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The effect of reflow time on wetting behavior of Sn-2.5Ag-0.5Cu lead-free
solder on bare and nickel-coated copper substrates has been investigated. The
solder alloy was reflowed at 270�C for various reflow times of 10 s, 100 s,
300 s, and 500 s. On bare copper substrate, the intermetallic compound (IMC)
thickness increased with increase in reflow time, whereas on Ni-coated Cu
substrate, the IMC thickness increased up to 300 s followed by a drop for
solder alloy reflowed for 500 s. The spreading behavior of the solder alloy was
categorized into capillary, gravity (diffusion), and viscous zones. Gravity zone
was obtained from 3.8 ± 0.43 s to 38.97 ± 3.38 s and from 5.99 ± 0.5 s to
77.82 ± 8.84 s for the Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu system,
respectively. Sn-2.5Ag-0.5Cu solder alloy was also reflowed for the period
corresponding to the end of the gravity zone (40 s and 80 s on bare and Ni-
coated Cu, respectively). The joint strength was maximum at reflow time of
40 s and 80 s for the Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu system,
respectively. The dynamic contact angle at the end of the gravity (diffusion)
zone (hgz) was found to be a better parameter compared with the stabilized
contact angle (hf) to assess the effect of the wettability of the liquid solder on
the microstructure and joint strength. The present investigation reveals the
significance of the gravity zone in assessment of optimum reflow time for lead-
free solder alloys.

Key words: Sn-Ag-Cu (SAC) solder, contact angle, wettability, IMC, joint
shear strength

INTRODUCTION

Lead–tin solder alloys are used in electronic
assemblies owing to their low cost and good perfor-
mance. However, use of lead-bearing solders is
banned in many countries due to the inherent
toxicity of lead and adverse environmental and
health risks associated with it. Tin-rich, binary or
ternary alloys are being actively studied as alter-
native, lead-free solders. Several elements such as
Bi, Ag, Cu, In, Sb, and Zn have been used as
alloying additions.1,2 Currently, Sn-Ag-Cu (SAC)
ternary alloys are being considered as replacements

for conventional Pb-Sn solders because of their good
thermal stability and excellent mechanical proper-
ties. However, relatively high melting temperature,
poor wettability, and fast reaction rate with metal-
lization layer are drawbacks of SAC solders.3 It is
well established that wetting plays a major role in
the formation of a metallurgical bond at the solder–
substrate interface, describing the extent of inti-
mate contact between a liquid and solid.4 The extent
of wetting is measured by the contact angle formed
at the triple point between the three phases, namely
solid, liquid, and vapor, and the substrate surface.5

The rate of wetting indicates how quickly the liquid
wets and spreads over the surface. The thermal
conditions of the system, the viscosity of the liquid,
and chemical reactions occurring at the interface
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are the major factors affecting spreading of liquid
solder on solid substrate.4 Chemical reactions at the
interface result in formation of intermetallic com-
pounds (IMCs). This intermetallic layer is a critical
part of a solder joint, because it facilitates bonding
between the solder and substrate. At low levels,
such compounds have a strengthening effect on the
joint, but at higher levels, they tend to make solder
joints more brittle.6 Hence, it is vital to understand
the sequence of IMC formation and growth during
soldering, as the thickness and morphology of the
IMC layer impact on solder joint strength.7

Copper is the substrate most widely used in
microelectronic devices due to its high corrosion
resistance, good wettability, good solderability, and
high thermal conductivity. However, quick oxida-
tion of Cu when exposed to environmental condi-
tions results in reduced wettability and
solderability. Surface finish is therefore generally
used to protect copper from oxidation, contamina-
tion, and mishandling prior to assembly. A few
common surface finishes are immersion gold over
electroless or electrolytic nickel (ENIG), immersion
tin (ImSn), immersion silver (ImAg), organic sol-
derability preservative (OSP), and lead-free (SAC
or Sn-Cu) hot-air solder leveling (HASL).8–11

Choubey et al.11 studied intermetallic growth dur-
ing solid-state aging at 100�C and 125�C up to
1000 h for Sn-3.5Ag and Sn-3.0Ag-0.5Cu solder
alloys on various pad finishes such as ImSn, ImAg,
OSP, and ENIG. Sn-3.5Ag solder on ENIG pad
finish showed a significantly thinner IMC layer
compared with ImSn, ImAg, and OSP pad finishes,
whereas comparable IMC thickness was observed
for Sn-3.0Ag-0.5Cu solder on various surface fin-
ishes. Aging at higher temperature resulted in
thicker IMC for all solder–substrate systems inves-
tigated. Ni acts as a diffusion barrier layer for Cu/
Sn-based solders in electronics, since the reaction
rate of Ni with Sn is typically several orders of
magnitude lower than that of Cu with Sn.12,13 Use
of Ni has been associated with improvement in
solidification microstructures, increased volume
fraction of eutectic phase, and lower propensity
for interfacial IMCs to crack during service.14

Though ENIG is suggested for long-term applica-
tions, it is prone to black pad, which forms during
the plating process and can lead to early failure.
Black pad is associated with the phosphorus
content in the electroless-nickel coating bath. Dur-
ing the electroless process, a few atomic percent of
phosphorus is codeposited with Ni. This presence
of P with Ni complicates the chemical reactions
between Ni and solder. High phosphorus content
gives good corrosion resistance but induces solder
joint embrittlement with growth of an intermetallic
layer through phosphorus enrichment during sol-
dering. Low phosphorus content in the electroless-
nickel coating results in poor corrosion resis-
tance.15 Islam et al.16 investigated the dissolution
kinetics of electrolytic Ni and electroless NiP

metallization for Sn-3.5Ag-0.5Cu solder reflowed
at 250�C. All samples in as-reflowed state were
kept again at 250�C for 5 min, 10 min, 30 min,
120 min, and 180 min. From the results of this
experiment, it was concluded that a P-rich nickel
layer can act as a diffusion barrier and decrease
the IMC growth rate compared with electrolytic Ni.
However, this weakens the interface and reduces
the ball shear strength and reliability. You et al.17

studied the reliability of eutectic Sn-Pb, Sn-1.0Ag-
0.5Cu, Sn-3.0Ag-0.5Cu, and Sn-4.0Ag-0.5Cu solder
alloys on three different pad surface finishes
(ENIG, electrolytic Ni/Au, and OSP). The results
showed that electrolytic Ni/Au surface finish had
the highest fracture force for all three SAC solder
alloys, whereas the average fracture force of the
Sn-Pb solder joint was independent of the type of
surface finish. Among the SAC solder alloys, Sn-
1.0Ag-0.5Cu and Sn-3.0Ag-0.5Cu showed compara-
ble fracture force on Ni-Au surface finish. Use of
gold coating over electroless or electrolytic Ni to
protect it from oxidation may degrade the mechan-
ical properties of the solder joint. Due to the high
dissolution rate and solubility of Au in molten
solder, the entire Au layer disappears from the
joint interface after a typical reflow process, and a
large number of (AuxNi1�x)Sn4 particles form
inside the bulk solder. During solid-state anneal-
ing, regrouping of (AuxNi1�x)Sn4 at the solder–
substrate interface takes place, which in turn
reduces the mechanical properties of the joint.18

Most previous research work on lead-free solders
has focused solely on the effect of reflow time on
interfacial microstructure. Few studies have inves-
tigated its effect on both the interfacial microstruc-
ture and resulting joint strength. There is no clear
understanding of the effect of reflow time on
wettability of solder alloy on the substrate. In all
previous research, wettability was assessed by
measuring the equilibrium contact angle. It is well
known that interfacial reactions take place imme-
diately when liquid metal contacts the substrate.
Hence, a correlation between the equilibrium con-
tact angle and joint strength may be misleading,
particularly in the case of reactive systems; Under
such circumstances, spreading kinetics has to be
taken into account. Therefore, the present work
focused on study of the wetting kinetics of Sn-2.5Ag-
0.5Cu on bare and Ni-coated Cu substrates, the
interfacial reaction at the solder–substrate inter-
face, and the corresponding joint strength as a
function of reflow time, using a novel quench setup
to obtain precise control over reflow time.

EXPERIMENTAL PROCEDURES

Sn-2.5Ag-0.5Cu solder alloy was procured in
wire form (Ø0.8 mm) from Antex Electronics Ltd.,
UK. The solder wire was melted to prepare spher-
ical solder balls of 0.080 g weight using a solder
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station (Ersa Digital 2000 A). Cu substrates
(Ø12 mm 9 8 mm) were polished using SiC papers
of varying grit size (1/0 to 4/0 grade) followed by
velvet cloth disk polishing using diamond lapping
compound to obtain smooth surface finish. An equal
number of Cu substrates were electroplated with Ni.
The thickness of the Ni layer electroplated on top of
the Cu substrate was about 15 lm. Surface profiles
of the substrates were measured using a Form
Talysurf 50 surface profiler; The arithmetic-mean
roughness (Ra) values were in the range of
0.01 ± 0.006 lm and 0.04 ± 0.008 lm for bare and
Ni-coated Cu substrates, respectively. Contact angle
measurements were carried out using an FTA 200
dynamic contact angle analyzer; This equipment
has a flexible video system for measuring contact
angle. Spherical balls of solder alloy (average diam-
eter 2.76 ± 0.035 mm) were placed on the sub-
strate, after coating the substrate surface with
flux (inorganic acid, Alfa Aesar, USA). The solder–
substrate system was then kept inside an environ-
mental chamber maintained at reflow temperature
of 270�C throughout the experiment. The spreading
process was recorded and the captured images were
analyzed using FTA software (FTA 32 Video 2.0) to
determine the wetting behavior of the solder. A
quench cooling method was adopted to cool the
sample at a desired reflow time. Figure 1 shows a
schematic of the quench cooling setup, consisting of
a steel rod with a specimen holder. The steel rod
was suspended in a vertical tubular furnace after
the specimen holder was loaded with the solder–
substrate system. The vertical tubular furnace was
maintained at reflow temperature of 270�C through-
out the experiment. Reflow time was counted as the
solder started spreading. At the end of reflow time,
the steel rod was released and the solder–substrate
system quenched in water kept in a 2-L beaker just
below the furnace. A Zeiss stereomicroscope (Stemi
2000-C) was used to obtain macroimages of the
solder sessile drop after spreading. The solder drop
bonded to the substrate was sectioned along the axis
and polished using SiC paper of 1/0, 2/0, 3/0, and 4/0
grade followed by velvet cloth disk polishing using
colloidal silica polishing suspension. The polished
samples were then etched with 5% Nital for about
3 s to 5 s. The solder–substrate interfacial region
was examined by scanning electron microscopy
(SEM, JEOL JSM 6380LA) combined with energy-
dispersive spectroscopy (EDS) to study the reaction
between the alloy and solid substrate and the
possible formation of different compounds at the
interface. Shear testing was performed on solder
droplet samples using a Nordson DAGE 4000Plus
bond tester. The height of the shear tool and the
shear speed were chosen as 1 lm and 200 lm/s,
respectively. Force–displacement curves were
recorded during the shear test. After the ball shear
test, the failure mode was assessed by examining
the fractured surface under scanning electron
microscope.

RESULTS AND DISCUSSION

Wetting Behavior

Figure 2 shows a schematic of the dynamic con-
tact angle analyzer. Typical relaxation curves show-
ing various regimes involved during the spreading
of Sn-2.5Ag-0.5Cu on bare and Ni-coated Cu sub-
strates are shown in Fig. 3a and b, respectively.
Various regimes were recognized by a sharp change
in spreading rate in the relaxation curve. Regimes
involved during solder spreading were identified by
the change of slope in plots of h versus T, where h is
the contact angle (�) during spreading and T is time
(s). The spreading behavior showed continuous
change in the contact angle and base radius (drop
base area) of the solder alloy with time. Figure 4a
and b present the variation of the base radius with
time for the solder on bare and Ni-coated Cu
substrate, respectively. In an ideal condition, the
entire base diameter versus time curves should lie
on top of each other, but a discrepancy was
observed, which can be attributed to slight variation

Fig. 1. Schematic of quench cooling setup.

Fig. 2. Schematic of dynamic contact angle analyzer.
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in substrate surface roughness and solder ball mass
and diameter due to experimental limitations.
Spreading of the molten solder in the radial direc-
tion was observed. After solidification, all specimens
exhibited spherical cap shape. The three regimes
involved during spreading of Sn-2.5Ag-0.5Cu on
bare and Ni-coated Cu substrate were capillary,
gravity (reactive), and viscous zones. The duration
of the capillary zone and gravity zone during reflow
of the solder alloy on bare and Ni-coated Cu
substrates reflowed for various reflow times are
presented in Table I. The period of the capillary
zone was about 3.8 ± 0.43 s and 5.99 ± 0.5 s for the
Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu sys-
tem, respectively. The gravity zone was found from
3.8 ± 0.43 s to 38.97 ± 3.38 s and from 5.99 ± 0.5 s
to 77.82 ± 8.84 s for the Sn-2.5Ag-0.5Cu/Cu and Sn-
2.5Ag-0.5Cu/Ni/Cu system, respectively. The con-
tact angle of the solder drops abruptly in the
capillary and gravity zones compared with the
viscous zone. In the capillary zone, physical spread-
ing of the molten solder takes place by capillary
action due to reduction in surface tension. Spread-
ing in this regime is similar to nonreactive spread-
ing of any liquid on a solid substrate surface.
Diffusion and chemical reactions take place at the

solder–substrate interface in the gravity zone, and
the molten solder completely contacts the substrate
surface. A metallurgical contact between the solder
and substrate forms in the gravity zone due to
dissolution of the substrate into the molten solder.
Solid IMC starts to form at the interface at the local
equilibrium solubility.19 Therefore, the spreading of
molten solder in the gravity region is reactive. The
period of the gravity zone for the Sn-2.5Ag-0.5Cu/
Ni/Cu system was found to be twice that for the Sn-
2.5Ag-0.5Cu/Cu system. This shows that Ni acts as
a barrier to solder–substrate interfacial reaction.
Spreading of liquid solder more or less stops in
the viscous region. Sn-2.5Ag-0.5Cu solder alloy
was therefore reflowed on bare and Ni-coated Cu
substrates for 40 s and 80 s, respectively, being
the approximate times beyond which the reactive
(gravity) zone ends. Average relaxation rates in
the capillary, gravity, and viscous zones for the

Fig. 3. Relaxation curves for Sn-2.5Ag-0.5Cu on (a) bare and (b) Ni-
coated Cu substrate.

Fig. 4. Variation of solder alloy base radius with time when reflowed
on (a) bare and (b) Ni-coated Cu substrate for various reflow times.
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Sn-2.5Ag-0.5Cu/Cu system were 2.01 ± 0.76�/s,
2.68 ± 0.16�/s, and 0.02 ± 0.006�/s, respectively.
Similarly, for the Sn-2.5Ag-0.5Cu/Ni/Cu system,
the average relaxation rates in the capillary, grav-
ity, and viscous zones were 0.93 ± 1.01�/s,
1.14 ± 0.18�/s, and 0.03 ± 0.002�/s, respectively.
The relaxation rate was higher for Sn-2.5Ag-0.5Cu
on bare than Ni-coated Cu substrate in the capillary
and gravity zones, whereas comparable relaxation
rates were observed in the viscous zone for the two
systems. This clearly shows that the wettability of
the liquid solder is greater on bare than Ni-coated
Cu substrate. A nonuniform relaxation rate was
observed in the capillary zone for both the Sn-2.5Ag-
0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu systems. This

can be attributed to the desire of the molten solder
to form a sphere again due to surface tension even
though the melting process has started. In this zone,
the solder appears to be in a semisolid condition.
With the constant supply of heat, the lattice dis-
tance between solder atoms further increases, and
the solder attains a completely liquid state when the
activation energy of solder atoms exceeds the forces
between them in the solid state. Therefore, the
solder attains a completely liquid state in the
gravity zone, and spreading becomes easier. Hence,
a higher relaxation rate was observed in the gravity
zone compared with the capillary and viscous zones.
The stabilized contact angle (hf) obtained at the end
of the desired reflow time is given in Table II. The

Fig. 5. Macroscopic images (top view) of stabilized Sn-2.5Ag-0.5Cu solder on copper substrate reflowed at 270�C for various times: (a) 10 s, (b)
40 s, (c) 100 s, (d) 300 s, and (e) 500 s.
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solder alloy showed enhanced wettability on both
bare and Ni-coated Cu substrates at longer reflow
times. The stabilized contact angle (hf) was lower for
Sn-2.5Ag-0.5Cu alloy on bare than Ni-coated Cu
substrate for all reflow times. The solder alloy
showed good wettability on both substrates for
reflow times above 100 s. Figures 5 and 6 show
macroscopic images (top view) of stabilized Sn-
2.5Ag-0.5Cu droplets on bare and Ni-coated copper
substrate, respectively. Reflow time of 10 s was

sufficient to melt the solder alloy but insufficient for
spreading of solder alloy over the Ni-coated Cu
substrate. Therefore, a significant difference in the
solder quantity for samples reflowed for 10 s on Ni-
coated Cu substrate when compared with other
samples can be observed in Fig. 6, although the
amount of solder taken was approximately the same
in all cases. It can be observed from Figs. 5 and 6
that the spreading area increased with increase of
reflow time.

Fig. 6. Macroscopic images (top view) of stabilized Sn-2.5Ag-0.5Cu solder on Ni-coated copper substrate reflowed at 270�C for various times:
(a) 10 s, (b) 80 s, (c) 100 s, (d) 300 s, and (e) 500 s.
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Interfacial Microstructure of Sn-2.5Ag-0.5Cu/
Cu and Sn-2.5Ag-0.5Cu/Ni/Cu Joint

The solder drop bonded to the substrate was
sectioned along the axis to study the IMC morphol-
ogy at the interface. Backscattered electron images
of the interface were captured to show the
boundaries of the interfacial layers more distinctly.
Figure 7 shows SEM images of the interface
between Sn-2.5Ag-0.5Cu solder alloy and Cu sub-
strate reflowed at 270�C for different reaction times.
During the early stage of spreading of the solder

alloy, metallic atoms from the Cu substrate that are
in contact with the molten solder quickly dissolve
into it and become supersaturated at interface
regions. Consequently, IMC phases start to nucleate
and grow at the interface.20 The chemical composi-
tion of the IMCs revealed that they were composed
of Cu and Sn atoms. EDS analysis was carried out to
identify the IMCs at the interface. Table III gives
the atom percentage of Cu and Sn present in the
interfacial region. In all the reaction couples,
Cu6Sn5 IMC was detected between the solder and

Fig. 7. SEM images of Sn-2.5Ag-0.5Cu/Cu interface reflowed at 270�C for various times: (a) 10 s, (b) 40 s, (c) 100 s, (d) 300 s, and (e) 500 s.

Table III. EDS analysis results of marked regions in Fig. 7 for Sn-2.5Ag-0.5Cu solder on Cu substrate

Mark Cu K (at.%) Ag L (at.%) Sn L (at.%) Phase

A 51.40 0.44 48.16 Cu6Sn5

B 1.03 73.26 25.71 Ag3Sn
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Cu substrate. The rapid coverage of the solder–
substrate interface by Cu6Sn5 grains gives rise to a
continuous Cu6Sn5 layer at the interface; the
Cu6Sn5 grains showed the well-known scallop mor-
phology, being due to the different diffusion rates at
the solder–IMC and IMC–Cu interfaces.7 The thick-
ness of the Cu6Sn5 IMC layer increased with
increase in reaction time. The IMC thickness was

about 0.75 lm for reflow time of 10 s. The IMC
thickness was 1.04 lm, 1.197 lm, 1.81 lm, and
1.95 lm for 40 s, 100 s, 300 s, and 500 s, respec-
tively. Greater dissolution of Cu atoms into the
molten solder during longer reflow time intervals is
the main reason for the increase in the IMC
thickness at longer reaction times. The presence of
Ag3Sn precipitates was also detected in the matrix

Fig. 8. SEM images of Sn-2.5Ag-0.5Cu/Ni/Cu interface reflowed at 270�C for various times: (a) 10 s, (b) 80 s, (c) 100 s, (d) 300 s, and (e) 500 s.

Table IV. EDS analysis results of marked regions in Fig. 8 for Sn-2.5Ag-0.5Cu solder on Ni-coated Cu
substrate

Mark Cu K (at.%) Ag L (at.%) Ni K (at.%) Sn L (at.%) Phase

A 30.43 0.34 20.44 48.79 (CuNi)6Sn5

B 12 0.28 30.62 57.1 (CuNi)3Sn4

C 1.05 72.57 2.45 23.93 Ag3Sn
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region of the solder. However, Ag3Sn IMC was not
uniformly distributed but was precipitated only at a
few locations in the solder matrix.

Figure 8 shows SEM images (backscattered elec-
tron mode) of the interface between Sn-2.5Ag-0.5Cu
solder and Ni-coated Cu substrate reflowed at 270�C
for various reaction times. The chemical composition
of the IMCs revealed that they were composed of Cu,
Ni, and Sn atoms. (Cu,Ni)6Sn5 and (Cu,Ni)3Sn4 were
the two kinds of reaction products identified at the
interface. Table IV gives the atom percentage of Cu,
Ni, and Sn present in the interfacial region.
(Cu,Ni)6Sn5 IMC was solely found at the solder–
substrate interface up to reflow time of 300 s,
showing scallop morphology. Cu from the solder
combined with Ni and Sn to form (Cu,Ni)6Sn5 IMC.
The thickness of the (Cu,Ni)6Sn5 IMC was found to
increase up to reflow time of 300 s. The IMC
thickness was 0.69 lm, 0.84 lm, 1.81 lm, and
2.86 lm for reflow time of 10 s, 80 s, 100 s, and
300 s, respectively. Eventually, this growing phase
consumes essentially all the available Cu in the
solder. After Cu has been essentially consumed from
the Sn-Ag-Cu bulk solder, (Cu,Ni)6Sn5 is eventually
replaced by (Cu,Ni)3Sn4.21,22 Both (Cu,Ni)6Sn5 and
(Cu,Ni)3Sn4 IMCs were found in samples reflowed
for 500 s. The thickness of the (Cu,Ni)6Sn5 IMC
dropped to 1.99 lm for reflow time of 500 s. This
reduction in thickness of (Cu,Ni)6Sn5 observed for
samples reflowed for 500 s was attributed to the
decrease of the available Cu in the solder bulk
matrix.

The thickness of the IMCs formed at the inter-
face was lower on the Ni-coated Cu substrate
compared with the bare Cu substrate up to reflow
time of 100 s. This clearly indicates that Ni acts as
a diffusion barrier to prevent rapid reaction of the
molten solder with the Cu substrate. The IMC
thickness was found to be greater at the interface
of Sn-2.5Ag-0.5Cu solder and Ni-coated Cu sub-
strate for longer reflow times. The growth kinetics
of the IMC layer was studied. The obtained
thickness values were fit according to the growth
model

y ¼ ktn; ð1Þ

where y is the intermetallic layer thickness, k is the
growth constant, t is the reflow time, and n is the
growth exponent. If the growth exponent (n) is
equal to 1/3, it is assumed that the growth of the
IMC layer is dominated by grain-boundary (GB)
diffusion and limited by coarsening of the
microstructure.7,23 Therefore, the curve was force
fit with a value of the exponent (n) equal to 1/3. The
obtained adj. R2 values were 0.93 and 0.62 for the
Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu sys-
tem, respectively. This shows that GB diffusion is
the primary transport mechanism contributing to
the rate-controlling process for IMC growth in both
the Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu

systems. A plot of IMC thickness versus reflow time
for Sn-2.5Ag-0.5Cu solder alloy on bare and Ni-
coated Cu substrates is shown in Fig. 9.

Shear Strength of Sn-2.5Ag-0.5Cu/Cu and
Sn-2.5Ag-0.5Cu/Ni/Cu Joint

Ball shear testing was performed to evaluate the
effect of the interfacial reactions on the bond
strength as a function of reflow time. Figures 10
and 11 show force–distance curves obtained during
shear tests for the Sn-2.5Ag-0.5Cu/Cu and Sn-
2.5Ag-0.5Cu/Ni/Cu system, respectively. Three sets
of experiments were carried out to obtain consistent
results, and the error bars on the force–distance
curves indicate the standard deviation in the shear
strength values in these three sets of tests. The
variation in the spread area of the sessile drop
resulted in slight scatter in the force–distance
curves. The shear energy values are given in
Table V. The force–distance curves exhibited a

Fig. 9. IMC thickness versus reflow time for Sn-2.5Ag-0.5Cu solder
alloy on (a) bare and (b) Ni-coated Cu substrate.
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gradual decrease after reaching a peak value. The
Sn-2.5Ag-0.5Cu/Cu system showed maximum bond
strength for reflow time of 40 s, whereas the Sn-
2.5Ag-0.5Cu/Ni/Cu system showed maximum bond
strength for reflow time of 80 s. Since 40 s and 80 s
are the approximate times at which the gravity zone
comes to an end in both the Sn-2.5Ag-0.5Cu/Cu and
Sn-2.5Ag-0.5Cu/Ni/Cu systems, we concluded that

the dynamic contact angle at the end of the gravity
zone (hgz) is responsible for the maximum bond
strength. Bond strength decreased with further
increase in reflow time and IMC thickness in later
stages. This also suggests that solder reflow should
not extend beyond the gravity regime.

The Sn-2.5Ag-0.5Cu/Ni/Cu system showed the
maximum bond strength among the two systems for

Fig. 10. Shear force–distance curves for Sn-2.5Ag-0.5Cu solder reflowed on copper substrate for various times: (a) 10 s, (b) 40 s, (c) 100 s, (d)
300 s, and (e) 500 s.
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various reflow times. There is a large variation in the
mechanical properties of the (Cu,Ni)6Sn5 and Cu6Sn5

IMCs due to their anisotropic mechanical properties
combined with their different crystal orientations.
Use of Ni in solder alloys or as substrate has many
beneficial effects on the (Cu,Ni)6Sn5 IMC layer, such

as stabilization of the hexagonal phase to room
temperature, effective reduction of thermal stress of
solder joints, reduced anisotropy of mechanical
behavior, improved mechanical behavior including
increased creep stress exponent, and lower propen-
sity for crack formation.24–27

Fig. 11. Shear force–distance curves for Sn-2.5Ag-0.5Cu solder reflowed on Ni-coated copper substrate for various times: (a) 10 s, (b) 80 s, (c)
100 s, (d) 300 s, and (e) 500 s.
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Fractured surfaces were observed under scanning
electron microscopy to study the failure mode of the
joints. Fractured surfaces are shown in Figs. 12 and
13 for the Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/
Ni/Cu system, respectively, where arrows indicate
the shear direction. EDS analysis on the fractured

surfaces indicated the occurrence of failure predom-
inantly in bulk solder regardless of reflow time.
However, a transition ridge was seen on all samples
at the edge (right side) of the solder–substrate
system where the shear tool stopped its motion
during the shear test. This is due to backstress

Fig. 12. SEM images of fractured surfaces of Sn-2.5Ag-0.5Cu/Cu reflowed for (a) 10 s, (b) 40 s, (c) 100 s, (d) 300 s, and (e) 500 s.

Table V. Shear energy of Sn-2.5Ag-0.5Cu solder alloy reflowed on bare and Ni-coated Cu substrate

Sn-2.5Ag-0.5Cu/Cu Sn-2.5Ag-0.5Cu/Ni/Cu

Reflow time (s) Shear energy (kJ/m2) Reflow time (s) Shear energy (kJ/m2)

10 67 ± 1.58 10 69.71 ± 0.41
40 91.39 ± 3.40 80 97.4 ± 4.2
100 74.98 ± 0.37 100 79.38 ± 0.99
300 77.67 ± 2.01 300 56.91 ± 0.59
500 67.01 ± 2.14 500 63.74 ± 2.05
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gradually developed by work hardening, which
restricts the deformation of the solder alloy during
the shear test. Therefore, higher stresses are con-
centrated at the transition ridge. The presence of
such a transition ridge on the fractured surfaces
indicates that the shear tool moved from the bulk to
the interfacial region. All the solder–substrate
systems exhibited ductile fracture in the bulk
region, whereas brittle fracture was observed in
the interfacial region.

CONCLUSIONS

Based on study of the effect of reflow time on
wettability and interfacial reactions of Sn-2.5Ag-
0.5Cu solder alloy on bare and Ni-coated Cu sub-
strates, the following conclusions can be drawn:

1. Both the Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-
0.5Cu/Ni/Cu systems showed good wettability

for longer reflow times. The spreading behavior
of the solder alloy was characterized into cap-
illary, gravity (diffusion), and viscous zones.

2. The gravity (diffusion) zone was obtained
from 3.8 ± 0.43 s to 38.97 ± 3.38 s and 5.99 ±
0.5 s to 77.82 ± 8.84 s for the Sn-2.5Ag-
0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/Cu system,
respectively.

3. Sn-2.5Ag-0.5Cu solder reflowed for 40 s on Cu
substrate and 80 s on Ni-coated Cu substrate
yielded the maximum joint strength compared
with that obtained for reflow times required to
achieve stabilized contact angle (hf). The Sn-
2.5Ag-0.5Cu/Ni/Cu system reflowed for 80 s
showed maximum bond strength among both
solder–substrate systems reflowed for various
times.

4. Sn-2.5Ag-0.5Cu solder alloy reflowed on Cu
substrate for various reflow times showed

Fig. 13. SEM images of fractured surfaces of Sn-2.5Ag-0.5Cu/Ni/Cu reflowed for (a) 10 s, (b) 80 s, (c) 100 s, (d) 300 s, and (e) 500 s.

Effect of Reflow Time on Wetting Behavior, Microstructure Evolution, and Joint Strength of
Sn-2.5Ag-0.5Cu Solder on Bare and Nickel-Coated Copper Substrates

3757



Cu6Sn5 intermetallic at the interface irrespec-
tive of the reflow time. The thickness of Cu6Sn5

IMC increased with increase in reflow time.
Similarly, the Sn-2.5Ag-0.5Cu/Ni/Cu system
showed (Cu,Ni)6Sn5 intermetallic at the inter-
face; its thickness increased up to 300 s, fol-
lowed by a decrease thereafter. The samples
reflowed for 500 s showed spalling, resulting in
decreased joint strength.

5. Grain-boundary diffusion was found to be the
rate-controlling process for IMC growth in both
the Sn-2.5Ag-0.5Cu/Cu and Sn-2.5Ag-0.5Cu/Ni/
Cu systems.

6. The thickness of IMCs formed at the interface
was lower on Ni-coated compared with bare Cu
substrate up to reflow time of 100 s, whereas
the IMC thickness was found to be greater at
the interface of Sn-2.5Ag-0.5Cu solder and Ni-
coated Cu substrate for longer reflow times.

7. IMC thickness between 1 lm and 1.81 lm gave
higher joint strength for the Sn-2.5Ag-0.5Cu/Cu
and Sn-2.5Ag-0.5Cu/Ni/Cu systems.

8. A transition ridge was seen on all fractured
surfaces, indicating that the shear tool moved
from the bulk to interfacial region.

9. A dynamic contact angle (hg) was found to be a
better parameter compared with the stabilized
contact angle (hf) in correlating the wettability
of liquid solder to the microstructure and joint
strength. The study suggests that solder reflow
should end before the start of the viscous
regime, clearly highlighting the importance of
the gravity zone in determining the optimum
reflow time for lead-free solder alloys.
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