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A B S T R A C T

In this study, SAC305 and SAC305-0.3Ni solder balls were soldered onto Cu, high temperature treated Cu (H-Cu)
and graphene coated Cu (G-Cu) substrates, respectively. The microstructure, the interfacial reaction, and the
hardness of the solder joints were investigated. The interfacial intermetallic compound (IMC) is Cu6Sn5 in the
solder joints of SAC305/Cu, SAC305/H-Cu, and SAC305/G-Cu. With the addition of 0.3 wt% Ni in the SAC305
solder, the interfacial IMC on Cu, H-Cu, and G-Cu transforms from Cu6Sn5 into (Cu, Ni)6Sn5. The thickness of
Cu6Sn5 and (Cu, Ni)6Sn5 is the lowest on G-Cu substrate. Meanwhile, smooth (Cu, Ni)6Sn5 interfacial IMC layers
are obtained in SAC305-0.3Ni/H-Cu and SAC305-0.3Ni/G-Cu solder joints. Both the SAC305 and the SAC305-
0.3Ni solder bulks have the highest β-Sn content and the lowest concentration of eutectic phases on G-Cu
substrate. Consequently, the hardness of the solder bulks on G-Cu is lower than that on the other two kinds of
substrates.

Introduction

With the rapid development of electronic industry, miniaturization
is the dominant trend of electronic devices. As the carrier of electrical,
mechanical and thermal interconnection between components and
substrate, the performance of the solder joint does not only directly
affect the property but also affect long-time reliability of electronic
products. For a solder joint, the interfacial reaction and IMC evolution
between solder bulk and common substrates are critical issues to the
reliability [1–3].

Sn-Ag-Cu (SAC) lead-free solder alloys are considered as promising
candidates of Sn-Pb solder [4–6]. A series of publications have reported
the researches of SAC solder on the common Cu substrate [7–10]. In
order to improve the comprehensive properties of the SAC305 solder
joints, a widely-used method is to add some additive elements into
SAC305 solder alloy. Wang et al. [11] found that adding nano-SiO2 into
Sn3.0Ag0.5Cu solders improved the wettability and refined the mi-
crostructure of the SAC305 solder bulk. Chan et al. [12] indicated that
the addition of Zn in the SAC solder restrained the growth of the in-
terfacial intermetallic compound (IMC) layer. The lowest growth rate of
the IMC was obtained when the concentration of Zn nanoparticles was
0.3 wt%. Gu et al. [13] added Co nanoparticles into SAC305 solder. The
growth of the interfacial IMC layer was suppressed and the shear
strength was improved due to the increasing Co content. The research

by Li et al. [14] illustrated that the growth rate of Cu-Sn IMC decreased
when Er element was added into SAC305 solder alloy. Yang et al. [15]
discovered that the addition of Ag in the SAC solder alloy hindered the
diffusion of the Cu atoms through the interface and suppressed the
growth of the interfacial IMC layer.

The other way to improve the properties of the interfacial IMC layer
is to modify the surface layer of the substrates or to use different types
of substrates. Sn–Ag–Zn–In lead-free solder balls were soldered onto Ni
substrate by Xu et al. [16]. Ni substrate had impacts on the micro-
structure of the solder bulk as well as the thickness of the interfacial
IMC layer. Zou et al. [17] reported that the morphology of IMC layer
transformed from the scallop layer into planar layer on Ag substrate.
The tensile strength of the SAC/Ag3Sn interface was lower than that of
Ag/Ag3Sn. Zhang et al. [18] demonstrated that the thickness of the
interfacial IMC layer increased significantly by adding 0.5 wt% Ni into
Cu substrate. Wang et al. [19] studied the thickness of Ni3Sn4 layer on
the interfacial reaction between Sn-Bi alloy and Ni substrates. The
thickness of the IMC layer was improved significantly when Ni content
was up to 5%.

As introduced above, adding additive elements into solder alloy and
modifying the constituent of substrates are effective methods to im-
prove the reliability of solder joints. In this research, high temperature
treatment and graphene-coating process were conducted to Cu sub-
strate. The microstructure, IMC, and the hardness of SAC305 and
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SAC305-0.3Ni solder joints on Cu, high temperature treated Cu (H-Cu),
and graphene-coated Cu (G-Cu) substrates were studied.

Experimental procedure

SAC305 and SAC305-0.3Ni solder alloys were melted into solder
balls with the diameter of 1.6 mm. SAC305 and SAC305-0.3Ni solder
balls were soldered onto Cu, H-Cu and G-Cu substrates under 260 °C for
60 s on a heating platform. In order to obtain G-Cu substrate, Cu sub-
strate was heated up to 1000 °C in a heating furnace with the gases of Ar
(300 sccm) and H2 (50 sccm) for 30min. Next, the gases of CH4

(5 sccm), Ar (500 sccm), and H2 (50 sccm) were injected into the fur-
nace for 8min. In the end, the Cu substrate was cooled naturally with
the gases of Ar (300 sccm) and H2 (50 sccm). The experimental proce-
dure of H-Cu substrate was similar to the preparation of G-Cu substrate.
Firstly, Cu substrate was heated up to 1000 °C in the heating furnace
with the gases of Ar (300 sccm) and H2 (50 sccm) for 30min. Secondly,
the gases of Ar (500 sccm) and H2 (50 sccm) were injected into the
furnace for 8min. Finally, the Cu substrate was cooled with the gases of
Ar (300 sccm) and H2 (50 sccm).

The morphology and the constituent of the solder bulks and the
interfacial IMC layer in the solder joints were investigated by FEI
scanning electron microscope (SEM) and energy dispersive X-ray
spectroscope (EDS). The average thickness of the interfacial IMC layers
of six specimens was measured by the AutoCAD software. The hardness
of the solder bulks was characterized by SHIMADZU DUH-211S na-
noindentation teste and the hardness of the solder bulks was an average
value of nine samples. Here, the loading speed was 4.9 mN/s, and the
test force was 20mN.

Results and discussion

Interfacial IMC of the solder alloy

Fig. 1 shows the cross-sectional morphology and EDS results of the
interfacial IMC in the solder joints on Cu, H-Cu and G-Cu substrates.
The interfacial IMC between SAC305 and three kinds of substrates are
Cu6Sn5 according to the EDS results in Fig. 1(d), (e) and (f). As shown in

Fig. 1(a), it is clear that the Cu6Sn5 layer has typical scallop morphology
at the interface. As shown in Fig. 1(b), the thickness and the roughness
of Cu6Sn5 solder layer on H-Cu substrate are thicker and smoother than
that on Cu substrate. It is suggested that the structure of Cu substrate
transforms from polycrystalline structure into single crystal structure
after high temperature treatment. This phenomenon was approved by
Tian et al. [20]. Their study indicated that the single crystal structure of
Cu substrate affected the roughness of Cu6Sn5 layer. Meanwhile, the
orientation of Cu6Sn5 grains was regular. Compared with SAC305/Cu
and SAC305/H-Cu solder joints in Fig. 1(a) and (b), the thickness of
Cu6Sn5 solder layer in the SAC305/G-Cu solder joint in Fig. 1(c) is
lower than that of the other kinds of substrates. The growth of IMC
layer in the SAC305/G-Cu solder joint is suppressed. As demonstrated
by Chen et al. [21], the excellent protection performance of graphene-
coated layer on G-Cu substrate prevented the surface of metal from
oxidation. In addition, Ko et al [22] indicated that interfacial reactions
and IMC growth was suppressed by graphene layer of Cu substrate.
Therefore, the graphene-coated layer is also considered as a barrier to
the interfacial diffusion. The growth of the interfacial IMC layers could
be suppressed by this graphene layer.

The interfacial morphology and EDS results of SAC305-0.3Ni/Cu,
SAC305-0.3Ni/H-Cu and SAC305-0.3Ni/G-Cu solder joints are shown in
Fig. 2. As shown in Fig. 2(a), (b) and (c), the interfacial IMC transforms
from Cu6Sn5 into (Cu, Ni)6Sn5 on all the three kinds of substrates with
the addition of 0.3 wt% Ni in the solder alloy. This transformation is
approved by the EDS results in Fig. 2(d), (e) and (f). As shown in
Fig. 2(a), the IMC layer in the SAC305-0.3Ni/Cu solder joint is tiny (Cu,
Ni)6Sn5 grains, among which there are many gaps. Compared with the
Cu6Sn5 layer in Fig. 1(a), the thickness of the (Cu, Ni)6Sn5 interfacial
IMC layer on Cu substrate is higher than that of the SAC305 solder layer
on Cu substrate. As shown in Fig. 2(b), the solder joint of SAC305-
0.3Ni/H-Cu has smoother and thinner IMC layer than that on Cu sub-
strate. Compared with the (Cu, Ni)6Sn5 IMC layers on Cu and H-Cu
substrates in Fig. 2(a) and (b), the thickness and the roughness of (Cu,
Ni)6Sn5 layer in the SAC305-0.3Ni solder joints are lower on G-Cu
substrate as shown in Fig. 2(c). This can be attributed to the graphene-
coated layer on G-Cu substrate, which restrains the growth of the in-
terfacial IMC. As shown in Fig. 1(c) and Fig. 2(c), smoother and thicker

Fig. 1. SEM morphology and EDS analysis of the interfacial IMCs on the three substrates (a) SAC305 on Cu, (b) SAC305 on H-Cu, (c) SAC305 on G-Cu, (d) EDS of IMC
in (a), (e) EDS of IMC in (b), (f) EDS of IMC in (c).
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(Cu, Ni)6Sn5 IMC layer in SAC305-0.3Ni solder joints is obtained when
comparing with that in the solder joints of SAC305/G-Cu.

Fig. 3 shows the thickness of the interfacial IMC layers of SAC305
and SAC305-0.3Ni on Cu, H-Cu and G-Cu substrates, respectively. As
shown in Fig. 3, the thickness of Cu6Sn5 solder layer in the SAC305/Cu
solder joint is approximately 3.2 μm. With the addition of 0.3 wt% Ni in
the SAC305 solder alloy, the interfacial IMC transforms from Cu6Sn5
into (Cu, Ni)6Sn5. Meanwhile, the thickness of the IMC layer of SAC305-
0.3Ni solder on Cu substrate significantly increases to 6.31 μm. With the
addition of 0.3 wt% Ni in the solder alloy, the thickness of the inter-
facial IMC layer rises from 2.84 μm to 4.16 μm on H-Cu substrate and
the thickness of the interfacial IMC layer ranges from 1.7 μm to 3.0 μm
on G-Cu substrate. As the (Cu, Ni)6Sn5 has more nucleation sites than
Cu6Sn5, the (Cu, Ni)6Sn5 IMC layers are thicker than the Cu6Sn5 IMC
layers. This phenomenon illustrates that the addition of 0.3 wt% Ni in
the solder alloy increases the thickness of the IMC layers in the solder
joints of SAC305-0.3Ni/Cu, SAC305-0.3Ni/H-Cu and SAC305-0.3Ni/G-
Cu.

As shown in Fig. 3, compared with the thickness of Cu6Sn5 layer in
the SAC305/Cu solder joint, it is clear that the thickness of Cu6Sn5 layer
in the SAC305/H-Cu solder joint is thinner. This phenomenon is at-
tributed to the changes of the crystal structure on H-Cu substrate after
high temperature treatment. Meanwhile, the thickness of the interfacial
IMC layer in the solder joint of SAC305/G-Cu is lower than that of
SAC305 IMC layers on Cu and H-Cu substrates. On one hand, the crystal
structure of Cu substrate transforms during the graphene-coating pro-
cess. On the other hand, the coated-graphene layer on G-Cu substrate
works as a diffusion barrier at the interface of the solder joint. There-
fore, the growth of the interfacial IMC layer is suppressed significantly.

Microstructure of the solder bulks in the solder joints

Fig. 4 shows the microstructure of the solder bulks in the solder
joints of SAC305/Cu, SAC305/H-Cu and SAC305/G-Cu. As shown in
Fig. 4(a) and (d), the microstructure of the solder bulk in the SAC305/
Cu solder joint consists of two parts, the β-Sn phase and the eutectic
phase. As presented in Fig. 4(b), the grain shape of the β-Sn phase in the
SAC305/H-Cu solder joint is longer than that on Cu substrate. Mean-
while, the β-Sn grains present regular orientation in the solder bulk on
H-Cu substrate. As H-Cu substrate transforms to single crystal structure
during the high temperature treatment, the growth of the β-Sn phase is
affected by the crystal orientation of the substrate. As shown in
Fig. 4(c), compared with the microstructure of the solder bulk on Cu
and H-Cu substrates, the microstructure of the SAC305 solder bulk has
higher β-Sn content and lower concentration of eutectic phases on G-Cu
substrate. Meanwhile, the growth of the β-Sn grains does not grow
along any orientation as that on H-Cu substrate.

Fig. 5 shows the microstructure of the SAC305-0.3Ni solder bulks on
Cu, H-Cu and G-Cu substrates. As shown in Fig. 5, the microstructure of
the SAC305-0.3Ni solder bulks on Cu, H-Cu and G-Cu substrates is
composed of the β-Sn phase and the eutectic phase. As shown in
Fig. 4(a) and Fig. 5(a), the grain size of β-Sn slightly decreases with the
addition of 0.3 wt% Ni, but the area of β-Sn has limited change.
Meanwhile, a small quantity of IMC phases in the solder bulk is found in
the SAC305-0.3Ni/Cu solder joint. As shown in Fig. 5(b), with the ad-
dition of Ni in the SAC305 solder alloy, the microstructure of the

Fig. 2. SEM morphology and EDS analysis of the interfacial IMCs on the three substrates (a) SAC305-0.3Ni on Cu, (b) SAC305-0.3Ni on H-Cu, (c) SAC305-0.3Ni on G-
Cu, (d) EDS of IMC in (a), (e) EDS of IMC in (b), (f) EDS of IMC in (c).

Fig. 3. Thickness of the IMC layers in the solder joints.
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Fig. 4. Microstructure of the solder bulks by SEM: (a) SAC305 on Cu, (b) SAC305 on H-Cu, (c) SAC305 on G-Cu, (d) EDS of β-Sn.

Fig. 5. Microstructure of the solder bulks by SEM: (a) SAC305-0.3Ni on Cu, (b) SAC305-0.3Ni on H-Cu, (c) SAC305-0.3Ni on G-Cu, (d) EDS of β-Sn.
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SAC305-0.3Ni solder bulk on H-Cu substrate has higher β-Sn content
and lower concentration of eutectic phase than that in the SAC305/ H-
Cu solder joint. The number of IMC phases increases due to the addition
of Ni. Compared with the microstructure of the solder bulk in the
SAC305/G-Cu solder joint in Fig. 4(c), the eutectic area of the SAC305-
0.3Ni solder bulks decreases obviously and the grain size of β-Sn phase
is smaller, as shown in Fig. 5(c). This is attributed to the fact that the
addition of 0.3 wt% Ni in the solder alloy makes Cu6Sn5 in the eutectic
phase of the solder bulk transform into (Cu, Ni)6Sn5 and the grain size
of (Cu, Ni)6Sn5 is smaller than that of Cu6Sn5.

Hardness of solder bulks

Fig. 6 shows the load-depth relationships of SAC305 and SAC305-
0.3Ni solder bulks on Cu, H-Cu and G-Cu substrates. As presented by the
correlation curves in Fig. 6, the indentation depth of the solder bulk
increases during the upload-process. The maximum load of this re-
search is 20mN. When the load force reaches 20mN, the indentation
depth of SAC305-0.3Ni solder bulks on Cu, H-Cu and G-Cu substrates is
about 1.6 μm, 1.7 μm and 1.9 μm. Meanwhile, the depth of SAC305 on
Cu, H-Cu and G-Cu substrates is about 1.25 μm, 1.35 μm and 1.5 μm,
respectively. The result indicates that the indentation depth of the
solder bulk in the SAC305-0.3Ni/G-Cu solder joint is the highest. The
indentation depth of the SAC305 solder bulk on Cu substrate is the
lowest in all the tested samples.

The hardness of SAC305 and SAC305-0.3Ni solder bulk on Cu, H-Cu
and G-Cu is presented in Fig. 7. As shown in Fig. 7, the average hard-
ness of the SAC305 eutectic solder bulk on Cu substrate is about
233.3MPa. The hardness of the SAC305 eutectic solder bulks in
SAC305/H-Cu and SAC305/G-Cu solder joint is about 229.6 MPa and
205.8MPa, respectively. Compared with the microstructure of the
SAC305 eutectic solder bulks on Cu and H-Cu substrates as shown in
Fig. 4(a) and (b), the SAC305 eutectic solder bulk on G-Cu substrate has
higher β-Sn content and lower concentration of eutectic phase in Fig. 4
(c). Since β-Sn is a soft phase, the hardness of the SAC305 solder bulk
on G-Cu substrate is lower than that on the other two kinds of sub-
strates. As presented in Fig. 7, the hardness of the solder bulk in the
SAC305-0.3Ni/Cu solder joint is about 222.4MPa, and the hardness of
the solder bulk of SAC305-0.3Ni solders on H-Cu and G-Cu substrates
decreases to 217MPa and 198.8MPa, respectively. The reason is si-
milar to that of the SAC305 solder. As shown in the figure, another
phenomenon is that the hardness of SAC305-0.3Ni solder bulk is
slightly lower than that of SAC305 on the same substrate type. Ac-
cording to the microstructure in Fig. 4 and Fig. 5, the addition of Ni in
the SAC305 solder leads to the refinement of β-Sn phase and the sup-
pression of the eutectic phase. Therefore, the hardness of the solder
bulk decreases.

Conclusion

1. Scallop-like Cu6Sn5 appears in the interfacial IMC of SAC305 on Cu,
H-Cu and G-Cu substrates. Smooth IMC layers are obtained on G-Cu
substrate. The thickness of the IMC layer on G-Cu substrate is lower
than that on the other two kinds of substrates.

2. The interfacial IMC in the solder joints of SAC305-0.3Ni/Cu,
SAC305-0.3Ni/H-Cu, and SAC305-0.3Ni/G-Cu is (Cu, Ni)6Sn5.
Smooth IMC layers are obtained on H-Cu and G-Cu substrates. The
thickness of the IMC on G-Cu is the lowest in all the three kinds of
substrates.

3. Compared with the solder bulks of SAC305 on Cu, H-Cu, and G-Cu
substrates, SAC305-0.3Ni has more refined β-Sn grains and lower
concentration of eutectic phase. The hardness of SAC305-0.3Ni is
slightly lower than that of SAC305 on the three kinds of substrates.

4. For both SAC305 and SAC305-0.3Ni, the solder bulks on G-Cu
substrate have higher β-Sn content and lower concentration of eu-
tectic phase than that on the other two kinds of substrates. The
hardness of the solder bulks on G-Cu is the lowest.
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