Zn, and (d) SAC–1.5Zn (insert

corresponding SAC + Zn alloy experiments, and (v) the thickness
of the IMC’s was reduced slightly from the corresponding SAC + Zn
alloy experiments by 22% suggesting that 78% of the Zn powder has
been retained in the solder.

4. Discussion

4.1. The effect of Zn addition on bulk solder microstructure

Fig. 1 shows the formation of fine equiaxed primary �-Sn grains
and Fig. 2 displays differences in �-Sn dendrite morphology and
Ag3Sn IMC  plates with the addition of a trace amount of Zn into
the basic SAC solder alloy. It is well known that a solidification

structure depends strongly on the alloy composition, solidification
conditions, or the type of nucleating substrates present. Literature
suggests that in the absence of a grain refiner (where constitu-
tional super-cooling driven nucleation is important), big bang (also

nt, Ag3Sn plate size, and contact angle.

(Cu,Ni)6Sn5/(Cu,Ni,Zn)6Sn5,
Deff (cm2s−1)

Average size of
Ag3Sn plates (�m)

Avg. contact
angle (◦)

4.84 × 10−14 73 24.18
5.20 × 10−15 57 26.28
4.36 × 10−15 45 27.93

8.71 × 10−15 23 29
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ig. 11. Representative SEM images of (Cu,Ni)6Sn5 and/or (Cu,Ni,Zn)6Sn5 from top 

00  h of storage at 150 ◦C on Ni–P substrate.

nown as free chill crystal or wall mechanism), dendrite detach-
ent mechanisms and solute atoms are the primary contributors

o the creation of equiaxed or fine grains [30–32].  Alloy composition
ffects both the potency of nucleating particles through absorption
t the liquid/particle interface and the efficiency through growth
estriction by diffusion of solute in front of the solid/liquid inter-
ace at temperatures above the alloy liquidus temperature if this
educes the interfacial energy. This phenomenon can be explained
y the growth restriction factor (GRF or Q) [33]. The GRF can be
alculated as:

 =
N∑

i=1

miC0i(ki − 1) (4)

here N is the total number of solute elements in the alloy system, i
epresents the parameters of the ith element, and ki, mi, and C0i are
he partition coefficient, the liquidus slope, and the initial compo-
ition of the ith element in the alloy, respectively. Soluble impurity
lements (e.g., Zn) segregate at the advancing solid/liquid interface
uring the solidification and tend to slow the diffusion process,
hich prevents the grain growth, as has been demonstrated in

ig. 1. This constitutionally undercooled zone reduces the rate of
rain growth and facilitates nucleation and the new grains do the
ame to the next grain, which results in a finer grain size in the

olidified microstructure. There is less grain refining with 1.5 wt.%
n than with 0.5 and 1 wt.% Zn. This could be due to the presence of
u–Zn particles leading to the poisoning of grain refinement. The

ncreasing nucleation by Zn solute effects in the liquid has a direct
or different systems: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn, after

impact on the thermal history of the solidifying melt, as demon-
strated by DSC results in Table 1. The primary �-Sn phase nucleation
undercooling for SAC alloy is 18 ◦C, while Zn reduces under-cooling
to about 4 ◦C. Additionally, reduction in undercooling also has a
significant influence on Ag3Sn plate size by stopping nucleation of
pro-eutectic Ag3Sn IMC  plate and its extensive growth before the
�-Sn phase nucleates in the solder. The experimental results shown
in Fig. 2(inset) demonstrate this effect.

4.2. The morphologies of interfacial IMCs in the presence of liquid
solder

Significant differences were observed in interfacial IMC mor-
phology upon addition of a trace amount of Zn into the solder
(Figs. 3 and 10). The influence of Zn can be classed into two  cat-
egories: (i) absorption of Zn atoms from the bulk solder into the
Cu6Sn5 and (Cu,Ni)6Sn5 grains, and (ii) the presence of Zn in the
molten SAC solder changes the interfacial energy between the
molten solder and IMC  grains, �Solder/Cu6Sn5

or �Solder/(Cu,Ni)6Sn5
. It

has been reported previously [34] that the Cu6Sn5 IMC grain mor-
phology strongly depends on the interfacial energy between the
molten solder and Cu6Sn5 IMC  grains. At the substrate, the most sta-
ble interfacial IMC  structure has the lowest interfacial energy. From

thermodynamic considerations, higher �Solder/IMC would promote
the formation of semi-spherical IMC  grains. Phase-field modelling
studies show that lower Cu6Sn5/liquid interface energy is likely
to create a more elongated type of morphology by increasing the
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ig. 12. SEM images showing IMC  growth after 1000 h of storage at 150 ◦C on Ni–P

umber of nuclei at the substrate and delaying grain coarsening
35] (e.g., Fig. 3c and 10d) while higher Cu6Sn5/liquid interface
nergy is likely to create a scallop-type morphology (e.g., Fig. 3a).
dditionally, the low �Solder/IMC would promote the growth of an

rregular or facet morphology in the IMC  compound grains.
Experimental [36] and theoretical work [35,37] show that the

ucleation rate and growth of IMC  grains can be controlled by the
MC/liquid interface energy. The Zn containing solder reduces the
ritical interfacial energy by the affinity between the Sn and Zn
toms.

.3. The growth of interfacial IMCs during ageing

After the initial IMC’s form at the interfaces by heterogeneous
ucleation, further IMC  growth depends on the diffusion mecha-
isms within the IMC  layers. On Cu substrates, diffusion of Cu in
he Cu6Sn5 IMC  is likely to be faster than that of Sn because there
s more Cu present (more excess vacancy sites) and the number
f nearest neighbours is higher for the Cu atom than for a Sn atom
38]. Dyson et al. [39] concluded that at lower temperatures (below
50 ◦C), Cu interstitial diffusion is likely to be dominant, while at
igher temperatures, Sn vacancy diffusion is preferred. Thus, in our
tudy, Cu diffusion may  have made a more important contribution
o IMC  growth at 150 ◦C, while Sn diffusion plays a stronger role at

85 ◦C.

However, during solid state ageing the IMC  grain boundary
r channel is the favoured diffusion path for IMC  layer growth
7]. Therefore, the area percentage of grain boundary and grain
rate for different systems: (a) SAC, (b) SAC–0.5Zn, (c) SAC–1Zn, and (d) SAC–1.5Zn.

morphology play a crucial role in determining IMC  growth
behaviour. The experimental results after 100 h storage at 150 ◦C
reveal that area percentage of grain boundary in the solders con-
taining Zn significantly decreased (Fig. 5b and c) lowering mass
flux through the channels compared to the pure SAC solder. The
growth of Cu3Sn at the Cu/(Cu,Zn)6Sn5 interface also appears to
have been suppressed due to the lack of transport channels through
the (Cu,Zn)6Sn5 layer.

On Ni–P substrate, with presence of Cu in the SAC solder, the for-
mation of Ni3Sn4 is suppressed and instead (Cu,Ni)6Sn5 IMC forms.
In fact, from Table 2, the Sn content in the IMC is seen to be 50 at.%
initially, intermediate between the 57% expected in (Ni,Cu)3Sn4 and
the 45% expected for (Cu,Ni)6Sn5. The high Cu content of 30 at.% far
exceeds the 8.5% reported to be the limit that can be dissolved in
(Ni,Cu)3Sn4 [40] confirming the identification of the IMC layer as
(Cu,Ni)6Sn5. The addition of Zn to the SAC solder reduces interfa-
cial IMC  growth during high temperature ageing by reduction in
the size and number of channels between the IMC  grains in a sim-
ilar manner to that observed on the Cu substrate (Fig. 11).  With
extended high temperature storage, Zn continuously accumulates
at the interfacial IMC, forming a (Cu,Zn)6Sn5 or ((Cu,Ni,Zn)6Sn5 IMC
layer with higher Zn concentration, as noted in Table 2.

Figs. 7, 8 and 14 represent the IMC  growth rates over time. The
data has been fitted to a power law dependency on time as follows:
�x − x0 = (Defft)n (5)

where �x  is the thickness of the IMC  layer at ageing time t, x0
is the IMC  mean thickness immediately after reflow, Deff is the
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ig. 13. Plots of mean IMC  thickness versus storage time for different systems: (a)
tored at 150 ◦C and (b) stored at 185 ◦C.

ffective interdiffusion coefficient in the IMC  layer, and n is the time

xponent. The values of Deff and n, for a particular ageing temper-
ture, can be obtained by means of multivariable linear regression
nalysis. In our study, a linear regression analysis of the average
hickness of the interfacial IMCs layer as a function of thermal
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ig. 14. Cumulative probability curves of the thickness of (Cu,Ni)6Sn5 and/or
Cu,Ni,Zn)6Sn5 formed on Ni–P substrate, stored at 150 ◦C for 1000 h on the normal
oordinates.
Fig. 15. SEM images of SAC–1.5Zn/Cu system prepared using SAC and Zn powders,
showing expelled Zn particles in the flux.

ageing time was conducted to determine the best-fit n values for
the 150 ◦C ageing temperatures.

The calculated value of n for Cu6Sn5 and Cu3Sn IMC  was
between 0.27–0.36 (∼0.33) and 0.43 (∼0.5) respectively and for
(Cu,Ni,Zn)6Sn5 the n value was  between 0.49 and 0.57 (∼0.5), using
data taken from Figs. 6 and 13a. Some few data points which
were affected by spalling were omitted from the analysis. When
the exponent, n is approximately 0.5, growth can attribute to
the ideal diffusion-controlled model, and when n approximately
0.33, growth is can attribute to the grain-boundary diffusion-
controlled model. The n value was used to calculate Deff and listed
in Tables 3 and 4. In this study, the IMC  Deff value was found to fol-
low the order of Cu6Sn5 > (Cu,Ni)6Sn5 > Cu3Sn. However, all three
SAC–(0.5–1.5)Zn systems samples under most reaction conditions
show significantly lower Deff values than their SAC counterparts.

In the case of 1.5 wt.% Zn containing solder, during the liquid-
state reaction Cu5Zn8 IMC  nucleates at the Cu substrate. As Cu5Zn8
IMC  grows with time the Zn becomes depleted from the solder and
local equilibrium at the interface shifts from the (Sn) + Cu5Zn8 two
phase field to the (Sn) + Cu6Sn5 two  phase field (which is more ther-
modynamically stable) [23]. Experimental results demonstrated
that the Cu5Zn8 IMC  layer acts as a barrier layer for Sn diffusion
when the sample is stored at high temperature (Fig. 5d). Similar
massive spalling phenomena is observed in other solder systems
[14,24].

On Ni–P substrate Ni5Zn21 interfacial IMC  phase was seen dur-
ing ageing. Wang and Chen [19] studied the Sn/Ni–P system with
various Zn concentrations; and the results showed that the various
Zn concentrations would affect the reaction product species. The
Sn–9 wt.% Zn or Sn–5 wt.% Zn solder would produce a relatively
high-Zn-containing phase at interface, i.e., Ni5Zn21 and lower-Zn
contain solder produce (Ni,Zn)3Sn4 phase at interface. Hence the
formation of the Ni5Zn21 IMC  is indicative of increasing Zn aggre-
gation at the interface.

5. Summary and conclusions

Based on the experimental results the following conclusions can
be drawn:
(i) In the SAC–Zn/Cu system immediately after reflow inter-
facial IMC  thickness is reduced compared to the SAC/Cu
system. For 0.5–1 wt.% Zn concentration the interfacial IMC
is (Cu,Zn)6Sn5. When the Zn concentration is 1.5 wt.% a
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Cu5Zn8 IMC  layer forms followed by massive spalling leaving
the more thermodynamically stable Cu6Sn5 IMC  to form at
the Cu/solder interface. Zn-containing IMCs such as CuSnZn,
Cu5Zn8, AgZn3, Ag5Zn8 IMC  particles were observed in the
solder matrix when the solder has more than 1 wt.% Zn con-
centration.

(ii) During high temperature ageing at 150 ◦C, in the
SAC–(0.5–1.5)Zn/Cu system, (Cu,Zn)6Sn5 and Cu3Sn IMCs
layers were suppressed significantly with Zn addition. The
Cu5Zn8 IMC  layer in SAC–1.5Zn/Cu system does not show
any changes with ageing time. However, the spalled Cu5Zn8
IMC  layer acts as a barrier layer for Cu6Sn5 interfacial IMC
by stopping further diffusion of Sn from solder and Cu
from substrate, limiting the Cu6Sn5 layer thickness during
high-temperature storage.

(iii) On Ni–P substrate SAC–Zn solder alloy forms (Cu,Ni,Zn)6Sn5
IMC  instead of (Cu,Ni)6Sn5. The higher Zn concentration
solder alloys also showed Ni5Zn21 IMC  grains close to the
interface and Ni–Cu–Sn–Zn–Au particles embedded into
interfacial IMC. At 150 ◦C, the (Cu,Ni,Zn)6Sn5 IMC layer grows
with ageing time but the growth rate on Ni–P substrate is sig-
nificantly lower than on Cu substrate. The lowest growth rate
being found in the SAC–1.5Zn/Ni system.

(iv) At 185 ◦C ageing, addition of 1 wt.% Zn solder is able to sup-
press IMC  growth on Ni–P substrate but on Cu substrate after
500 h an unacceptably thick IMC  layer forms.

(v) On both Cu and Ni–P substrates the addition of Zn changes
the Cu6Sn5 or (Cu,Ni)6Sn5 IMC  morphology observed with
SAC solders. While the initial grains formed after reflow are
smaller and have a higher grain density, after 100 h of ageing
at 150 ◦C the channels between the grains appear to be sig-
nificantly reduced compared to the SAC solder and this may
contribute to the slower subsequent growth rate.

(vi) The growth of the primary Sn-rich dendritic phase is
restricted by the solute at the solid/liquid interface during
solidification and Ag3Sn plate size is also significantly refined
by reducing undercooling.

(vii) On Cu substrate the wetting angle increases by approximately
10◦ for every 0.5% increment in Zn concentration. On Ni–P
substrate the increase is only 1.5◦.

viii) Zn powder based solder paste shows results similar to the
SAC + Zn alloy experiments, but 22% of the added Zn was
expelled along with the flux during reflow.

We conclude that 0.5–1 wt.% Zn addition is sufficient to limit the

hickness of the interfacial IMCs for high temperature applications.

ore than 1 wt.% Zn solder leads to nucleation of excess Cu–Zn and
u–Ni IMCs at the interface and poorer wetting, particularly on Cu
ubstrates.
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