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Abstract

Zn-5Al eutectic alloy is a promising Pb-free solder suitable for high-temperature electronics
packaging. However, the soldering with Zn-5Al alloy is undermined by its poor oxidation resistance
and wettability in ambient atmosphere, which also demands significant time to complete if transient
liquid phase soldering (TLPS) is required. In this work, the TLPS assisted by ultrasonic vibration
(USV) under ambient condition without flux has been performed to enhance and accelerate interfacial
reactions between Zn-5Al and Cu or Ni substrate. It has been found that the resultant full intermetallic
compounds (IMCs) joints with uniform microstructure can be formed within 1 min and 3 min on Cu
and Ni substrate, respectively, without flux or protective inert gases. The IMCs resulted from the
interfacial reactions have been identified after the completion of TLPS process. For the ultrasonic-
assisted TLPS (U-TLPS) of Zn-5Al onto Cu substrate, the joints consist of three IMC layers, CuZn,
CusZng, and CuZn with the residual oxide fragments remained at the central line inside of IMC
CusZng, where Al is rich likely due to the segregation of element Al during the TLPS process. For the
U-TLPS of Zn-5Al onto Ni substrate, three IMC layers, NisZny;, NiAl and NisZny; IMC were also
observed, with the porous NisZn,; IMC layers present in adjacent to the Ni substrate. Both residual
oxide fragments in the Zn-5Al/Cu joints and porous NisZny; IMC in the Zn-5Al/Ni joints could

potentially deteriorate mechanical integrity of the joints, which is yet to be understood.
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1. Introduction

In the packaging and integration of power electronics, conventional Si devices are expected to
be replaced by wide-bandgap (WBG) semiconductors (e.g., SiC and GaN), which have the advantages
of higher withstanding voltages, operating temperatures and switching frequencies [1]. To exploit the
full potentials of the WBG devices, it presents a significant challenge to meet the requirements of
interconnects (e.g., die-attach), such as increased operation temperatures, which is likely to exceed
250°C. The assembly through bonding or soldering of wide range of components such as die,
substrate to ensure reliable functional performance under such harsh environment is critically

important [2].

Currently, high-Pb (>85 Wt% Pb) solders are the most common materials applied in high-
temperature electronics packaging because of their suitable melting point range (300 °C — 314 °C) and
proven reliability. However, the application of high-Pb solders is under the pressure and likely to be
banned by legislations in the future due to the health and environmental concerns [3]. Several Pb-free
candidates as the replacements of high-Pb solders have been proposed as high-temperature
interconnection materials, including Au-based, Zn-based and nano Ag paste materials [4-5]. Among
these, Zn-based solders are of great interests because they are cost-effective and possess excellent
thermal and electrical conductivities which well suit the application of high temperature application
[6]. The Zn—5 Wt% Al solder alloy at its eutectic point of 381°C is an ideal melting point which in the
range of temperature for high temperature electronics applications [7]. However, the main
disadvantage of Zn-based solders is their poor oxidation resistance, which undermines their wetting
abilities on metal substrates and potentially deteriorates performance and reliability of the formed
joints [8]. Conventionally, the flux can improve solderability by removing oxide layer on the surface
of metal substrate [9]. However, the compositions of flux are usually complex and less satisfactory,
thus limited given the high soldering temperature, and currently, no commercial flux for Zn-Al solder
is available in market [10]. The flux for Zn-5Al solder should be active above 400°C, which is much
higher than the fluxes designed for Sn-based Pb-free solders (below 250° C). In addition, the flux
residues are a main reason of joint failures, which requires extra clean procedures which also presents
a significant effort for industry [11]. Many researchers have attempted the vacuum soldering or
soldering with protection of inert atmospheres to avoid oxidation [12], but this will add some
significant constraints to the applications in the industry, thus less attractive. It is therefore desirable

to simplify soldering process by soldering in the ambient condition without flux.

Ultrasonic vibration can supply additional energy inputs to the interfacial bonding due to the
friction between the components, which has been applied to welding metals from Second World War
in Germany. It can make the joints between two metal parts under lower processing temperature (~50%

of metal’s melting point) [13]. Recently, there has been growing interests in ultrasonic-assisted



soldering [14-15], which has demonstrated the advantages of the ultrasonic energy inputs. Most
studies in this field have focused on the current common Sn-based solders [16-17]. It is the cavitation
erosion effect of ultrasonic vibration that can break the oxide layers on metal substrate surfaces [18].
Such acoustic steaming and microjets created by cavitation bubbles can enhance the interfacial
interaction between solder and substrate [19], which is anticipated to improve the poor wetting ability

of Zn-5Al solder.

It has previously been observed that ultrasonic vibration during bonding can enhance the
solderability of Zn-14Al (under 35 kHz frequency and 170 W power) [20] and Zn-3Al (under 28.8
kHz frequency and 270 W power) [21]. Wu et al. [22] used Zn-5Al solder to bond SiC ceramics with
the assistance of ultrasonic vibration under 20 kHz frequency and 300 W power, which took the
advantage of its lower eutectic melting point. Transient liquid phase soldering (TLPS) can be used to
form a full IMC joint with higher melting point between melted solder and metal substrate at a lower
processing temperature [23]. However, TLPS process can be quite time-consuming (usually > 100
min) as it depends on dependence on the liquid-solid inter-diffusion. It is recognised that TLPS
process can be accelerated by ultrasonic vibration. Ultrasound-assisted transient liquid phase
soldering (U-TLPS) has been employed as a promising brazing process [24-25]; it has been applied by
several researchers for ultrasonic-assisted soldering process with Zn-based alloys [20-22], but none

has attempted to apply ultrasonic vibration for TLPS process, which can also be beneficial.

In this study, the interfacial reactions between Zn-5A1 and Cu or Ni substrate until full-IMC
structures formed by U-TLPS are investigated, where Cu is chosen as the most common substrate
widely used in electronics packaging, and Ni coating of several micrometres is often applied as a
metallisation, for instance, on the direct bonded copper (DBC), to suppress the excessive growth of
interfacial IMCs. The specific objective of this study is to achieve Zn-5Al bonding without flux under
ambient atmosphere. Furthermore, the interfacial reactions, IMC formation mechanisms and

mechanical properties of these joints were analysed and discussed.

2. Experimental procedures

2.1. Materials and ultrasonic-assisted bonding

The Zn-5 Wt%Al eutectic solder alloy used in this study was supplied by Brock Metal
Company, which was produced through casting of proportional high purity Zn (99.9%) and Al (99.9%)
metals under protective atmosphere. In our bonding experiments, the Zn-5 Wt%Al eutectic alloy was
cold-rolled into sheets of ~80 um thick followed by dicing them into 5 mm x 5 mm square coupons.
The 1 mm thick Cu and Ni sheets (99.9 % purity) supplied by Advent company were also cut into 5

mm x 5 mm square coupons as substrates for bonding process. All the surfaces of metal substrates



were polished using sandpapers of 240, 400, 800 and 1200 mesh. Before bonding, an etching process

was conducted to remove the oxide layer.

A graphical illustration of the ultrasonic-assisted soldering process is shown in Fig. 1(a). The
vertical ultrasonic vibration was induced by an ultrasonic horn on the top of the upper Cu or Ni
substrates. The ultrasonic equipment for bonding was supplied by Beijing Ultrasonic Co., Ltd. The
weight of ultrasonic horn was around 1.0 kg, which equated a pressure of 0.4 MPa. The vibration
frequency was fixed at 20.0 kHz and the power was set as 10 W. As shown in Fig. 1(b), the thermal
properties of Zn-5Al solder were analysed by differential scanning calorimetry (DSC). After a
eutectoid transformation at 287.1 °C, Zn-5Al solder began to melt from 381.9 °C and completely
molten at 388.5 °C. The corresponding reaction heat was 111.9 J/g during melting. The sandwich
stacks of the Cu/Zn-5Al/Cu or Ni/Zn-5Al1/Ni structures were placed on a hot stage for heating. The
peak temperature during bonding was set as 420 °C to ensure solder can be transferred into liquid.
The designed thermal profile of U-TLPS process is shown in Fig. 1(c). After heating the samples to
420 °C, ultrasonic vibration was applied for a certain period, and then cooling in ambient atmosphere
until room temperature. With the ultrasonic vibration time increasing, the Zn-5Al solder began to
react with metal substrate until been fully consumed. As for a comparison, the same Cu/Zn-5Al/Cu or
Ni/Zn-5A1/Ni structures were heated without ultrasonic vibration under a pressure of 0.4 MPa, which

have the similar heating and cooling process.
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Fig. 1. (a) Schematic of ultrasonic-assisted soldering process, (b) DSC curve of Zn-5Al solder sheet and (c)

designed temperature profile during U-TLPS.

2.2. Analysis methods

To observe the cross-section microstructures of joints, the bonded samples were cold mounted
and then grounded by 240, 400, 800 and 1200 sandpapers. After the auto polish (Struers, Tegramin)
by 9, 3 and 1 um diamond pastes, the microstructures of soldered Cu/Zn-5A1/Cu and Ni/Zn-5A1/Ni
joints was characterized by scanning electron microscopy (SEM, Jeol 7100) and optical microscope
(OM, Leica DMi8). The element composition was then analysed by energy dispersive spectroscopy

(EDS). A shear test was conducted to evaluate the mechanical properties of bonded joints. The



fractured surfaces after shear test were examined by X-ray diffraction (XRD, Bruker D2 phaser) with

a scanning step of 0.02°.

3. Results

3.1. Interfacial reactions between Zn-5Al solder and Cu or Ni substrate without ultrasonic vibration
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Fig. 2. Cross-section of (a-c) Cu/Zn-5A1/Cu and (d-f) Ni/Zn-5AI/Ni interfaces heated at 420 °C for 300 s

without ultrasonic vibration.

Fig. 2 exhibits the cross-section microstructures of Cu/Zn-5A1/Cu and Ni/Zn-5AI/Ni joints
without ultrasonic vibration. These joints were heated at the temperature of 420 °C for 300 s under the
pressure of 0.4 MPa in ambient atmosphere. Due to the oxidation of Zn-5Al, there was a stable oxide
layer on the surface of Zn-Al solder, which resulted in its poor wettability on metal substrate [26]. As
shown in Fig. 2(a) and Fig. 2(d), Cu substrate reacted with Zn-5Al solder at some local areas, but no
obvious reaction can be found with Ni. The Zn-Al solder is more likely to react with Cu at the Cu/Zn-

Al interface compared to Ni substrate. This result shows a good agreement with the previous research,



which demonstrated that the IMCs growth rate of Ni/Zn-Al system is much slower than that of Cu/Zn-
Al system [12]. In the reacted area, Cu substrate dissolved into liquid Zn-5Al solder and formed an
arc shape of local IMC layer. In the meantime, the original solder/substrate interfaces were pushed
and lodged into the solder joint. On the contrast, there was no obvious reaction between Zn-5Al solder
and Ni substrate, as shown in Fig. 2(d). However, overall, a large unboned area of interface is
dominated due to the presence of intrinsic oxide layers, which has been confirmed by SEM results
with EDX elemental mappings provided in Fig. 2(b), 2(c) and Fig. 2(e), 2(f) for Cu/Zn-Al and Ni/Zn-
Al, respectively.

3.2. Cu/Zn-5Al/Cu bonding assisted by U-TLPS

Ultrasonic vibration has exerted a significant influence on the interfacial reaction of Cu/Zn-
5Al/Cu joint. The cross-section microstructures of Cu/Zn-5A1/Cu joints after ultrasonic vibration for
60 s are shown in Fig. 3. The microstructures were investigated by both optical microscope (Fig. 3(a))
and SEM (Fig. 3(b)) to provide more details. As shown in Fig. 3(a), the original Zn-5Al phase patten
was disappeared after 60 s of vibration. It indicates that all the Zn-5Al solders have been consumed
and the TLPS process was completed, where the oxide layers have been effectively disrupted by
ultrasonic vibration. The chemical compositions of resultant IMCs were investigated by EDS and
listed in Table 1. The thin IMC layer near Cu substrate was identified as CuZn (f°, B2, ordered bcc)
and the brighter area in the bulk joint was CusZns (3, D8,) according to EDS results and Cu-Zn phase
diagram [27]. The distribution of Cu and Zn were consistent, as exhibited in Fig. 3(c) and 3(e).
However, the traces of fragments were found along the central line of the bonded structure (the

discontinued dark regions) enclosed within the bulk layer of CusZns IMCs.




Fig. 3. (a) Optical and (b) SEM image of Cu/Zn-5Al/Cu joints by U-TLPS for 60s, (c-f) EDS elemental
mapping images of Cu, Al, Zn and O.

The EDS maps in Fig. 3(c-f) have revealed the dark fragments in the bulk joint shown in Fig.
3(a) and 3(b) are enriched with Al and O elements, but lack of presence of Cu and Zn elements. It can
be deduced that these fragments are predominantly the aluminium oxide residuals resulted from the
Cu-Zn5Al reactions, and they were subsequently pushed into the middle of the joint due to the
ultrasonic vibration. However, it has been noticed that a relatively large amount of Cu and Zn have
been detected in these dark region 3 from EDS results in table 1, primarily due to the limited area of
the site that EDS probe can accurately focus for inspection. These Zn and Cu are likely attributed

from the surrounding CusZng IMC.

As shown in Fig. 3(d), Al element was not only enriched in the dark fragments areas, but also
dispersed in the entire Cu-Zn IMC joint. Given the small amount (5wt%) of Al in the Zn-Al alloy in
the solid solution, it is reasonable to assume that Al participated in the interfacial reactions between
Zn and Cu, hence the co-existence of Al traces in the Cu-Zn IMCs formed from the reactions. A
relative Al-rich CuZn layer has also been observed at the Cu/Zn-Al interfaces where the CuZn phase
has a high Cu content compared to CusZng IMC main body of the joint. This indicates the possible
formation of small amount unstable Cu-Al IMCs (e.g. AlsCuo) as reported elsewhere [31] due to the
higher affinity of Al to Cu compared with Zn, but they are likely to be dissolved or combined with
Cu-Zn IMCs.

Table 1. Element and predicted phase compositions in the regions marked in Fig. 3(b).

Composition (at %)
Sample Region Predicted phase
Cu Zn Al
1 51.31 4420 4.48 CuZn
36.54 60.98 248 CusZng

30.74 42.09 27.18 Aluminium-oxide

Cu/Zn-
5Al/Cu, 60s

3.3. Ni/Zn-5AI/Ni bonding assisted by U-TLPS

Compared to Cu/Zn-5Al/Cu joint, longer time was required to form full-IMCs structure in
Ni/Zn-5A1/Ni joint. It is well known that the thickness of IMC layer follows the parabolic growth law
[33]:

h = hy + VDt (1)



where 4y is the thickness of existed IMC layer, D is the diffusion coefficient between elements that
forming IMCs, and ¢ is the reaction time. Therefore, it can be concluded that Dniszs21 has lower value
than Dcuyszas. It is similar with the previous study that Dnissns smaller than Dcussns [12]. In addition, the

diffusion coefficient D is determined by Arrhenius relationship [33]:
D = Dye~¢/RT )

where Dy is a pre-exponential frequency factor, R is the gas constant, T is the absolute temperature
and Q is the activation energy. Therefore, the diffusion coefficient D will be increased when the
activation energy QO decreased. Ultrasonic vibration is expected to increase the vibration amplitude of
Cu and Ni atom, which can reduce the activation energy Q and then promote the IMCs growth rates
[34]. The cross-sections of Ni/Zn-5A1/Ni joints after ultrasonic-assisted bonding for 180 s are shown
in Fig. 4. The bright layers near both substrate/solder interfaces contained more Zn and Ni element,
which were identified as NisZny; (y, D8) according to EDS results (Table 2) based on the Ni-Zn
phase diagram [12]. Al-rich phases were found to primarily distribute around the central line of the
joint (Fig. 5(a)), no Al content was detected near substrate/solder interfaces. It is also interesting to
observe the higher counts of the Ni and O elements around the central line of the joint (Fig. 4(c) and
4(f)), but less Zn in this region (Fig. 4(d)). Based on the EDS results and Ni-Al phase diagram the Al-
and Ni- enriched phases around the central line are likely consist of NiAl (B2, ordered bee) [12].

As marked in Fig. 4(a), clearly, a highly compact NisZn;; layer near Ni substrate was formed,
but it has appeared that this was accompanied with numerous evenly distributed micro-voids in the
transition zone between the NisZny layer and the NiAl phase around the central line. The similar
porous structure with NisZn,; phase was also reported as the results of the liquid-solid state interfacial
interactions in the Zn-20 wt.%Sn/Ni system [30]. However, the formation mechanism of such a
composite joint is yet to be explained in detail. The volume shrinkage due to the formation of IMCs is
commonly accepted to explain formation of voids. Sun et al. [35] investigated the porous structure
formed during Cu-Sn TLPS process, giving an estimation of 4.38 % volume reduction when CusSns
was transformed into CusSn. Xu et al. [36] observed the void growth during Au-Al wire bonding and
calculated the volume shrinkage based on the changes of molar volumes of phases using the formula

as follows [36]:
Vin = VeNa/Z 3)

Where V,, is the molar volume, V. is the unit cell volume, N, is the Avogadro constant (6.022 x 10
2/mol) and Z is the number of formula units per unit cell. The molar volumes of Ni, Zn and NisZny,
were shown in Table 3. It can be calculated that the volume shrinkage was 3.31% when NisZny; was
formed. Therefore, the volume shrink mechanism should be responsible for the voids formed in

NisZny;, which combined with the growth of IMCs.
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Fig. 4. (a) Optical and (b) SEM images of Ni/Zn-5A1/Ni joints by U-TLPS for 180s, (c)-(f) EDS elemental
mapping of Ni, Al, Zn and O, respectively.

Composition (at %)

Sample Region Phase
Ni Zn Al

Ni/Zn-5AI/Ni, 1 41.73 11.05 47.22 NiAl

180 s 2 19.69 78.80 1.51 NisZnag

Table 3. Calculated molar volume of Ni, Zn and NisZny;

— Compound Unit cell Number for formular Molar volume
symmetry volume (A%) units per unit cell (cm? mol ™)

Ni fec 43.37 4 6.53 [37]

Zn hep 88.88 6 8.92 [37]

NisZny;  Cubic 706.39 [38] 2 212.69

4. Discussion

4.1. Interfacial interactions and IMCs formation during U-TLPS of Zn-5Al on Cu substrate



To investigate the evolution of Zn-5Al/Cu interfacial reactions during U-TLPS, the bonding
with an ultrasonic vibration time of 10 s was conducted. As shown in Fig. 5, after the ultrasonic
vibration of 10 s, the TLPS process was not completed and residual unreacted Zn-5Al solders were
remaining. According to the EDS results (Table 4) and Zn-Cu phase diagram [12], three IMC layers
were found after the liquid Zn-Al-Cu solid interfacial reaction. A thin layer of CuZn (f’, B2, ordered
bee) formed in direct contact with the Cu substrate, followed by a thick compact CusZns (y, DS>) layer
formed in the middle and a number of ‘scallop-shape’ CuZns ‘islands’ away from the interface inside
the solder. Clearly, from the metallurgical perspectives where the interfacial reactions were primarily
driven by liquid-solid inter-diffusion, the CuZn with more Cu content emerged in the adjacent to Cu
substrate due to easy access to Cu in the substrate. However, the CuZns (e, A3, disordered hcp) IMC

were formed near the Zn-5Al solder where more Zn were accessible compared to the Cu.

As shown in Fig. 6, XRD was applied to investigate the fractured surface of bonded Cu/Zn-
5Al/Cu joints after shear test. Both upper and bottom side have been investigated. The durations of
ultrasonic vibration were 60 s and 10 s in Fig. 6(a) and Fig. 6(b), respectively. It can be seen in Fig.
6(a) that phases exposed from the fracture surface were mainly CusZns and Cu. A small amount of
CuZns (e, A3, disordered hcp) was also found, which was another potential IMC expected to be
formed during Cu-Zn reaction [27]. The upper side and bottom side in Fig. 6(a) contained the same
types of IMCs, which indicated that the sample was fractured from the middle of the solder. The
average shear strength Cu/Zn-5A1/Cu joints after ultrasonic vibration for 60 s is ~12.73 MPa, which is
expected due to the entrapment of fragmented oxides as observed in Fig. 3. It is our main aim to
minimise the inclusion of oxides in the joints to form stronger and more harmonised joint structures.
According to the XRD results in Fig. 6(b), CusZng, CuZns, Cu and Zn were all revealed in the upper
side of the fracture surface, while only Cu was found in the bottom side. This was consistent with the
findings from Fig. 5 that the U-TLPB process was forced to terminate, thus the reaction of Zn-Al
solder was incomplete due to a short time (~10 s) of ultrasonic vibration. It can therefore be
concluded from the XRD results that the joint through shear test was separated from solder/substrate

interface, unlike the one shown in Fig. 6(a).

Although Zn-5Al1 solder alloy contains 5 Wt % aluminium, only Cu-Zn IMCs were identified
after U-TLPS process. The Al,Cu as a typical IMC can be formed during Al/Cu liquid/solid diffusion
[42], but it was not found in this study. Similar observations were also reported in prior studies that
related to Zn based alloy/Cu interfacial reaction [27-29]. Yoshikazu et al. [27] investigated the
reaction between Cu substrate with Zn-4Al and Zn-4Al-1Cu solders in Ar atmosphere and found that
CuZn/CusZng/CuZns three layers were formed at the interface for both Zn-4Al and Zn-4Al-1Cu
solders. They also observed the Al distributed in the Cu-Zn IMC layers with varying concentrations,
nevertheless, no Cu-Al IMCs were detected. The similar findings were also reported when using Zn-

4A1-6Ag [29] and Zn-Al-Mg-Ga [28] solder alloys for soldering onto Cu substrate. A possible



explanation might be the higher reactivities of Al compared to Zn, which was more prone to react
with O in the air. Because of small amount Al in the alloy, it can be quickly consumed before they are
able to react with Cu. Also, Zn would preferentially react with Cu, then pushed Al or Al,O3 and make

them segregated in the central areas.
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Fig. 5. (a) Optical, (b) SEM and (c-f) EDS images of Cu/Zn-5Al/Cu joints interface after ultrasonic-assisted

soldering for 10s.

Table 4. Elemental analysis and identified phases of the marked locations in Fig. 5(b).

Composition (at %) Predicted
Sample Region
Cu Zn Al phase
o 1 43.64 46.60 9.77 CuZn
u,
0 2 3470 58.06 7.24 CusZng
]

3 21.15 7323 563 CuZns
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Fig. 6. XRD results of fractured Cu/Zn-5A1/Cu joints after ultrasonic vibration of (a) 60s and (b) 10s.

According to our experimental results, the mechanism of Cu/Zn-5Al1/Cu interfacial reaction
assisted by U-TLPS can be proposed as schematically shown in Fig. 7(a). It can include 3 connected
consecutive stages until the full-IMCs bond structure to be formed as the time of ultrasonic vibration
increases. At the initial stage, as shown in Fig. 7(a), the cavitation bubbles induced by acoustic
vibration in liquid solder are constantly transmitting impinging the Cu substrate surface with high
speed [19]. Such cavitation erosion can effectively break solid oxidation layers on both solder and Cu
substrate [18]. The next stage began with the penetration of the liquid solder into the broken oxide
layers followed by an instant interfacial reaction between solder and Cu, as soon as the oxide barriers
are ineffective, where the exposure and direct contact between fresh Cu surface and Zn-5A1 solder can
occur. This led to CuZn/CusZng/CuZns IMC layers formed, with CuZns being discontinuous at the
liquid/solid interface, but gradually transformed into CusZns as Zn-5Al solders are completely
consumed with the vibration time. The final joints only consist of the CuZn IMC immediately in
adjacent to Cu substrate but connected to the bulk CusZng IMC as the main body of the interconnect.
Given the high stability of Al,O; that may be formed due to extremely high affiliation nature of Al
with O; in the ambient air, the only small amount Al is likely to be converted into its oxide with the
least chance of being involved in the formation of Zn-Cu IMCs during U-TLPS process.

Consequently, such formed fragmented Al,Os flakes are flushed in the liquid solder and eventually



pushed and migrated from both side of the Cu/Zn-5Al interfaces into the region of central line of the
final joint. The existence of Al,O; flakes can potentially weaken the joint, which otherwise can very

strong because of the full IMCs formed in the joint.

(a) Stagel (b) Stage1l
Oxide layer,, Ni substrate

Oxide layer

. Cu substrate

Oxide lay Ni substrate

Stage 2 0

Oxide layer-a N1 substrate

Oxide layer Ni substrate
N1 substrate .(\:oi(:s\o )

NisZn o © 0 0 o o

n

Stage 3

NisZna ° © oo ° Yo ®

N1 substrate

Stage 4 O

Ni substrate Voids

&

ooNiljznzilIO iOO % 008 Ei% io id:’ 0000“3
o oo O O oo

= oo Y5 T p00 5000000 g2 o0
NisZna1 0" o © ®70 9 oo

Cu substrate Ni substrate

Fig. 7. Schematics of (a) Cu/Zn-5A1/Cu and (b) Ni/Zn-5AI/Ni interfacial reaction and mechanism of IMC
formation during U-TLPS.

4.2. Interfacial interactions and IMCs formation during U-TLPS of Zn-5Al on Ni substrate

Cross-sectional micrographs of a Zn-5A1/Ni joint and the enlarged interface formed by U-
TLPS process under the ultrasonic vibration of 10 s are shown in Fig. 8(a) and 8(b), with the
elemental EDS maps provided in Fig. 8(a’) and 8(b’), respectively. The determination of phase
composite through EDS analysis in Table 5 clearly shows the formation of Al;Ni, IMCs at the
interface between Zn-5Al solder and Ni substrate. However, whilst the eutectic structure of Zn-5Al



solder in the central part remained unchanged, there are several ‘egg-shaped’ Zn-rich non-eutectic
patches emerged near the interfaces from the EDS results in Table 5. It is reasonable to assume that
the Al element was primarily segregated from the initial Zn-5Al solder, then migrated towards to and
reacted with Ni substrate, which had left behind several patches of Zn-rich phases. From Fig. 8(c)
where the ultrasonic vibration time increased to 60 s, the original Zn-5Al solder alloys had completely
reacted with the Ni substrate with no eutectic microstructure of Zn-5Al observable. EDS results from
the region 3 in Fig. 8(c) given in Table 5 confirmed that there was no Al element remained in the
middle area of the joint, indicating the completely depletion of Al in Zn-5Al alloy due to primarily the
interfacial reactions with Ni substrate. Interestingly, the vibration time of 60 s had been sufficient for
the interfacial reactions between Zn and Ni, which has resulted the formation of IMC NisZny; at the
interfaces as evidenced by EDS analysis in Table 5 of the region 5 in Fig. 8(c). However, a large
amount of Zn were unable to react with Ni and converted into NisZny;. After Al had been all
consumed by Ni, the remaining reaction can only occur between the liquid Zn and Ni. Eventually, Zn
in the middle area may diffuse thru the Al-Ni IMCs to react with Ni substrate to form a complete Zn-
Ni IMC joint.

Based on the above experimental findings, four stages of Ni/Zn-5AI/Ni interfacial reactions
during U-TLPS process can be proposed as schematically illustrated in Fig. 7(b). In Stage 1, the
ultrasonic cavitation bubbles began to impinge and break the oxide layers on Ni surface at numerous
sites. The active Al atoms in the liquid Zn-Al solder can then preferentially react with Ni, which
consequently leads to the Stage 2 where the Ni-Al interfacial reactions and the formation of IMC
Al3Ni; inevitably result in the several patches of Zn-rich phases near the interfaces due to the break-
up of the initial eutectic Zn-5Al microstructure. At Stage 3, the depletion of most Al in the solder
makes it possible for plenty remaining Zn to react with Ni to form NisZn,;. In this Stage 3 the
diffusion or transportation of Zn through the suitable paths in the Al-Ni IMCs is necessary to reach
and react with Ni, hence the Al-Ni IMCs can be pushed inward to allow the growth of Zn-Ni IMCs at
the solder/Ni interface. Finally, at Stage 4, while the NisZny; IMC layer is gradually transformed into
Als3Ni, then the final stable IMC AINi as Zn-Ni reaction extends, thus a final full IMCs composite
joint consisting of NisZn,i/NiAl/NisZny, triple layers is anticipated with sufficient U-TLPS time to

allow the remaining Zn to be fully converted into its IMCs.
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Fig. 8. SEM and EDS images of Ni/Zn-5A1/Ni joints interface after ultrasonic-assisted soldering for (a, b) 10s
and (c) 60s.

When comparing the interfacial reaction between Zn-5A1/Ni and Zn-5Al1/Cu liquid/solid
diffusion, the most remarkable difference was the behaviour of Al. No obvious Cu-Al IMCs formed
during the whole U-TLPS process, which has been exhibited by the current research and previous
publications [27-29]. On the contrary, AlsNi, was detected before the forming of Cu-Zn IMCs, which
was also demonstrated by the current results and prior studies [12, 28]. Yoshikazu et al. [12] analysed
the solderability of Zn-Al(-Cu) eutectic alloys on Ni substrate. Only Al;Ni, formed in the interface
with a soldering temperature of 420 °C. When the temperature increased to 450 °C, Al;Ni, was firstly
appear and then NisZny; IMC layer was detected. In the current study, NisZn,; was formed even
through the temperature was only 420 °C. It can be explained by the cavitation effect of ultrasonic
vibration, which can produce high instantaneous temperature in liquid solder [19]. Haque et al. [28]
utilised Zn-Al-Mg-Ga solder to attach Si die on Cu substrate. There was a Ti/Ni/Ag metallization on
the back of Si die. Since the 200 nm Ag layer was easily dissolved during soldering, Zn-Al-Mg-Ga
solder got the chance to react with Ni layer. However, only AlsNi» IMC was found on the die side.
Although this phenomenon has been found, the forming mechanism is yet to be understood. A
possible explanation might be the difference of valency. According to the Hume-Rothery rules [32], a
kind of metal with a lower valency is more likely to dissolve in another kind of metal which has a
higher valency. Both Ni and Zn have the valence of 2, but Al has the valence of 3. Therefore, Ni is

more likely dissolved in Al rather than Zn. On the other hand, Cu has the valence of 1, which means it



can be dissolved in both Zn and Al. The relatively low concentration and oxidation issue may limit

the reaction between Al and Cu.

Table 5. Element and possible phase compositions marked in Fig. 8.

Composition (at %)

Sample Region Predicted phase
Ni Zn Al
Ni/Zn-5AI/Ni, 1 3837  3.71 58.92 Al3Ni,
10s 2 1.33 9725 146 Zn
3 1.25 9531 344 Zn
Ni/Zn-5AI/Ni,
60 4 4223 5.48 52.29 NiAl or AlsNiz
]
5 2032 78.80  0.89 NisZny;

5. Conclusion

In this comparative study, the formation of the solder joints Cu/Zn-5A1/Cu and Ni/Zn-5AI/Ni
has been successfully achieved by soldering Zn-5Al eutectic alloys onto both Cu and Ni substrates
assisted by U-TLPS under the ambient condition without uses of flux. The interfacial reactions and
mechanisms of IMCs between solder and metal substrates were examined in detail to understand the

underlying fundamental mechanisms, and the main conclusions are summarized as follows:

(1) Compared to the conventional thermal-compression bonding, ultrasonic vibration applied
in U-TLPS process enhances the solderability of Zn-5Al alloy through: i) promoting the interfacial
reaction by breaking down the oxide layers of the surfaces, and ii) accelerating the liquid-solid

reaction by increasing the diffusion effectiveness.

(2) Using the developed U-TLPS process, the formation of complete full-IMC joint structures
can be significantly accelerated; it only takes ~1 min and ~3 min to complete the reaction to form full
IMC joints between Cu and Zn-5Al, and between Ni and Zn-5Al, respectively. The typical IMC
layered structures induced by U-TLPS process for bonding with Cu and Ni with Zn-5Al alloy are
CuZn/CusZng/CuZn, and NisZn,1/NiAl/NisZn,;, respectively.

(3) For U-TLPS bonding Cu with Zn-5Al alloy, the interfacial reaction begins from the
formation of ’-CuZn, - CusZns and &-CuZns layers, where CuZns phase is gradually transformed into
CusZng as vibration time increases. Al element in the alloy is hardly involved the interfacial reaction
but pushed towards the central line in the form of oxide residuals, which is likely detrimental to the

joint mechanical integrity.



(4) For U-TLPS bonding Ni with Zn-5Al alloy, Al element in the solder preferentially reacts
with Ni substrate by forming Al;Ni; near the Zn-5AI/Ni interfaces. However, as the bonding
progresses the penetration and diffusion of Zn through this Al;Ni, IMC layer led to the formation of
the NisZny; phase between Al:Ni, IMC layer and Ni substrate. As the bonding time increases the
growth of the NisZn;, layer can result in the migration of Al3Ni, phase towards the central line, and
the NisZny; layer becomes more porous, which could be responsible for the deterioration of the

bonding strength.

(5) In the U-TLPS reaction the affinity of Zn and Al with Cu or Ni substrate which can be
described by Hume-Rothery rules indicates that the Al in the solder alloy which has a higher valency
is prone to the preferential reaction with Ni, but in Cu bonding, it is the Zn in the alloy that is more
susceptible to react with Cu, since Cu can be dissolved in both Zn and Al due to its lowest valence.
However, the small amount Al in the solder alloy becomes a limited factor in both cases, hence the

reactions with Zn largely occur to form the main body of the Zn-based IMC joints.
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