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Abstract—To simulate the application environment of a
number of electronic products, the growth of
Sn-0.3Ag-0.7Cu-0.5Bi-Ni/Cu solder joints with low content of
Ag was investigated during aging in an interval mode. It shows
that the intermetallic compound (IMC) (Cu,Ni)¢Sns layer
becomes thicker with increasing aging time. The growth of
IMC (Cu,Ni)sSns layer during aging follows the diffusion
control mechanism. Furthermore, it is demonstrated that there
is no IMC Cu3Sn layer appear whatever increasing the aging
time. It is explained the phenomenon is mainly attribute to the
interval aging mode. According to kinetics, the activation
energy is not high enough to overcome the energy obstacle due
to the interval aging mode and finally the Cu3Sn phase doesn’t
form. Hence, the reliability of solder joints is improved.
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. INTRODUCTION

Due to the toxicity and environmental regulations, Sn—Pb
solders has been replaced with the lead-free solders in
electronic industry™. Hence, a number of lead-free solders
have been developed as the candidate solders®?*. Meanwhile,
many lead-free solder alloys, mainly consist of Sn matrix and
small additions of other elements, including Sn-zZn®,
Sn-Sb!®, sn-Cul™ and Sn-Ag alloys®®*™, have received more
attention. In fact, full implementation of new Pb-free solders
implies a detailed knowledge and understanding of their
thermodynamics, wettability, microstructure, and so on. Ji*
studied Sn-0.7Cu solder alloy by pressureless and fluxless
ultrasonicassisted die bonding, they observed that the joint
consisted of sole (Cu,Ni)6Sn5 plus a thin layer of Cu3Sn,
and compared with transient-liquid-phase soldering, this
method dramatically reduces the processing time and there
was no external force acted on the dies.

However, due to the disadvantages of the binary alloy,
they are hard to match the properties of Sn-Pb alloy. For
example, their wettabilities are poorer than that of Sn-Pb
alloy, the melting points are higher than that of Sn-Pb alloy.
Hence, the ternary solder alloy are developed, they are
mainly developed from Sn-Ag alloys system owing to the
excellent mechanical properties. Among Sn-Ag-Zn,
Sn-Ag-Bi, and Sn-Ag-Cu alloys, Sn-Ag-Cu alloy has
attracted most attention owing to their excellent mechanical
properties and wettability[12]. Therefore, it has ever been the
most promising solder alloy. Unfortunately, due to their high

cost, the pervasive application of Sn-Ag-Cu alloy is hindered.
Consequently, a new target about solders is appeared, which
is to explore a Sn-Ag-Cu solder with low content of Ag.
Thus, the aim of the paper is to develop a new solder alloy.

Considering the high cost of Sn-Ag-Cu solder, some
other alloying elements to lower the cost should be added,
moreover, based on the low cost of the solder, it would be
better keep the excellent properties of the solder. As Bi
element can reduce the surface tension and then improve the
solder wettability, thus, Bi was added into the Sn-Ag-Cu
solder. However, Bi can reduce the ductility, considering Ni
element can improve the creep property and toughness, Ni
element was added into the solder further.

As a number of electronic products don’t serve
continuously, there could be some differences from the
growth behavior of IMCs in different aging modes. In order
to investigate the growth of IMCs in the real application
environment, we adopt the interval aging mode. Thus, the
aim of the paper is to research the growth character of
Sn-0.3Ag-0.7Cu-0.5Bi-Ni/Cu solder joints with low Ag
content during aging.

Il.  EXPERIMENTAL PROCEDURES

The commercial copper plates with dimensions of 15
mmx>15 mm>3 mm were used as the substrates in this study.
The copper substrates were ground with silicon carbide
paper and polished with 0.25m diamond paste until a mirror
surface was obtained. The prepared substrates were then
dipped into 50% (by volume) nitric acid (HNO3) to remove
oxide layer. Sn-0.3Ag-0.7Cu-0.5Bi-Ni solder paste was then
placed on the substrates with a diameter of 5 mm as shown
in Fig.1. Further, solder joints were formed with a F4N
infrared reflow furnace. The specimens were reflowed at
above liquidus temperature but the peak temperature wasn’t
beyond 260 <C for 250s.

After reflowing, the prepared solder joints were
performed isothermal aging experiment in an vacuum drying
oven at 150'C for 2 days, 4 days, 6 days, 8 days and 10days,
respectively. Most importantly, the interval aging was
adopted in our study, namely, the solder joints were aged
continuously for 17 hours and then stopped aging for 7 hours,
then the operation was repeat until the total time reached 48h,
96h, 144h, 192h, and 240h, respectively. Considering a
number of electronic products are not worked continuously
during one day, we adopt the interval aging style to simulate
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the real application environment, so as to find the proper
solder.

In order to investigate the formation and evolution of
interfacial IMCs, specimens were sectioned perpendicularly
to the solder/copper interface of the solder joint and mounted
in Klarmount. They were successively ground down to 400,
800, and 1000 grit using silicon carbide paper cooled with
flowing water, and polished with 5um Al,O3 suspension
followed by 0.25um diamond paste. The interfacial
morphologies of solder joints were observed by a Scanning
Electron Microscope (SEM, ZEISS-EVO18) equipped with
an Energy Dispersive X-ray Spectrometer (EDS).

Considering the reliable and repeatable data of the mean
thickness of IMCs layer, three solder joint samples for each
reflow cycle and aging time were used, SEM image analysis
software was then employed to digitally measure the areas of
each sample’s IMCs layers from left side to right side. The
thickness of IMCs layer is determined by the area of the
IMCs layer dividing its length, and the mean thickness of
IMCs layers was then calculated by averaging the data.

EHT = 20.00 KV Signal A= CZBSD  Data :10 Jun 2016 ——
WD=105mm  Msg= 200KX  PhotoNo =53  Timo 2:20:08

Advances in Engineering Research, volume 146

I1l.  RESULTS AND DISCUSSION

The backscattered electron microscope images in
Fig.1(a-e) show the interfacial microstructures of
Sn-0.3Ag-0.7Cu-0.5Bi-Ni/Cu joints aging at 150<C for 2, 4,
6, 8, 10 days, respectively. It is clearly seen that a narrow
layer between the Sn matrix and Cu substrate in Fig.1(a-e),
which is the intermetallic compound(IMC) layer. As well
known, IMC layer is the key point to the reliability of solder
joints, because the solder joints would fail if the IMC layer
grows faster. The thickness of interfacial IMC layer
increases with aging time. It is worth noting that only one
IMC layer formed in solder joint with time aging, and the
grain layer is (Cu,Ni)¢Sns. However, usually, the 1IMCs
layer compose two layers, and a stable layer which is CuzSn
is between Cu substrate and (Cu,Ni)sSns layer, but, the
CusSn doesn’t appear in the experiment. The result is very
similar to other solder system in our latest experiment, and it
will be reported soon.

EHT = 20.00 KV Signal A= CZBSD  Date :10 Jun 2016 ——
WD = 11.0mm Mag= 200KX PhotoNo. =50 Time -2:12:08

EHT = 20.00 kv
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EHT = 20.00 kv
WD = 11.0mm
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Data :10 Jun 2016

Mag= 2.00KX PhotoNo <43 Teme -1:65:17
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Figure 1. The BSE images of IMC layers aged at 150 <C for: (a) 2days, (b) 4 days, (c) 6 days, (d) 8days, and (e) 10 days.
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The reason is mainly due to the interval aging style. As
well known, the growth of IMC layer follows diffusion
control mechanism. At the aging stage, Cu atoms come from
Cu substrate diffuse to the IMC layer, as (Cu,Ni)sSns phase
is thermodynamic-cally unstable, it will react with Cu atom
to form stable phase, proceeding as  (Cu,Ni)6Sn5+
9Cu—5CusSn+6Ni. Unfortunately, CuzSn is harmful to the
reliability of solder joints. It seems that the behavior of
CusSn during its growth is strongly dependent on the
diffusion of the dominant reactive species and on the
reaction pathway. If the aging time is long enough and the
Cu substrate contains impurities, there will be some voids
form in the CusSn layer, which is usually called Kirkendall
void. It is worth noting that the number of Kirkendall voids
will increase with increasing aging time, leading to the
formation of the micro-crack, which is detrimental to the
reliability of solder joint.

In present study, due to the interval aging style,
according to kinetics, the activation energy is not high
enough to overcome the kinetic energy barrier and make the
(Cu,Ni)eSns phase change into CusSn. Hence, there is no
CuzSn appeared and only (Cu,Ni)¢Sns phase formed,
consequently, the reliability of solder joints is improved.

According to classic kinetic theory™, generally, For the
diffusion-controlled mechanism, the growth of intermetallic
compound layer thickness after aging should follow the
square root of time power law relationship that can be
expressed as

X= X, +kt? €))

where X is the IMCs layer thickness after aging, X, is the
initial thickness of IMCs layer after reflow soldering, t is
aging time, and k is a constant about growth coefficient.

Fig. 2 shows the thickness of the interfacial IMC layers
as a function of square root of the aging time. It is seen that
the IMC layer thickness increases almost linearly over the
aging time, the thickness of IMC layer follows:

X=0.70+0.16t"2 2)
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Figure 2. Interfacial IMC thickness of Sn-0.3Ag-0.7Cu-0.5Bi-Ni /Cu
joints with different aging time.
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From the figure, it is confirmed that the growth of
interfacial IMC layers follows diffusion control mechanism.
In addition, other researchers™**! noticed that the interfacial
IMC layers in many solder systems follow the diffusion
control mechanism.

Furthermore, we can predict that the IMC layer in this
study is thinner than that with continuously aging, and the
growth coefficient is smaller, too. Unfortunately, we didn’t
study the Sn-0.3Ag-0.7Cu-0.5Bi-Ni  solder  with
continuously aging, thus, we will study the normal aging in
the following work.

IV. CONCLUSIONS

To simulate the real application environment of a
number of electronic products, the growth of
Sn-0.3Ag-0.7Cu-0.5Bi-Ni/Cu solder joints with low content
of Ag was investigated during interval solid-state aging, It
shows that the thickness of IMC (Cu,Ni)eSnhs layer increases
linearly with the square root of aging time, and the growth
behavior of IMC (Cu,Ni)sSns layer follows X=0.70+0.16t"2
It demonstrates that growth the IMCs layers both follow
diffusion control mechanism no matter in continuous aging
mode or in interval aging mode. Further, it is illustrated that
only IMC (Cu,Ni)eSns layer forms, and there is still no IMC
CusSn layer appear whatever the increasing aging time. This
is different from the IMCs formation during continuously
aging. This phenomenon is probably attributing to the
interval aging mode. From Kinetical analysis, it is concluded
that due to the interval aging, the activation energy is not
high enough to overcome the kinetic energy barrier and
make the (Cu,Ni)sSns phase change into CusSn. Hence, the
reliability of Sn-0.3Ag-0.7Cu-0.5Bi-Ni/Cu solder joints can
be improved.
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