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Abstract: This study investigates the shear strength and aging characteristics of Sn-3.0Ag-0.5Cu (SAC
305)/Cu joints by the addition of ZrO2 nanoparticles (NPs) having two different particle size: 5–15 nm
(ZrO2A) and 70–90 nm (ZrO2B). Nanocomposite pastes were fabricated by mechanically mixing
ZrO2 NPs and the solder paste. ZrO2 NPs decreased the β-Sn grain size and Ag3Sn intermetallic
compound (IMC) in the matrix and reduced the Cu6Sn5 IMC thickness at the interface of lap shear
SAC 305/Cu joints. The effect is pronounced for ZrO2A NPs added solder joint. The solder joints
were isothermally aged at 175 ◦C for 24, 48, 144 and 256 h. NPs decreased the diffusion coefficient
from 1.74 × 10–16 m/s to 3.83 × 10–17 m/s and 4.99 × 10–17 m/s for ZrO2A and ZrO2B NPs added
SAC 305/Cu joints respectively. The shear strength of the solder joints decreased with the aging
time due to an increase in the thickness of interfacial IMC and coarsening of Ag3Sn in the solder.
However, higher shear strength exhibited by SAC 305-ZrO2A/Cu joints was attributed to the fine
Ag3Sn IMC’s dispersed in the solder matrix. Fracture analysis of SAC 305-ZrO2A/Cu joints displayed
mixed solder/IMC mode upon 256 h of aging.
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1. Introduction

In the expanding information era, research has largely contributed to the development of
high performance integrated circuit (IC). Meanwhile, the integration of the IC chips and their long
term reliability remains a barrier in preventing the electronic industries to achieve their maximum
efficiency [1]. Although many innovative joining techniques have been evolved, soldering is an essential
joining step followed in the advanced IC packaging types such as through-hole technology, flip-chip
and ball grid arrays [2]. Sn-Ag-Cu, Sn-Bi, Sn-In, Sn-Cu and Au-Sn are some of the potential lead-free
solders used in the microelectronic packaging [3]. Among these Sn-3 wt.% Ag-0.5 wt.% Cu (SAC
305) solder is the primary candidate because their moderate melting temperature, good solderability,
electrical performance, high-temperature resistance and mechanical properties such as strength and
ductility [3,4]. The potential drawback in SAC 305 solder is the excessive growth of the Cu-Sn (Cu6Sn5

and Cu3Sn) inter-metallic compounds (IMC) at the solder/Cu interface due to the reactive wetting of
Sn on copper substrate [4]. Alloying and nanoparticles (NPs) addition are the methods adopted in
general to refine the IMC and to enhance the solderability and mechanical properties of SAC solder [3].
Presently, research in ceramic NPs reinforced SAC solder is given more attention owing to their stability
in the solder matrix and the positive contribution in Ag3Sn IMC refinement, reliability as well as the
suppression of the Cu6Sn5 IMC at the solder/Cu interface [3–9]. Tsao et al. and Chuang et al. observed
an overall increase in mechanical properties such as yield strength, tensile strength and micro-hardness
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in the SAC 305 solder alloy after the addition of TiO2 and Al2O3 NPs [5,6]. Similar enhancement in
mechanical properties are also reported by various authors for the addition of AlN [7], SnO2 [8] and
ZrO2 [9] NPs in SAC solder by various authors.

However, the thickness of Cu6Sn5 and Cu3Sn IMCs formed at the interface of SAC solder and
Cu substrate during manufacturing, repair and transportation decides the reliability of the solder
joints [10]. With miniaturization, the reliability becomes the primary concern in fine pitch solder
joints as the high current density and Joule heating drives the diffusion of Cu and Sn atoms along the
interface [11]. Prolonged service time and elevated service temperature of the component results in
a higher volume fraction of the brittle IMC at the interface, thus affecting the reliability of the fine-pitch
solder joints [10,11]. By adding TiO2 NPs in SAC solder, Chang et al. [12] observed an overall reduction
in the thickness of IMC from 4.44 µm to 2.78 µm due to the adsorption of nanoparticles at the SAC/Cu
interface. Meanwhile, the addition of ZrO2 NPs also suppressed the IMC thickness and improved
the joint strength of the SAC/Cu interface [9]. Aspalter et al. [13] reported that ZrO2, SiO2, TiO2 and
Al2O3 NPs doped flux has decreased the Cu-Sn growth kinetics and enhanced the shear strength of
solder/Cu joints. Gain et al. [14] reported that SAC/Cu with ZrO2 NPs has higher activation energy
for total IMC formation which contribute to suppression effect as compared with monolithic SAC/Cu
joints. Shang et al. [15] reported that Cu-Sn IMC suppression effect is more pronounced in small size
TiO2 NPs having higher surface to volume ratio.

Although many investigations have proven the fact that NPs enhance the overall mechanical
properties and slow down the growth Cu-Sn IMC growth at the interface, only NPs type and their
addition level were considered during the materials design. However, at a constant addition level,
the effect of nanoparticle size on the reliability and their aging characteristics has not been reported
yet. ZrO2 NPs are chosen in the present work due to their effective surface active nature with good
mechanical properties and chemical stability [9]. Among the various reliability testing methods,
lap shear test resembles the real-life loading configuration experienced by the solder joints [8,16]. In the
present study, lap shear test has been adopted to investigate the microstructure, Cu-Sn IMC growth
and the shear strength of isothermally aged ZrO2 added SAC 305/Cu joints with regard to the NPs size.

2. Materials and Methods

2.1. Sample Preparation

Type 4 commercial SAC 305 solder paste of 99.99% purity (Alpha assembly solutions, Siheung-Si,
South Korea) with RMA (Rosin Mildly Activated) flux was used as a base solder. ZrO2 NPs of 99.5%
purity (Ditto Technology Co. Ltd., Gumpo-Si, South Korea) with an average particle size of 5–15 nm
(hereafter referred as ZrO2A) and 70–90 nm (hereafter referred as ZrO2B) were used as additives to the
base solder. Figure 1a and b shows field emission scanning electron microscope image of as-purchased
spherical ZrO2A and ZrO2B NPs respectively. SAC 305-0.2 wt.% of ZrO2A and SAC 305-0.2 wt.% of
ZrO2B nanocomposite solders (hereafter referred as SAC 305-ZrO2A and SAC 305-ZrO2B respectively)
were prepared by mechanical mixing method. Accurately weighted ZrO2 NPs and the solder paste
were mechanically mixed using a centrifugal mixer (THINKY, CA, USA) at 2000 RPM for 2 min.
The sample was air cooled at an interval of 30 s to avoid the excessive heat generated during mixing.
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Figure 1. Field emission scanning electron microscopy image of as-received ZrO2NPs of varying size: 
(a) ZrO2A (5–15 nm) and (b) ZrO2B (70–90 nm) nanoparticles. 

2.2. Soldering and Microstructure Analysis 

Copper plates (50 mm × 10 mm × 1 mm) were finely polished using SiC abrasive to make a 
uniform surface and to remove the surface contaminants. Flowingly, copper plates were soaked in 5 
Vol.% HCl solution to get rid of the oxide layer and were ultrasonically cleaned with distilled water. 
Lap shear joints were fabricated as explained in Section 2.3. The joints were thermally aged in an oven 
at 175 °C for up to 256 h. For IMC analysis, the joints were mounted in epoxy, cross-sectioned and 
polished using standard metallographic techniques. Prior to scanning electron microscopy (SEM) 
analysis, the polished joints were etched in a solution containing 3 Vol.% HCl, 5 Vol.% HNO3 and 92 
Vol.% CH3OH. The microstructure of the solder joint, IMC thickness and the fractured surfaces after 
shear test were analyzed using analytical scanning SEM (JEOL JSM-6010PLUS, Tokyo, Japan) 
attached with energy dispersive spectrometer (EDS). The average thickness of IMC at the interface 
was calculated from the ratio of the IMC area to its length calculated from SEM image. The β-Sn grain 
size, eutectic area percentage, Ag3Sn size and their inter-phase spacing were measured using Image-
Pro Plus 6.0 program. Each data is an average value calculated from 20 high magnification images 
randomly chosen during SEM analysis. 

2.3. Joint Strength Evaluation and Fractography 

To prepare single lap shear joints, 200 μm thick nanocomposite solder paste was applied on the 
copper plates using a customized mask. Aluminum sheet having a thickness 150 μm was used as 
spacers to achieve uniformly thick solder joints during reflow since the joint clearance affects bond 
strength prominently. The specimens were clamped and reflowed at 25 °C for 90 s in a hot plate. 
After reflow, Al spacers were removed, extruded solder and flux residue at the edges were polished 
and cleaned with ethanol. Figure 2 schematically explains the fabrication of single lap shear test 
specimens. Shear test of the SAC 305/Cu joints was performed using AUTO-TENFORCE M/C (Korea-
tech) tensile testing machine in room temperature at a fixed rate of 3.0 mm/min. For each condition, 
average value of the five samples were reported. The fractured surface was analyzed using SEM and 
EDS.  

Figure 1. Field emission scanning electron microscopy image of as-received ZrO2NPs of varying size:
(a) ZrO2A (5–15 nm) and (b) ZrO2B (70–90 nm) nanoparticles.

2.2. Soldering and Microstructure Analysis

Copper plates (50 mm× 10 mm× 1 mm) were finely polished using SiC abrasive to make a uniform
surface and to remove the surface contaminants. Flowingly, copper plates were soaked in 5 Vol.% HCl
solution to get rid of the oxide layer and were ultrasonically cleaned with distilled water. Lap shear
joints were fabricated as explained in Section 2.3. The joints were thermally aged in an oven at 175 ◦C
for up to 256 h. For IMC analysis, the joints were mounted in epoxy, cross-sectioned and polished
using standard metallographic techniques. Prior to scanning electron microscopy (SEM) analysis,
the polished joints were etched in a solution containing 3 Vol.% HCl, 5 Vol.% HNO3 and 92 Vol.%
CH3OH. The microstructure of the solder joint, IMC thickness and the fractured surfaces after shear
test were analyzed using analytical scanning SEM (JEOL JSM-6010PLUS, Tokyo, Japan) attached with
energy dispersive spectrometer (EDS). The average thickness of IMC at the interface was calculated
from the ratio of the IMC area to its length calculated from SEM image. The β-Sn grain size, eutectic
area percentage, Ag3Sn size and their inter-phase spacing were measured using Image-Pro Plus 6.0
program. Each data is an average value calculated from 20 high magnification images randomly chosen
during SEM analysis.

2.3. Joint Strength Evaluation and Fractography

To prepare single lap shear joints, 200 µm thick nanocomposite solder paste was applied on the
copper plates using a customized mask. Aluminum sheet having a thickness 150 µm was used as
spacers to achieve uniformly thick solder joints during reflow since the joint clearance affects bond
strength prominently. The specimens were clamped and reflowed at 25 ◦C for 90 s in a hot plate. After
reflow, Al spacers were removed, extruded solder and flux residue at the edges were polished and
cleaned with ethanol. Figure 2 schematically explains the fabrication of single lap shear test specimens.
Shear test of the SAC 305/Cu joints was performed using AUTO-TENFORCE M/C (Korea-tech) tensile
testing machine in room temperature at a fixed rate of 3.0 mm/min. For each condition, average value
of the five samples were reported. The fractured surface was analyzed using SEM and EDS.
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Figure 2. Schematic illustration for the fabrication of lap shear SAC 305/Cu joints. 
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Figure 3a–f shows the as-reflow microstructure of monolithic SAC 305/Cu and ZrO2 NPs added 
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the corresponding high magnification image respectively. SAC 305 eutectic alloy upon solidification 
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IMC phase (dark grey contrast) distributed within the dendritic β-Sn solid solution phase (light grey 
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Figure 2. Schematic illustration for the fabrication of lap shear SAC 305/Cu joints.

3. Results and Discussion

3.1. Effect of ZrO2 NPs Size on the Microstructure of SAC 305/Cu Shear Joints

Figure 3a–f shows the as-reflow microstructure of monolithic SAC 305/Cu and ZrO2 NPs added
SAC 305/Cu joints. Figure 3a and b represents the microstructure of monolithic SAC 305/Cu joint and
the corresponding high magnification image respectively. SAC 305 eutectic alloy upon solidification
yields three phases: a needle-like Ag3Sn IMC phase (white contrast), an irregular polygon like Cu6Sn5

IMC phase (dark grey contrast) distributed within the dendritic β-Sn solid solution phase (light
grey contrast) as shown in Figure 3 b. The average grain size of β-Sn is 21.1 ± 3.3 µm and the
eutectic area is 16.6%. The average length and width of needle-like Ag3Sn phase are 4.9 ± 1.2 µm
and 0.63 ± 0.08 µm respectively. The average spacing between the adjacent Ag3Sn phase in eutectic
structure is 1.9 ± 0.6 µm.



Metals 2020, 10, 1295 5 of 17

Metals 2020, 10, x FOR PEER REVIEW 5 of 17 

 

  

  

  
Figure 3. Scanning electron microscope (SEM) micrograph of as-reflowed (a) SAC 305/Cu joint and 
(b) the corresponding microstructure, (c) SAC 305-ZrO2A/Cu joint and (d) the corresponding 
microstructure, (e) SAC 305-ZrO2B/Cu joint and (f) the corresponding microstructure. 

As observed from Figure 3c–f, a significant refining is seen in the microstructure of as-reflowed 
SAC 305-ZrO2/Cu joints, most notably in SAC 305-ZrO2A/Cu joint. The area of Ag3Sn and β-Sn 
eutectic network has increased and the morphology of Ag3Sn IMC has been modified from needle-
like to a near-spherical in ZrO2 added SAC 305/Cu joints. Also, the average grain size of β-Sn is 
decreased and the irregular polygon like Cu6Sn5 has been refined with the addition of ZrO2 
nanoparticles as shown in Figure 3b,d. Table 1 enlists the average values of β-Sn grain size, eutectic 
area percentage, Ag3Sn size and their inter-phase spacing obtained from the addition of ZrO2 NPs in 
SAC 305/Cu joint. Each data is an average value calculated from 20 high magnification images 
randomly chosen during SEM analysis. From the table, it is clear that the refinement effect is higher 
in the microstructure of SAC 305-ZrO2A/Cu solder joint. When ZrO2B NPs are added, the β-Sn grain 
size and Ag3Sn IMC size are 11.3 ± 4.1 μm and 1.0 ± 0.5 μm respectively which is 46% and 62% 
reduction as compared with the monolithic SAC solder. Whereas the grain size reduction of β-Sn and 
Ag3Sn in ZrO2A added solder is 83% and 84% as compared with the monolithic SAC. These results 

Figure 3. Scanning electron microscope (SEM) micrograph of as-reflowed (a) SAC 305/Cu joint
and (b) the corresponding microstructure, (c) SAC 305-ZrO2A/Cu joint and (d) the corresponding
microstructure, (e) SAC 305-ZrO2B/Cu joint and (f) the corresponding microstructure.

As observed from Figure 3c–f, a significant refining is seen in the microstructure of as-reflowed
SAC 305-ZrO2/Cu joints, most notably in SAC 305-ZrO2A/Cu joint. The area of Ag3Sn and β-Sn
eutectic network has increased and the morphology of Ag3Sn IMC has been modified from needle-like
to a near-spherical in ZrO2 added SAC 305/Cu joints. Also, the average grain size of β-Sn is decreased
and the irregular polygon like Cu6Sn5 has been refined with the addition of ZrO2 nanoparticles as
shown in Figure 3b,d. Table 1 enlists the average values of β-Sn grain size, eutectic area percentage,
Ag3Sn size and their inter-phase spacing obtained from the addition of ZrO2 NPs in SAC 305/Cu joint.
Each data is an average value calculated from 20 high magnification images randomly chosen during
SEM analysis. From the table, it is clear that the refinement effect is higher in the microstructure of
SAC 305-ZrO2A/Cu solder joint. When ZrO2B NPs are added, the β-Sn grain size and Ag3Sn IMC size
are 11.3 ± 4.1 µm and 1.0 ± 0.5 µm respectively which is 46% and 62% reduction as compared with the
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monolithic SAC solder. Whereas the grain size reduction of β-Sn and Ag3Sn in ZrO2A added solder is
83% and 84% as compared with the monolithic SAC. These results reveal that at the constant addition
level, smaller ZrO2 NPs had a significant influence in the refinement of SAC 305 solder.

Table 1. Average grain size, Ag3Sn spacing and eutectic area percentage for the as-reflow monolithic
and ZrO2 reinforced SAC/Cu joint.

Sample
Ag3Sn (µm)

Ag3Sn Spacing (µm) β-Sn Grain Size (µm) Eutectic Area %
Length Width Grain Size

SAC 305 4.9 ± 1.2 0.63 ± 0.08 2.7 ± 0.6 2.4 ± 1.4 21.1 ± 3.3 16.6

SAC
305-ZrO2A 0.45 ± 0.07 0.37 ± 0.03 0.41 ± 0.03 0.56 ± 0.08 3.5 ± 2.0 32.4

SAC
305-ZrO2B 1.4 ± 1.1 0.71 ± 0.07 1.0 ± 0.5 0.89 ± 0.1 11.3 ± 4.1 26.9

Consistent with above results Tsao et al. [17] have reported that adding Al2O3 NPs has shown
an overall refinement and increased eutectic network area in SAC 305 solders. Similarly, noticeable
modification of eutectic Ag3Sn phase from needle-like to spherical-like has been observed for the
addition of TiO2 NPs in SAC solder [5]. El-Daly et al. [18] has showed that addition of SiC nanoparticles
in SAC 105 solder has resulted in a smaller β-Sn sub-grains. Effect of NPs in microstructural refinement
in SAC solder has been studied by many researchers and explained qualitatively by the adsorption of
surface-active material during the heterogeneous nucleation [17–20]. Upon melting, stable ZrO2 NPs
remain dispersed in the molten solder. NPs are considered as surface active materials due to their high
surface to volume ratio [19]. During solidification, the surface-active NPs are enriched along the phase
boundaries and gets adsorbed on the growing plane, k. After the adsorption of surface-active material
that is, ZrO2 NPs in this case, the surface free energy of the growing crystal plane k becomes [20]:

∑
k
γk

c Ak =
∑

k
γk

0Ak −RT
∑

k
Ak

∫ c

0

Γk

c
dc, (1)

where c is the concentration of the surface-active material, γk
c and γk

0 are the surface tension of the
crystal plane k with and without the adsorption of surface-active NPs. Ak is the area of the plane k,
Γk the amount of surface-active NPs adsorbed at the plane k given by,

Γk = −
c

RT
dγk

dc
, (2)

where R and T are the molar gas constant and the absolute temperature respectively. In order to get
the plane k to achieve a minimum surface free energy Equation (1) has to be minimum,

∑
k

γk
0Ak −RT

∑
k
Ak

∫ c

0

Γk

c
dc→ min, (3)

where
∑
k
γk

0Ak term is independent of the concentration of surface-active material and hence assumed

to be constant. Hence,

RT
∑

k
Ak

∫ c

0

Γk

c
dc→ max. (4)

For this condition to occur, the crystal plane with the maximum surface tension should grow faster
and at the same time should adsorb maximum number of surface-active NPs. However, increase in
adsorption of surface-active NPs tends to decrease the growth rate of the crystal plane k [19,20].
In Sn-Ag eutectic alloy, Ag3Sn is supposed to form during the onset of eutectic reaction wherein
nucleating Ag3Sn crystal act as an epitaxial sink for the Ag and Sn atoms. Therefore, higher growth
rate of Ag3Sn crystals in the eutectic melt which results in a needle-like morphology [9]. In ZrO2
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NPs added solder, the dispersed nanoparticles in the eutectic melt gets adsorbed on the Ag3Sn IMC
nucleating crystals thereby decreasing their growth rate resulting in near-spherical morphology.

Pronounced refining observed in the microstructure of SAC 305-ZrO2A/Cu joints as compared
with the SAC 305-ZrO2B/Cu joints can be attributed to the higher surface to volume ratio of smaller
NPs. Adsorption is a surface dominated phenomenon where a high surface to volume ratio of smaller
ZrO2A NPs can enhance their adsorption effect on the growing plane of Ag3Sn. Moreover, at a constant
addition level, the number of ZrO2A NPs will be more in the solder as compared to ZrO2B NPs.
Therefore, the amount of ZrO2A NPs getting adsorbed on a growing Ag3Sn crystal plane k will be
more and consequently shows a better refinement of β-Sn and Ag3Sn phases.

3.2. Effect of ZrO2 NPs Size on the Interfacial Cu6Sn5 Evolution in SAC 305/Cu Shear Joints

Figure 4a–c displays the Cu6Sn5 IMC formed at the interface of as-reflowed SAC 305/Cu,
SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints respectively. The thickness of Cu6Sn5 IMC layer
(grey contrast) at the interface of solder joints reduced with the addition of ZrO2 NPs. A scalloped
Cu6Sn5 IMC with a thickness of 2.6 ± 0.9 µm and 1.7 ± 0.5 µm was observed at the interface of
monolithic SAC 305/Cu and SAC 305-ZrO2A/Cu joint respectively. Furthermore, the width of the
Cu6Sn5 scallop appears to be smaller in SAC 305-ZrO2A/Cu interface compared to that of monolithic
SAC 305/Cu. On contrast, faceted Cu6Sn5 IMC with a thickness of 2.1 ± 0.7 µm was observed at the
interface of SAC 305-ZrO2B/Cu joint. Scallop to faceted transition in Cu6Sn5 IMC has been previously
reported for the addition of TiO2 and Al2O3 nanoparticles [15,17]. Thinner Cu6Sn5 IMC grains were
formed at the Sn/Cu interface with the addition of 5 nm sized TiO2 NPs as compared to the 50 nm TiO2

NPs [17]. In consistent with previous reports, the suppression of Cu6Sn5 thickness at the interface is
more noticeable for SAC 305 solder reinforced with smaller ZrO2A NPs.
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Figure 4. SEM micrograph showing Cu6Sn5 IMC layer at the interface of as-reflowed (a) SAC 305/Cu
joint, (b) SAC 305-ZrO2A/Cu joint, (c) SAC 305-ZrO2B/Cu joint and (d) Schematic illustration for the
influence of smaller ZrO2A and larger ZrO2B NPs on the Cu6Sn5 IMC growth.

Analogous to the refinement of Ag3Sn as explained in Section 3.1, Cu6Sn5 IMC suppression
at the interface can also be explained with the theory of adsorption of surface-active material [21].
The propensity of adsorption (referred as equilibrium adsorption constant K0) for a surface-active NPs
with different dimensions K0

RA
and K0

RB
is given by [17],

K0
RA

K0
RB

= exp{−
3Vm(γk

0 − γ
k
c )

RT
(

1
RA
−

1
RB

)}, (5)
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where RA and RB are the radius of A and B NPs. Vm is the molar volume for spherical nanoparticle,
γk

c and γk
0 are the surface tension of the Cu6Sn5 crystal plane k with and without the adsorption of NPs.

γk
0 − γ

k
c term is negative as the adsorption of NPs decreases the surface tension of the growing Cu6Sn5

crystal plane k. Hence,
K0

RA
> K0

RB
. (6)

Equation (6) signifies that smaller ZrO2A NPs can be easily adsorbed on the growing Cu6Sn5

crystal plane and decreases the surface tension of the Cu6Sn5 crystal plane k at a larger extent. This can
be attributed to the higher surface to volume ratio. Further, for the fixed addition level more ZrO2A
NPs gets adsorbed and contribute to higher suppression of the Cu6Sn5 growth as compared with
ZrO2B NPs (Figure 4d).

3.3. Effect of ZrO2 NPs Size on the Cu6Sn5 aging Kinetics in SAC 305/Cu Shear Joints

Figure 5a–c displays the morphology and Cu-Sn IMC thickness of the monolithic SAC 305/Cu,
SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints subjected to 175 ◦C isothermal aging for 24, 48,
144 and 256 h. As can be seen from Figure 5, overall Cu-Sn IMC thickness increases with aging
time in the monolithic as well as ZrO2 reinforced SAC 305/Cu joints. However, increase in Cu-Sn
IMC thickness appears to be more in monolithic SAC 305/Cu interface. Further, compared with the
as-reflow condition, Cu6Sn5IMC morphology transformed from a scallop to planar type with aging.
When Cu atoms diffuse towards the bulk solder, channels between the scallop shaped Cu6Sn5 provides
a shorter diffusion path. Hence the growth rate is rapid at the channels resulting in planarization of
Cu6Sn5 at the interface upon aging [22]. Besides that, Cu3Sn phase (dark grey contrast) having planar
morphology emerges near to the Cu side in the monolithic as well as ZrO2 reinforced SAC305/Cu
joints. With prolonged aging time (24 to 256 h), the overall thickness of IMC increases and Cu3Sn
phase grows at an expense of Cu6Sn5. During aging, Cu6Sn5 phase transforms into Cu3Sn phase near
to the Cu through the reaction (7) [10,23]:

Cu6Sn5 + 9Cu→ 5Cu3Sn. (7)
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EDS analysis of points A, B in figure (a-4)

The IMC growth kinetics at the solder/Cu interface can be expressed using an empirical power-law
relationship [5,10,24]:

X = X0 +
√

Dt, (8)
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where X is the measured Cu-Sn IMC thickness and X0 is the initial Cu-Sn IMC thickness after the
re-flow, D is the diffusion coefficient of the diffusing atoms which determines the growth rate, t is the
aging time.

The value of D can be obtained from the linear regression analysis of X versus t1/2 plot [10].
Cu-Sn IMC thickness versus t and t1/2 plots are shown in Figure 6a and b respectively. As seen from
Figure 6a, the thickness of Cu-Sn IMC increases with the aging time in all the SAC 305/Cu joints
investigated here. Upon aging, Cu-Sn IMC growth appears to be higher for monolithic, followed by
ZrO2B reinforced SAC solder. While, SAC 305-ZrO2A/Cu joints experienced slower Cu-Sn growth
upon aging. With increasing aging time from 0 to 256 h, the IMC thickness increases from 2.6 ± 0.9 µm
to 16.2 ± 0.3 µm, 1.7 ± 0.5 µm to 9.6 ± 0.8 µm and from 2.1 ± 0.7 µm to 10.2 ± 0.3 µm for monolithic
SAC 305/Cu, SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints respectively. In all the joints, thickness
of Cu-Sn IMC exhibited a parabolic relationship with the aging time signifying a diffusion-controlled
growth as observed by Deng et al. [22]. The D values for SAC 305/Cu, SAC 305-ZrO2A/Cu and SAC
305-ZrO2A/Cu joints calculated from the Cu-Sn IMC thickness versus t1/2 plot as shown in Figure 6b are
1.74 × 10–16 m/s, 3.83 × 10–17 m/s and 4.99 × 10–17 m/s respectively. The D value for SAC 305/Cu joint
in the present work is close to the D value (1.60 × 10–16 m/s) reported by Hu et al. [10] for SAC 305/Cu
joints aged at 180 ◦C. Lower D values obtained for ZrO2 NPs reinforced SAC 305/Cu as compared
to monolithic joint suggests that ZrO2 NPs have hindered the diffusion of Cu and Sn atoms during
aging. Also, lower D value in SAC 305-ZrO2A/Cu joint as compared to SAC 305-ZrO2B/Cu joint shows
smaller NPs have effectively controlled the Cu and Sn diffusion during aging.
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3.4. Effect of ZrO2 Nanoparticle Size on the Shear Strength and Fracture Behavior of SAC 305/Cu Interface

Solder joints are often subjected to mechanical loading in actual service conditions, therefore to
analyze and understand the ZrO2 NPs size on the reliability of the SAC 305/Cu joints, single lap shear
tests have been carried out for ZrO2A and ZrO2B reinforced SAC 305/Cu joints. Figure 7 displays the
shear strength of monolithic SAC 305/Cu, SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu solder joints
in as-reflowed and in 175 ◦C isothermal aged condition. In general, deterioration in shear strength
is noticed for all the solder joints with aging time. The average shear strength conducted on the
as-reflowed monolithic SAC 305/Cu, SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints in as-reflowed
condition are 35.9 ± 1.9 MPa, 39.7 ± 1.9 MPa and 38.9 ± 1.32 MPa respectively. In isothermal aging
condition, ZrO2 NPs added SAC 305/Cu joints revealed higher shear strength as compared to the
monolithic SAC 305/Cu. In particular, ZrO2A reinforced SAC 305/Cu joints exhibited better strength as
compared to the ZrO2B reinforced SAC 305/Cu joints. After 144 h of isothermal aging, ZrO2A NPs
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reinforced SAC 305/Cu joints appear to retain the shear strength (35.4 ± 0.97 MPa) equivalent to the
shear strength exhibited by the monolithic SAC 305/Cu joints in as-reflow condition.
Metals 2020, 10, x FOR PEER REVIEW 10 of 17 

 

 
Figure 7. Shear strength of SAC 305/Cu, SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints in as-
reflowed and in 175 °C isothermal aged condition. 

Increase in shear strength for the solder joints has been reported for the addition of CoPd [25], 
ZrO2 [9], Al2O3[26] and SiC [18] NPs. Higher shear strength in nanocomposite solder joints can be 
attributed to three factors: (a) presence of NPs and their dispersion strengthening, (b) finely dispersed 
Ag3Sn IMC particles in the solder matrix and (c) suppressed Cu6Sn5 IMC at the solder/Cu joint 
interface [27]. The presence of ZrO2 NPs and Ag3Sn IMC in solder strengthen the matrix by (a) 
generating geometrically necessary dislocations in the matrix in order to balance the co-efficient of 
expansion difference and elastic modulus difference between the matrix and the particle (ZrO2 NPs 
and Ag3Sn) and (b) obstructing the dislocation movement [5,27]. Additionally, refined Ag3Sn IMC in 
the matrix of ZrO2 added SAC 305 solder contribute to the strengthening through load-transferring 
mechanism. Good interface bonding between the dispersed particles and matrix contribute to a better 
load transferring ability [27]. The yield stress of the alloy due to the piling of dislocations upon load 
transfer depends on the spacing between the dispersed particles and is given by [17]: 

0
Gb
L
ττ

πν
= , (9)

where G is the shear elastic modulus of the substrate; b is the Burgers vector; ν is the Poisson’s ratio; 𝜏is the fracture stress of Ag3Sn particles and L is the average spacing between the Ag3Sn particles.  
From Equation (9), smaller spacing between Ag3Sn IMC yields better load-transfer ability. In the 

present work, the average spacing between Ag3Sn IMC particles in the monolithic SAC 305 solder is 
2.4 ± 0.7 μm. With the addition of ZrO2A and ZrO2B NPs, the average spacing between Ag3Sn particles 
reduce to 0.46 ± 0.06 μm and 1.1 ± 0.2 μm respectively (Table 1). According to Equation (9), the ratio 
of 

2SAC SAC ZrO AL L − for SAC 305-ZrO2A/Cu joint is 4.2, hence 
2

2.0SAC ZrO A SACτ τ− = . For SAC 305-

ZrO2B/Cu joint, the ratio of 
2SAC SAC ZrO BL L − decreases to 2.6, hence 

2
1.6SAC ZrO B SACτ τ− = . The 

calculated yield stress by load transfer mechanism for SAC 305-ZrO2A/Cu joints is double than that 
of SAC 305-ZrO2B/Cu. In consistent with the theoretical Equation (9), higher shear strength observed 
for as-reflow SAC 305-ZrO2A/Cu joints can be attributed to the reduced Ag3Sn IMC spacing in the 
solder matrix.  

Decrease in shear strength after aging can be related to two factors: (a) growth of Cu3Sn and 
Cu6Sn5 IMC’s at the interface and (b) coarsening of Ag3Sn IMC in the solder matrix [22,28]. As can be 
seen from the thickness plot (Figure 6a), the difference in the average Cu-Sn IMC thickness for the 
256 h aged SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints is minor and hence cannot be 
considered as a significant factor for the difference in shear strength. Yang et al. [29] reported that 
thicker intermetallic layer corresponding to a higher reflow time does not decrease the shear strength 
as remarkably as thermal aging. It was reported that degradation in shear strength of aged SAC 
solder corresponds to the Ag3Sn IMC coarsening in the solder matrix rather than the growth of Cu-

Figure 7. Shear strength of SAC 305/Cu, SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints in
as-reflowed and in 175 ◦C isothermal aged condition.

Increase in shear strength for the solder joints has been reported for the addition of CoPd [25],
ZrO2 [9], Al2O3 [26] and SiC [18] NPs. Higher shear strength in nanocomposite solder joints can be
attributed to three factors: (a) presence of NPs and their dispersion strengthening, (b) finely dispersed
Ag3Sn IMC particles in the solder matrix and (c) suppressed Cu6Sn5 IMC at the solder/Cu joint
interface [27]. The presence of ZrO2 NPs and Ag3Sn IMC in solder strengthen the matrix by (a)
generating geometrically necessary dislocations in the matrix in order to balance the co-efficient of
expansion difference and elastic modulus difference between the matrix and the particle (ZrO2 NPs
and Ag3Sn) and (b) obstructing the dislocation movement [5,27]. Additionally, refined Ag3Sn IMC in
the matrix of ZrO2 added SAC 305 solder contribute to the strengthening through load-transferring
mechanism. Good interface bonding between the dispersed particles and matrix contribute to a better
load transferring ability [27]. The yield stress of the alloy due to the piling of dislocations upon load
transfer depends on the spacing between the dispersed particles and is given by [17]:

τ0 =

√
Gbτ
πνL

, (9)

where G is the shear elastic modulus of the substrate; b is the Burgers vector; ν is the Poisson’s ratio;
τ is the fracture stress of Ag3Sn particles and L is the average spacing between the Ag3Sn particles.

From Equation (9), smaller spacing between Ag3Sn IMC yields better load-transfer ability. In the
present work, the average spacing between Ag3Sn IMC particles in the monolithic SAC 305 solder is
2.4 ± 0.7 µm. With the addition of ZrO2A and ZrO2B NPs, the average spacing between Ag3Sn particles
reduce to 0.46 ± 0.06 µm and 1.1 ± 0.2 µm respectively (Table 1). According to Equation (9), the ratio
of LSAC/LSAC−ZrO2A for SAC 305-ZrO2A/Cu joint is 4.2, hence τSAC−ZrO2A/τSAC = 2.0. For SAC
305-ZrO2B/Cu joint, the ratio of LSAC/LSAC−ZrO2B decreases to 2.6, hence τSAC−ZrO2B/τSAC = 1.6.
The calculated yield stress by load transfer mechanism for SAC 305-ZrO2A/Cu joints is double than that
of SAC 305-ZrO2B/Cu. In consistent with the theoretical Equation (9), higher shear strength observed
for as-reflow SAC 305-ZrO2A/Cu joints can be attributed to the reduced Ag3Sn IMC spacing in the
solder matrix.

Decrease in shear strength after aging can be related to two factors: (a) growth of Cu3Sn and
Cu6Sn5 IMC’s at the interface and (b) coarsening of Ag3Sn IMC in the solder matrix [22,28]. As can be
seen from the thickness plot (Figure 6a), the difference in the average Cu-Sn IMC thickness for the 256 h
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aged SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints is minor and hence cannot be considered as
a significant factor for the difference in shear strength. Yang et al. [29] reported that thicker intermetallic
layer corresponding to a higher reflow time does not decrease the shear strength as remarkably as
thermal aging. It was reported that degradation in shear strength of aged SAC solder corresponds
to the Ag3Sn IMC coarsening in the solder matrix rather than the growth of Cu-Sn IMC thickness at
the interface [22]. However, thick IMC layer can be a potential source of cracks [22]. Coarsening of
Ag3Sn IMC during thermal aging are controlled by Ostwald ripening where the smaller IMC dissolves
in Sn-rich matrix, diffuse towards energetically favorable Ag3Sn and re-precipitate resulting in the
growth of the Ag3Sn IMC size [30].

Figure 8a,b displays the microstructure of 48 h aged SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu
joints respectively. The morphology of β-Sn grains were transformed from dendritic to equiaxed
with definite grain boundaries. Figure 8c–f shows the magnified microstructure of ZrO2A and ZrO2B
reinforced SAC 305/Cu joints after 48 and 256 h of aging. Ag3Sn IMC can be seen with light-grey
contrast. Compared with the as-reflow condition (see Figure 3), Ag3Sn IMC coarsened and their
fraction decreased upon 48 h of aging. This is consistent with dissolution and re-precipitation of Ag3Sn
reported in the previous reports [30,31] Further, coarsening of Ag3Sn IMC appears to be higher for
SAC 305-ZrO2B/Cu joint. ZrO2 A NPs dispersed in the solder matrix have contributed to a finer Ag3Sn
re-precipitation upon aging and thereby responsible for their higher shear strength.

Figure 9 shows the top view of the fractured surface of as-reflowed and aged SAC 305-ZrO2A/Cu
joints after the shear test. When tensile or shear tests are conducted on solder joints, fracture propagation
mainly occurs in three general modes [22,32–34]. Mode 1—A typical ductile fracture where the cracks
start at the solder/Cu joint and propagates within the solder. The fractured surface is completely
covered with bulk solder. Mode 2—A ductile-brittle mixed fracture mode where the crack starts at the
joint interface, initially propagates across the solder and then along the IMC. The surface fractured by
mode 2 exhibits bulk solder as well as few exposed IMC. Mode 3—A brittle mode wherein the cracks
begin and propagate along the IMC layer and fracture occurs completely in the interfacial IMC layer.
The fractured surface with mode 3 failure shows only brittle IMC. From Figure 9a–d, it is clear that the
as-reflowed and aged SAC 305-ZrO2A/Cu joints retained a ductile fracture mode in the solder region
as evidenced from the plastic deformation and dimples along the shear direction. Dimples are formed
as a result of coalescence of micro voids during plastic deformation [35]. As a consequence, solder
surface tear along the shear direction resulting in tear ridges [34]. Also, in accordance with the earlier
reports [36–38], the dimple size increases significantly with the aging time as seen in Figure 9b–d.
With increased aging time of 256 h, although most locations of fractures surfaces are covered with
solder, few Cu6Sn5 regions were exposed in some incidences as shown Figure 9d. Magnified image
in Figure 9e shows the crack propagating along the Cu6Sn5 IMC beneath the solder. This indicates
that fracture has occurred close to the solder/IMC interface. Upon shearing, solder/IMC interface
experiences the maximum concentration of stress and becomes a preferred site for the onset of crack.
Further, the combination of thick IMC along the interface and the lower fracture toughness of IMC
(Cu6Sn5 and Cu3Sn) makes the interface a preferred location for the crack propagation [23]. Therefore,
the localized shear occurring along the solder close to the IMC interface results in the fracture which
agreed well with the previous reports [22,34].
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Figure 8. (a–d) SEM micrograph of 48 h isothermally aged joints. (a) SAC 305-ZrO2A/Cu joint
and (c) the corresponding microstructure, (b) SAC 305-ZrO2B/Cu joint and (d) the corresponding
microstructure. (e,f) microstructure of 256 h isothermally aged SAC 305-ZrO2A/Cu joint and SAC
305-ZrO2B/Cu joints respectively.
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Figure 10a–b shows the top view of the fractured surface and the crack propagation in 256 h
aged SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints respectively. Apparently, crack propagation
in the solder and interfacial IMC signifies a mixed fracture mode. Thicker Cu-Sn IMC after 256 h
aging shares a weaker interface with the solder. Additionally, formation of Kirkendall voids (circled in
Figure 10a,b) upon aging also degrades the fracture toughness of the IMC layer [39]. Clearly most
of the locations in the fractured IMC region displayed a broken grain with a brittle cleavage plane.
It was confirmed from the EDS analysis (Figure 10c) that the broken grains were Cu6Sn5. The exposed
columnar grains adjacent to the Cu6Sn5 grains were identified as Cu3Sn from the EDS as shown in
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Figure 10d. This shows that intergranular fracture had occurred between the Cu6Sn5 and Cu3Sn grains
in the IMC region and cleavage fracture has happened within the Cu6Sn5 grains.
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In summary, the fracture occurred predominantly within the bulk solder for ZrO2 NPs reinforced
SAC 305/Cu joints until 144 h of isothermal aging. However, the fracture surfaces of 256 h aged joints
exhibited a mixed solder/IMC mode. Schematic illustrations of ductile and mixed fracture modes
is shown in schematically in Figure 10e. The ductile to mixed transition at higher aging time can
be attributed to coarsening of Ag3Sn precipitates, Kirkendall voids and increase in IMC thickness.
Based on the observations, it can be interpreted that the higher shear strength displayed by SAC
305-ZrO2A/Cu joints after 256 h aging can be attributed to the presence of fine Ag3Sn IMC within the
bulk solder. Therefore, bulk solder close to SAC 305-ZrO2A/Cu interface can experience higher shear
stress as compared to SAC 305-ZrO2B/Cu.

4. Conclusions

The present work reports the microstructure, mechanical and IMC growth kinetics in aged SAC
305/Cu joints reinforced with two ZrO2 NPs having different particle sizes. A smaller ZrO2A NPs
having an average particle size of 5–15 nm and relatively larger ZrO2B NPs having an average particle
size of 70–90 nm and 0.2 wt.% of ZrO2 A and B nanocomposite solders were successfully prepared
by a mechanical mixing method. Single lap shear joints were fabricated from the as-prepared ZrO2

nanocomposite solder paste and isothermally aged at 175 ◦C for 24, 48, 144 and 256 h. The conclusions
are drawn as follows:
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(1). Microstructure of the as-reflow nanocomposite SAC 305-ZrO2/Cu joints exhibited higher eutectic
area with refined β-Sn grain and Ag3Sn IMC as compared to the monolithic SAC 305/Cu joints.
In particular, ZrO2 A NPs addition has contributed to a finer β-Sn and Ag3Sn grain size of
3.5 ± 2.0 µm and 0.41 ± 0.03 µm respectively with higher eutectic area as compared to the ZrO2B.

(2). NPs in the SAC solder suppressed the thickness of Cu6Sn5 IMC at the interface from 2.6 ± 0.9 µm
in monolithic to 1.7 ± 0.5 µm and 2.1 ± 0.7 µm for SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu
joint respectively.

(3). For all the investigated samples, IMC thickness increased linearly with the square root of aging
time and the growth kinetics followed empirical-power law, indicating diffusion-controlled IMC
growth. Addition of ZrO2 NPs decreased the diffusion coefficient remarkably. Notably, ZrO2A
added SAC 305/Cu joint displayed the smallest diffusion co-efficient of 3.83 × 10–17 m/s. This is
due to the presence of higher number of ZrO2 NPs effectively blocking the diffusion of Cu and Sn
at the interface

(4). SAC 305-ZrO2A/Cu joints exhibited highest shear strength of 39.7 ± 1.9 MPa in the as-reflow
condition owing to finer Ag3Sn IMC with reduced spacing as compared to SAC 305-ZrO2A/Cu
joints. Generally, the shear strength of all joints decreased with the aging time. The decline in
shear strengths upon aging can be related with the coarsening of Ag3Sn and the growth of Cu-Sn
IMC at the interface. ZrO2A added SAC 305/Cu joint exhibited highest shear strength of after
256 h of aging due to the presence of fine Ag3Sn precipitates in the bulk solder.

(5). Fracture analysis shows a ductile fracture mode for all the SAC 305-ZrO2A/Cu until 144 h of
aging. After 256 h of aging, both SAC 305-ZrO2A/Cu and SAC 305-ZrO2B/Cu joints fractured by
mixed fracture mode at the solder/IMC interface.

Therefore, to enhance the effectiveness of nanocomposite solders in the expanding electronic era,
it is beneficial to consider nanoparticle size as a material design parameter along with nanoparticle
type and addition level.
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