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Abstract

The diminutive additions of nickel (Ni) element have been fused to Sn-1.5Ag-0.5 mass% Cu (SAC155) lead-free solder
alloy. The study was examined experimentally and computationally (using JMatPro software program) the microstructural
features, thermal behavior, density, thermal diffusivity, and conductivity as well as tensile stress strain of the Sn-1.5Ag-
0.5Cu-x mass %Ni (x=0.00, 0.05, 0.10, 0.20, and 0.50) solder alloys (SAC155-xNi). The fusing additions of Ni have a
little impact on the melting point of SAC155 alloy which increasing from 502 to 504.2K. The microstructure of SAC155
solder alloy included coarse grains of $-Sn besides, large eutectic regions, and embedded IMCs of Ag;Sn and CuySns.
The computed values of Gibbs free energy (G) during solidification of the B-Sn phase, Ag;Sn, and Sn;Sn, IMCs show
the stability at —130.7 x 10°J.kg™!, —157.7 x 1031 .kg™!, and —377.13 x 10°J.kg™!, respectively. The SAC155-xNi alloys
involved finer -Sn grains, large fibrous eutectic regions, (Cu,Ni)¢Sns and (Cu,Ni);Sn, IMCs. The G of Cu,Sns decreased
from —233.1 x 103J.kg™! to —317.9 x 103 J.kg~! when Ni content increased up to 0.25 mass %, then stable and steady at
—318.4 x 10%J.kg~" with more addition of Ni element. The formation of the (Cu, Ni),Sns and (Ni, Cu);Sn, IMCs is motivated
by the lowest Gibbs free energy, especially when Ni mass% is added to a sufficient level. The measured and computed values
of specific heat at constant pressure (C,)) of SAC155-xNi alloys show a good matching especially at lower temperatures and
a little mismatch at high temperatures which decreases with increasing Ni content. The activation energy of atomic arrange-
ment (Q) increased from 11.36 to 13.41kJ.mole ™! with increasing Ni content in SAC155-xNi alloys. Thermal diffusivity (o)
and conductivity (k) of SAC155-xNi gradually decreased with increasing temperature in the range from 303 to 423 K and/
or Ni content in alloys. The measured values of (k) are slightly lower than the computed value at similar temperatures of the
SAC155-xNi alloys. The decrease in (k) may be assigned to scattering the electrons or reducing the phonon contributions
due to the presence of various solute atoms and different IMCs. The results of stress-strain graphs reveal the enhancement
of YS and UTS for all Ni-containing alloys. The improvement of the yield stress (YS) and ultimate tensile strength (UTS) of
Ni-containing alloys is attributed to the uniform distribution of the IMCs, the reduction of $-Sn grain size, and the smoothed
enlargement of the eutectic region.
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Introduction

The miniaturization of electronic devices has led to a grow-
ing interest in the thermal management of solder alloys.
Research into the thermal characteristics of solder alloys has
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of heat transfer. Sn-Ag-Cu (SAC) alloys are essential and
cannot be ignored in the electronic packaging industry. SAC
alloys possess remarkable thermal conductivity, thermal
stability, and mechanical properties, making them highly
attractive in the microelectronic industries [2—4]. Worthy,
the incorporation of new soldering connections with micro-
electronic chips supports the security of electronic industries
and increases the productivity of devices in their daily lives
[5]. Additionally, usage of Pb-free solder alloys has led to
a substantial decrease in hazardous waste produced during
manufacturing. Developing sustainable Pb-free solder alloys
is a significant challenge. Balancing the health of human-
ity with the integrity of manufacturing lines is essential to
ensure extraordinary quality and reliability [6].

Low silver content solder alloys in SAC, such as SAC 105
and SAC 107, are widely used in electronics assembly. They
introduce high mechanical strength, and good electrical and
thermal conductivity attributes, making them suitable for
high-stress duty [3, 7]. Additionally, they have approxi-
mately low melting points and good wetting with copper
circuit board surfaces (CBS), making them easier to utilize
in soldering procedures. [8, 9]. However, this category of
SAC alloys has several disadvantages that restrict their usage
in electronic packaging applications. It could form brittle
intermetallic compounds (IMCs) over CBS, especially in
power circuits at high-thermal stress applications [9]. Also,
their melting points are relatively high compared to other
lead-free alternatives, e.g., Sn-Zn [6, 10—-12]. Therefore,
there is a high probability of microcracking in the CBS and/
or damage to delicate electronic components during the sol-
dering process at high temperatures [12—-14].

Several research articles have improved the physical
characteristics of SAC alloys of low silver content via the
fusing of nickel (Ni) with their compositions [2—4, 7-9].
Generally, their IMCs named (Cu, Ni)¢Sns, Ag;Sn, and
Ni3Sn4 are located in eutectic regions and around -Sn
grains [2—4, 7-9, 15, 16]. The size, distribution, and mor-
phology of these IMCs are dependent on the alloy's pro-
cessing conditions and the concentration of the alloying ele-
ments [17]. Unfortunately, little studies have investigated
the thermal conductance and the influence of Ni addition
to solder alloys [18-20]. R. Oliveira et.al. [19] correlated
the results of solidification experiments with mathematical
modeling of an interfacial thermal conductance between
the Ni and/or Cu substrates and the Sn-0.5mass%Al alloy.
They reported that, the IMC of Al-rich phase precipitated
at the interfacial reaction layers of Cu and Ni substrates and
the dendritic/cellular morphologies predominate in during
solidification in Ni substrate higher than that observed for
the Sn—Al/Cu couple. The study conducted by L.S. Silva
et al. [20] aimed to analyze the phase transitions of Sngg ;_,
Cuj 4 Ag, alloys with varying Ag content (x=0, 1.5, and
3.5). The research was carried out to investigate the changes

@ Springer

in thermal behavior of melting and solidification points, as
well as the microstructures of these alloys and intermetallic
compounds produced while cooling in air after heat treat-
ment on contact with a copper substrate. The results showed
that adding Ag to the Snyg ;Cu, 4 alloy led to changes in the
thermal behavior of their melting and solidification points.
Also, the presence of silver induced the formation of the
Ag,Sn phase and decreased the amount of the CuzSns com-
pound. A study by El Daly et al. has shown that adding
0.05% nickel to the Sn-2Ag-0.5Cu solder alloy can improve
its mechanical properties. This improvement is related to a
decrease in grain boundary sliding and dislocation activity
during plastic deformation [3, 21, 22]. It is crucial to note
that excessive quantities of nickel could form brittle IMCs,
which may compromise the alloy's mechanical and thermal
properties [23]. Therefore, careful balancing of the Ni addi-
tions to SAC alloys is necessary to obtain the optimization of
the alloy's microstructure to ensure its reliable performance
as well as decent thermal behavior.

The objective of this study is to develop new low-silver
content SAC lead-free solder alloys for use in electronic
packaging. The new solder alloy should possess excellent
physical and mechanical properties, including good thermal
behavior and conductance. Therefore, the research strategy
depends on two approaches; firstly, JMatPro software simu-
lation used to reach the optimization composition of low
silver content of Sn—Ag—Cu. The Sn-1.5Ag-0.5Cu compo-
sition is optimum low silver content solder alloy which is
consider the based matrix that reinforced via alloying an ele-
ment. Secondly, different minor additions of Ni element have
been fused with Sn-1.5Ag-0.5 mass %Cu to reach a careful
balancing of IMCs and the alloy's microstructure to achieve
its reliable performance as well as decent thermal behav-
ior. Moreover, the study was examined experimentally the
microstructural features, thermal behavior, density, thermal
diffusivity, and conductivity as well as tensile stress strain
of the Sn-1.5Ag-0.5Cu-x mass %Ni (x=0.00, 0.05, 0.10,
0.20, and 0.50) solder alloys (SAC155-xNi). Furthermore,
the JMatPro simulation outcomes of thermal parameters
(i.e., specific heat, density, thermal diffusivity, and thermal
conductivity) compared with experimental findings for all
tested alloys.

Experimental Procedure
Alloys Preparation

High-purity Sn, Ag, Cu, and Ni (99.99%) were used as raw
materials to prepare the studied alloys. The raw materi-
als were melted in an electric furnace at 923 K for 2 h to
ensure complete dissolution of ingredient compositions.
Then, ingots were cast into a steel mold to form rod-like
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specimens with a diameter of about 15 mm in air. The alloys
were remelted and recast three times to achieve a homoge-
neous alloying and then were solidified in a steel mold to
obtain a chill cast ingot with cooling rate of 20K.min™". This
cooling rate was used to create a uniform microstructure and
simulate those used in microelectronic packages [12]. X-ray
fluorescence (XRF) was originally used to determine the
elemental composition of the alloys being studied. Table 1
presents the desired elemental composition of the investi-
gated alloy, which was confirmed by the XRF graphs of the
(SAC155-X Ni).

Microstructure Analysis

Part of the prepared solder rods was sliced into
1.5,0.2,0.2cm? tested specimens using an electro-discharge
wire cut machine. Afterward, they were homogenized at
393K for 2 h to remove interior mechanical residual stresses
and attain stable microstructure. The alloys' samples were
encased in epoxy; then, their surface was meticulously
ground and polished to perfection using metallographic tech-
niques. The samples’ scratch-free surfaces were achieved
using an even finer abrasive. The samples were then sub-
jected to an etching process, which involved using a precise
solution containing 2.0% HNO;, 3.0% HCl, and 95.0% ethyl
alcohol (by volume) at room temperature for a duration of
15 s. Following this, the samples were carefully transferred
to water and meticulously dried using filtering paper. The
morphological features of alloys were examined using opti-
cal and scanning electron microscopy linked with energy-
dispersive X-ray spectrometry (EDXS) unit. The morpho-
logical features of alloys were studied utilizing ImageJ
software to evaluate the size of different phases of prepared
alloys. The crystalline phases in the alloys were pronounced
by X-ray diffractometry (XRD) using CuK-a radiation at
20 x 1072A and 40 x 10°V. The scanning speed was 1.0°/
min, and the diffraction angles (20) ranged from 20° to 80°.

Differential Scanning Calorimetry Measurements
The thermal behavior of the studied alloys was measured

using thermal analyzer Shimadzu DSC-60 for determi-
nation of phase transition temperatures and related heat

effects. The DSC instrument was calibrated using the melt-
ing points and the heat of melting of pure Ag and Cu. The
samples were placed in alumina (Al,O;) pans, and DSC
heating curves were recorded under a protective flowing
Argon atmosphere with a heating rate of 5 K.min™!. The
samples weighed on average about 50 mg, and an empty
alumina pan was used as a reference material. The specific
heat C, of the SAC155-xNi alloys was measured through
the heat flux method. The studied alloys were sliced into
1.0 mm thickness to get good thermal contact with the
crucible. Samples were heated from 303 to 573 K with a
heating rate of 5 K.min~!. Accordingly, the specific heat
can be obtained by Eq. (1) [24]:
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€_me (1)
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where subscripts ‘sam’ and ‘al’ refer to the sample and alu-
mina, respectively, m (kg) the mass, AH the heat flow. Fur-
thermore, we can determine the latent heat of fusion (AH)
of SAC155-x Ni alloys using Eq. (2) [6].

A
AH = k—
” @)

k is the calibration coefficient based on crucible shape, m is
sample mass, and A is the endothermic peak area.

Density Measurements

The density (p) of SAC155-x Ni alloys is obtained from
the Archimedes (buoyancy) method by weighting the sam-
ple in the air and in the submersion liquid. Equation 3 is
applied, the m,, is the mass of sample in air, m, is the mass
in paraffin oil of the density pj;, = 850 kg.m™.

mO

p= mpnq_ 3)

Densities of SAC155-x Ni alloys measured at differ-
ent temperatures by utilizing kit linked to high accuracy
computerized electronic balance.

Table 1 Quantity of mass

Name of alloy Ag
elements % and XRF elemental

Cu Ni Sn

compositions in the SAC155- x

MASS % XRF %

MASS % XRF % MASS % XRF %

Ni alloys (mass %)
SAC155-0.00Ni 1.5

SAC155-0.05Ni 1.5
SAC155-0.10Ni 1.5
SAC155-0.20Ni 1.5
SAC155-0.50Ni 1.5

1.497+0.04 0.5
1.51+0.043 0.5
1.542+043 0.5
1.512+0.041 0.5
1.568+0.042 0.5

0.49+0.043 0.0
0.543+0.041 0.05
0.539+0.037 0.1
0.52+0.032 0.2
0.539+0.038 0.5

0.000
0.075+0.028 Balance
0.123+0.025 Balance
0.216 +£0.012 Balance
0.496+0.021 Balance

Balance
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Determination of Thermal Diffusivity and Thermal
Conductivity

The thermal diffusivity and thermal conductivity of
the samples under study were examined using the flash
method developed by Parker et al. [25]. In this method, a
disk specimen's front face is briefly exposed to an energy
pulse generated by a heat source. Simultaneously, the
temperature of the rear face is continuously recorded as a
function of time. The thermal diffusivity is then calculated
using Eq. (4) [26, 27]:

2 2
@ =137—=— =0.1388- @
Tt L2

where L is the thickness of the sample, #, , is the half-rise
time, which represents the time required for the rear-face
temperature to reach the half of the maximal temperature
increase. In the current study, TA Instruments Discovery
Xenon Flash (DXF-500) instrument was used for measure-
ment of thermal diffusivity at several points over the tem-
perature range 303-423 K. The prepared alloy samples were
shaped into 2-mm-thick round disks with 12.5 mm diam-
eter and plane-parallel ground end faces. The samples were
placed in a vacuum furnace and heated to a measurement
temperature. When the furnace had reached the required
temperature, the front face of the specimen was irradiated
by a very short energy pulse from the xenon lamp. Tem-
perature of the rear face of the sample was recorded via
the nitrogen-cooled IR temperature detector (In Sb sensor)
with very fast thermal response and the high-speed data
acquisition system. Additionally, the thermal conductivity
K(W -m~!- K_l) of a sample is calculated from Eq. (5):

K=a-p-G ®)

where a(m?.s™!) is the thermal diffusivity, C, (J.kg™".K™")
the specific heat, and p(kg. m‘3) the bulk density.

Stress—Strain Tensile Measurements.

To perform stress—strain tensile tests, the bars of ingots
were cold drawn into wires with a radius of 1.5 mm
through mechanical dragging. All tested specimens were
heated to a temperature of 413 K for 120 min to eliminate
any cold working defects and achieve a stable microstruc-
ture. The tensile tests conducted using an automated uni-
versal tensile machine that was equipped with an electric
heater. The specimens of length 90 mm underwent testing
at a temperature of 303 K under strain rate 7.82 X 1074s71.
It is worth noting that each point in tensile data is repre-
sentative of the mean values of four tests.
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Results and Discussion
Microstructures of SAC155-x Ni Alloys

Figure 1(a-e) exhibits the SEM images of the studied
alloys. Also, Table 2 lists the average compositions for
the coexisting phases of the tested alloys, which were
determined through EDX analysis of the samples. Also, it
describes the morphological features of different phases
of the SAC155-x Ni alloys.

Figure 1a shows the microstructure of SAC155-0.0Ni sol-
der alloy which included -Sn as the coarsen bright phase
of an average size 118 um besides large eutectic regions as
the dark gray phase. Furthermore, Ag;Sn IMC embedded
in eutectic area as the micro-needles of an average length
26.5 pm. The CusSns IMC emerges as the small murky
gray platelets of an average area 50.8 um? scattered around
the boundary of the f-Sn phase or coexist within eutectic
regions. CugSns IMC is a hexagonal unit cell intermetallic
compound that forms when Cu and Sn react that depend-
ing on the temperature and composition [15, 16]. The 0.05
Ni addition manifests a gray network-like eutectic region
as well as a great change in the shape and size of IMC and
modified their distribution as shown in Fig. 1b. Furthermore,
the SAC155-(0.2, 0.5) %Ni microstructure was composed of
the fine B-Sn grains of an average size 68.2 and 13.86 um,
respectively, and large eutectic region which containing
mixed needles of Ag;Sn, and polygon sticks of (Cu,Ni),Sn;
IMC (dark gray phase), as shown in Fig. 1c-d. Generally,
the Ni containing alloys have modified rods-like CugSn; to
(Cu,Ni)¢Sns IMC that formed by replaced Cu atoms by Ni
atoms during crystallization process [28].

Furthermore, great changes were observed in the alloy’s
phases shape as well as materialization of new phases of
polygon-like shape of (Ni, Cu);Sn, and big hexagonal-like
shape of CugNi;Sng of an average area 105.2, 3479.7 um,
respectively, after adding 0.5 mass % Ni, as exhibited in
Fig. le. The EDX analysis of the precipitates (Ni, Cu);Sn, in
SAC155-0.5Ni alloy was confirmed and is listed in Table 2.
Also, the eutectic regions transformed to fiber-like with long
thin needles of Ag;Sn and fine dot-shaped precipitates at
the surface of f-Sn grains (Seen Fig. le). The (Cu, Ni)¢Sn;
intermetallic compound exhibits a preference for the forma-
tion of discontinuous grains at their interfaces. The grains
eventually transform into a lamellar microstructure. After-
ward, dendrites begin to transform from the lamellar micro-
structure into the fibrous structure. The EDXS analyzer was
used to identify the qualitative elemental composition of the
intermetallic compounds (IMCs) and the observed phases
of the SAC155-X Ni alloys. Figure 2a-d displays the EDXS
analysis of SAC155-0.5Ni alloy; the large eutectic areas
were found to contain Sn, Ag, Cu, and Ni.
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Fig. 1 a-e SEM micrographs of
a SAC155-0.0 Ni, b SAC155-
0.05 Ni, ¢ SAC155-0.1Ni, d
SAC155-0.2 Ni, and e SAC155-
0.5 Ni solders alloys

eutecticarea :
- CugSn;

()~ BSn

Ag3Sn '
N

eutectic area

Table 2 lists the average compositions for the coexisting
phases of the tested alloys, which were determined through
EDXS analysis of the samples. Additionally, EDX elemen-
tal mapping is a technique that uses X-rays to identify the
elements in a sample and show their distribution in a two-
dimensional image. It is useful for studying the elemental
composition and their distribution. It was implemented to
analyze the elemental distribution in the SAC155-0.5Ni
alloy, as shown in Fig. 3. It seems that the elements are dis-
tributed almost uniformly within the -Sn phase. It is evident
that the SAC155-0.5 Ni alloy contains Ag;Sn, (Ni, Cu)¢Sns,
(Cu, Ni);Sn,, and CugNi;Sn, intermetallic compounds.

Incorporating Ni into the SAC155 alloy not only
enhances the formation of (Cu, Ni)s-Sns but also increases
the substitution of Cu atoms with Ni atoms in the lattice.
This is due to Ni having no solubility in the -Sn phase,
but a significant solubility in the CusSns phase. As a
result, Ni, like Cu, is transferred from the B-Sn phase to
the IMC phase during the growth process [21]. Increasing
the amount of Ni in the SAC155-0.5Ni alloy can greatly
enhance the formation of (Ni, Cu);Sn, and CugNi;Sn,
IMCs. The growth of both (Cu, Ni)sSns and (Cu, Ni);Sn,
as primary phases during the eutectic reaction suggests
that the presence of IMCs is not influenced by the rate
of nucleation. Also, the presence of (Cu, Ni);Sn, rather
than Ni;Sn, suggests that it has easier growth kinetics than

eutectic area

200 pm
; / LR
(e) eutectic area

Ciaa

(CuNi)zSn; J
/\ CusNi3Sn9

Ni;Sn, [29]. Therefore, it is essential to consider the influ-
ence of nickel on the formation of IMC and the morpholo-
gies of the eutectic zones, particularly in terms of how
nickel modifies the interfacial energies between p-Sn and
the liquid phase and/or other IMCs [3, 30].

On the other hand, some of IMCs (Cu6Sn5 and Cu3Sn4,
(Cu, Ni)6Sn5 and (Ni, Cu)3Sn4) are formed at the inter-
face between solder and substrate during soldering or aging
processes. These IMCs are detected in Sn-based solder
alloys with Ni or Cu substrates [31, 32]. The growth and
morphology of these IMCs can affect the microstructure,
mechanical properties, and reliability of the solder joints.
Generally, (Cu, Ni)¢Sns has a higher melting point, lower
diffusion coefficient, and better thermal stability than (Ni,
Cu);Sn,. However, (Ni, Cu);Sn, has a higher hardness,
lower electrical resistivity, and better wettability than (Cu,
Ni)6Sn5 [31, 32]. The optimal performance of the alloys
depends on the balance between these two IMCs, as well as
the effects of other microalloying elements such as Ag, Sb,
and Ti. [31-33].

XRD examinations were performed to confirm the
crystalline phases formation of the SAC155-x Ni solder
alloys. Figure 4 displays the presence of f-Sn, Ag;Sn, and
CugSn; phases in all tested alloy. The diffraction patterns
of SAC155-x Ni alloys show significant difference between
them. The fundamentals crystalline plans of $-Sn phase
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Table 2 Outcomes of SEM-EDX analysis of different phases, morphological features of the SAC155-x Ni investigated alloys

Solder alloy Microstructure phases Identified phases Morphology Size  Average composition/at%
Sn Ag Cu Ni
SAC155-0.00 Ni  Ag;Sn, CugSns IMCs, eutectic -Sn coarse grains (um) 118 98.79 0.31 048 0
regions, and nonuniform coarsen  Eytectic region ~ small, smoothed - 98.58 0.19 1.23 0
P-Sn grains Ag;Sn needles 265 3110 679 101 0
CugSng Platelets (um?) 50.8 4534 0225443 0
SAC155-0.05 Ni  Ag;Sn, CugSns IMCs, rough B-Sn coarse grains (um) 100.2 98.63 0.21 0.6 0.55
eutectic region, and nearly finer  Eyectic region  small, smoothed - 9656 123 1.74 0.47
p-Sn grain Ag;Sn Long needles rods 4595 5097 47.8 0.63 0.59
CugSng Big rods (um?) 252.6 47.18 0.2752.12 042
SACI155-0.20 Ni  Ag;Sn, (Cu,Ni)¢Sns IMCs, smooth  -Sn small grains (um) 68.2 98.43 0.32 0.58 0.67
large eutectic region, and uniform  Eygectic region  small, smoothed - 96.01 1.30 1.68 1.00
finer B-Sn grain Ag,Sn Long fine needles 384 3502 629 111 09
(Cu,Ni)eSns Polygons and big rods (um?) 227.6 4471 0.17373 178
SACI155-0.50 Ni Ag;Sn, (Cu, Ni)¢Sns, (Ni, Cu);Sn,, p-Sn fine grains (um) 13.86 9795 0.34 1.03 0.68
and CusNi3$n9 IMCS» smoot'her Eutectic region  small, smoothed - 91.45 473 234 147
;arngf gflsticgrzirgg‘on’ and uniform o o Long needles 4225 2618 69.6 2.17 2.02
(Cu, Ni)¢Sn; Polygons platelets and rods (um?) 208.1 44.82 0.2344.77 10.2
(Ni, Cu);Sn, Hexagonal shapes 105.1 59.89 0.1436.76 19.3
CugNi;Sny Wide Hexagonal shapes (um?) 3479.7 43.94 0.1940.84 15.1

besides some of IMC’s peaks clearly appeared. When Ni was
added to the SAC155 alloy, it caused the formation of (Cu,
Ni)sSns instead of the CugSns IMC. Because Ni atoms have
high solubility in the CusSns phase, enabling them to replace
Cu atoms in the IMC lattice [34]. The extra additions of Ni
% generate the peaks of Ni;Sn, IMC in SAC155-xNi alloys.
The solidification and nucleation rate directly influences the
intensity of these peaks. The crystalline plane intensities of
the different crystal phases in SAC155-xNi alloys exhibit
varying values.

In general, the presence of Ni in the SAC155-xNi alloys
not only affects the growth kinetics of crystalline IMCs, but
also has a significant impact on the interfacial energies at
various interfaces [29]. Since, the presence of Ni element
may be enhancing the solubility between Ag and Sn in the
Sn-Ag-Cu system [35]. Also, the Ni atoms may be play-
ing a crucial role in diminishing the reactivity of Sn at the
SAC system [36]. Therefore, reducing the size of the Ag;Sn
IMC is a highly effective way for obtaining an exceptionally
desirable material. Thus, the finer Ag;Sn IMC is distributed
throughout the solder, acts as heterogeneous obstacles sites
for mobile dislocations and exhibits a better performance.
This suggests that the fusion of Ni into SAC155 alloy could
potentially enhance the overall performance and reliability
of solder joints in electronic applications.
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Thermodynamic Simulation

During the solidification process of the SAC system, the
main reactions are [17, 37].

Sniquia = B — Sngglia
Ag + Sn — Ag;Sn

Snliquid = = Sngia

During the solidification process of the SAC-Ni system,
the main reactions are [37].

Snyiquia = B — Sngolia

Cu + Sn — CugSn;

Cu+ Sn + Ni — (Cu, Ni)sSns
Ni + Sn — Ni;Sn,

Ni + Cu + Sn+ — (Ni, Cu);Sn,

The Ni content is the primary influence on these reac-
tions. When the Ni percentage reaches a specific level, it
results in the reaction between Cu and Ni with Sn. Firstly,
the formation of CuySns IMC occurs, while Ni dissolves
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Fig.2 a-d EDXS Analysis of different phases in SAC155-0.5 Ni solders alloys
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Fig.3 Backscattered electron compositional images of distribution of SAC155-0.5 Ni solders alloys
in (Cu, Ni)¢Sns. The embryonic reaction between nickel G=0G +GE )

and tin is the generation of Ni;Sn,, especially when more
Ni is added. Furthermore, the Cu element undergoes a
reaction with Ni, resulting in the formation of a symbiotic
solid solution known as (Ni, Cu);Sn, IMC [37]. Hence, the
incorporation of Ni plays a central role in influencing the
reaction of solidification.

The tendency of a reaction's mixing is dictated by the
thermodynamic relationship between elements. Equa-
tion (6) provides the relationship between Gibbs free
energy G, enthalpy, and entropy of mixing [37, 38].

AG = AH — TAS (6)

In thermodynamic chemistry, the Gibbs free energy (G)
of a system is used as a criterion for determining the prior-
ity of a reaction. It can be expressed by Eq. (7), where H is
enthalpy, T is temperature, and S is entropy [37].
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The ideal molar-free energy, G', and the excessive
molar-free energy, GE, are both important in this study.
Equation (8) provides a concise representation for deriving
the value of G!, whereas Eq. (6-9) ingeniously employs
the powerful JMatPro software to accurately compute GF
[37, 38].

I _ ~0 1 _ 0
G'=G"+AG' = inGi +RTZXilnXi @®)

GF = 2, XXX 29 (% - X))’ ©)

At a given temperature T, the molar free energy of com-
position-i (G?) can be expressed as a function of the molar
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Fig.4 XRD Patterns for the SAC155-x Ni solder alloys

fraction of composition-i (X;) and the gas constant (R). In
addition, the interaction parameter (Q,) can be defined as a
function of X;.

According to the above equations, Fig. 5a displays the
Gibbs free energy of the distinct phases that formed after
the solidification of the SAC155-xNi alloys as a function
of Ni concentration, calculated using JMatPro at a temper-
ature of 303 K. With variation of Ni content up to 1.0 wt.%
into the base SAC155 alloy, it is indicated that all elemen-
tal fraction of the B-Sn phase, Ag;Sn and Sn;Sn, IMCs has
the Gibbs free energies that stable at —130.7 x 10°J.kg™",
—157.7x 10°1.kg™!, and —377.13x 10°Jkg™", respec-
tively. Additionally, the Gibbs free energies of Cu4Sn;
decreased from —233.1 x 10°J.kg™! to —=317.9 x 10°J.kg™!
when Ni content increased up to 0.25 mass%, then stable
and steady at —318.4 x 10°J kg™ with more addition of
Ni element. This decrease in Gibbs free energy may be
related to the ability of Ni atoms to substitute Cu atoms
in the lattice of CugSns IMC. As a result of this modifi-
cation, (Cu, Ni),Sn; is formed, which helps to achieve
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Fig.5 (a-b) Gibbs free energy of different phases in SAC155-xNi
alloys as function in (a) Ni concentration mass% (b) Temperature (K)

solidification equilibrium. It is well-known that the forma-
tion of Ni3Sn4 and/or (Ni, Cu);Sn, IMCs is motivated by
the lowest Gibbs free energy, especially when Ni mass%
is added to a sufficient level. As a result, it is possible for
tiny amounts of Ni to diffuse into the Cu-Sn IMC due to
the influence of Gibbs's free energy.

JMatPro software has been employed to perform ther-
modynamic calculations and determine the solidification
process of SAC155-xNi alloys [39]. During equilibrium,
the Ag;Sn, CuySns IMCs, and B-Sn phases begin to solid-
ify. Different temperatures were used to calculate the
solid fraction of separate phases in SAC155-xNi alloys.
Figure 6a-b displayed the temperature-dependent and
solid volume fraction (mass%) of phases from 673 K400
to 298 K for SAC155-0.0 Ni and SAC155-0.5 Ni alloys.
Also, the results of these calculations are documented in
Table 3. Using thermodynamic calculations, it predicted
the formation of Ni;Sn, IMC by incorporating 0.5 mass%
of nickel into the SAC155 alloy. The accuracy of the
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Fig. 6 (a-b) Relationship between phases fraction mass% and temper-
ature into solder alloys a SAC155-0.0Ni and b SAC155-0.5Ni

results has been validated by examining the microstruc-
ture, as shown in Figs. 1-4.

Figure 6a displays that the SAC155.0.0 Ni is near-eutec-
tic composition, so that liquid phase is the first phase to
form, and the remaining liquid then solidifies by a simple
eutectic-type reaction to 3-Sn phase, Ag;Sn, and Cu4Sn;
IMCs. During cooling from 523 to 298 K, the fractions
of CugSns IMCs initially formed and slightly increase tell
saturated at 1.48 mass% under cooling. Meanwhile Ag;Sn
IMC formed and saturated at 1.88 to 2.1 mass % during
cooling to room temperature.

It should be stressed that the model predicts phases that
will be present under equilibrium conditions and therefore
predicts multi-constituent phases, rather than normally be
found in reality. However, it would be possible to continue
the calculations for Ni-containing alloys at the same cooling
range. The addition of a Ni content up to 1.0 mass % to the
base SAC155 alloy has a profound effect on the formation of
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the CugSng IMC, and it is now described as a (Cu, Ni)gSn;
IMC (shown in Fig. 7a-b). This is because Ni being the pre-
dominant substantial element with Cu crystals. A further
increase in Ni level to 0.25% results in the primary Ni;Sn,
and or (Ni, Cu);Sn, IMCs, during cooling up to room tem-
perature, as shown in Fig. 7b. Generally, the addition of Ni
has great effect on the IMC formation but a little effect on
eutectoid reactions or its temperature.

Differential Scanning Calorimetry (DSC)
Measurements

Thermal analysis using DSC measurements is a very impor-
tant tool to investigate the thermal behavior of tested solder
alloys. Figure 8a shows the data of enthalpy variation during
the melting process of SAC155-xNi solder alloys, and the
main findings record in Table 4. Only one endothermal peak
exists in each DSC curve during the heating process. The
common features of endothermic peaks are started at solidus
temperature (7, ), at which the solid phase starts to trans-
form into liquid phase. These peaks are ended at liquidus
temperature (an') at which solid phase completely changed
to liquid phase. The T, increments from 488.6 to 497.6 K
with an increase in the Ni content. The melting temperature
(T 1) of Ni-free solder alloy exists at 499.2 K. Meanwhile,
the T, of Ni-containing solder alloys (SAC155-x Ni) raised
from 502 to 504.2 K which can be attributed to the high
melting temperature of Ni element (1728K) and its low solu-
bility in f — Sn phase.

The pasty range or (mushy zone) is the temperature range
in which a solder is in a semi-solid state, neither fully solid
nor fully liquid. It is calculated by subtracting the solidus
temperature from the liquidus temperature of the solder.
The pasty range is one of very essential parameters for the
soldering process because it estimates the time required for
finishing it. The pasty range of SAC155-0.0 Ni, SAC155-
0.05 Ni, SAC155-0.1 Ni, SAC155-0.2 Ni and SAC155-0.5
Ni solders, respectively, was 15.0, 9.0, 9.6, 9.6, and 12.1 K
which is around to the pasty range for eutectic Sn-Pb solder
(11.5 K) [40]. The SAC155-xNi alloys that have a narrow
thermal pasty range are favored. This is helpful to avoid
the formation of large thermal stress, better wetting, and
prevent the production of fillet lifting phenomena [13]. Fur-
thermore, the latent heat values for SAC-x Ni alloys (where
x=0.0, 0.05, 0.1, 0.2, and 0.5 mass%) were computed using
thermo-graphs in Fig. 8a and are recorded in Table 4. The
SAC155-0.5 Ni alloy stands out with its low heat fusion of
44.515% 10 J. kg~!, making it the most advantageous choice
for saving energy compared to other solder compositions.
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Table 3 Thermodynamic
calculation of different phases
% of SAC155- xNi alloys at

different temperatures

Alloys Ni mass % Temperature 303 K 343K 398 K 448 K 498 K
Phases %

SAC155-0.0 Ni 0 Liquid 0 0 0 0 100
B-Sn 96.66 96.66 96.68 96.72 0
Ag;Sn 2.05 2.04 2.03 1.99 0
Cu¢Sn, 1.3 1.3 1.29 1.28 0

SAC155-0.05 Ni 0.05 Liquid 0 0 0 0 99.88
B-Sn 96.48 96.49 96.51 96.55 0
Ag;Sn 2.05 2.04 2.03 1.99 0
Cu¢Sn, 1.48 1.47 1.47 1.46 0.12

SAC155-0.1 Ni 0.1 Liquid 0 0 0 0 99.6
B-Sn 96.32 96.32 96.35 96.39 0
Ag;Sn 2.05 2.04 2.02 1.99 0
Cu¢Sn, 1.64 1.63 1.63 1.62 0.4

SAC155-0.2 Ni 0.2 Liquid 0 0 0 0 99.16
B-Sn 96.04 96.04 96.06 96.1 0
Ag;Sn 2.04 2.04 2.02 1.99 0
Cu¢Sns 1.92 1.92 1.92 1.91 0.84

SAC155-0.5 Ni 0.5 Liquid 0 0 0 0 97.94
B-Sn 94.94 94.95 94.97 95.01 0
Ag;Sn 2.04 2.03 2.02 1.98 0
Cu¢Sns 1.9 1.9 1.9 1.9 0.6
Ni;Sn, 1.12 1.12 1.12 1.11 1.46

Specific Heat Capacity (C,)

The specific heat under constant pressure (C;) obtained
from the DSC curves by using Eq. (1). Figure 8b exhibits
the measured and computed values of C, during the melt-
ing process of SAC155-xNi solder alloys. The specific heat
slightly rises as the temperature increases and reaches the
maximum peak at their melting temperature for all studied
alloys. However, the specific heat of SAC155-x Ni is nearly
independent of Ni content, especially at a temperature range
of 323-473 K. This indicates that the addition of a small
amount of Ni to Sn-1.5Ag-0.5Cu alloy causes very slight
lowering in its specific heat. Furthermore, the specific heat
values at constant pressure for SAC155-xNi alloys computed
by JMatPro software show, a good match, especially at lower
temperatures. However, there is a mismatch at high tempera-
tures that decreases with increasing Ni content.

Moreover, Fig. 9 shows the measured values of maximum
specific heat at constant pressure (C;‘ax> dependence on Ni
content in the tested alloys. Generally, the increment of Ni
content in the tested alloys led to lower the values of Cl’)“‘ﬁ‘x

from 5.54 x 10%to 4.97 x 10° J.kg~' . K~!. It is indicated that
C;m is important factor for solder material as intrinsic prop-

erty. The highest C™ was for free Ni-content alloy, sud-
denly the C;“"‘x value decreased to 5.29 x 10> J kg™'.K™! at

0.05 mass % Ni which may be due to increasing the molar

fraction of IMCs. After that continuous slightly decreased
until addition of 0.5 mass % Ni. For a constant mass of all
tested alloys and using this equation <Q =m CgmxAT), it is
clear that low C;“ax value means low energy needed for tem-
perature changing and vice versa. Consequently, the free
Ni-content alloy needed maximum thermal energy, mean-
while, SAC155-0.5 Ni alloy required minimum thermal
energy to attain the same temperature changing.

The change of specific heat AC,, with increasing tempera-
ture (T') obeys the experimental low [41].

2

NQ
AC, = z( - ) exp—(Q/RT) (10)

where N is the number of atoms displaced from the equi-
librium position, @ is thermal activation energy of ordering
transition, R is the universal gas constant and Z is the coor-
dination number. Regardless of the value of the pre-expo-
nential term, the relation between In(AC,T?) and 1000/T
for all tested solder alloys given straight lines as displayed
in Fig. 10. The activation energy of atomic arrangement has
been evaluated from the slopes of these lines. Generally, the
Q values depend on the Ni content in investigated solder
alloys as represented in Fig. 11. The Ni-free alloy has a low
energy ordering value of 11.36 kJ.mole™'. Furthermore, the
inclusion of Ni in amounts of up to 0.1 mass % is being con-
sidered to increase the Q value to 12.57kJ.mole™". suddenly
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decreases to 11.9kJ.mole™! at 0.2 mass % Ni and gradually
increases again up to 0.5 mass % Ni (13.41kJ.mole™".). The
fluctuation behavior of the Q values with the different nickel
additions can be attributed to the modification processes in
microstructural features, which include more formation of
additional IMCs with diverse shapes, and homogeneous or
heterogeneous distribution in Ni-content solder alloys.

Thermal Diffusivity and Thermal Conductivity

Thermal diffusivity (a) is an important property of sol-
der alloys because it determines how quickly heat can be
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transferred through the alloy. A high thermal diffusivity
value implies that heat can be transferred more quickly, i.e.,
rapid heat dissipation. So, the study of thermal diffusivity
is very important to design solder alloys that are employed
in electronic packaging applications. Thermal diffusivity is
directly proportional with thermal conductivity coefficient
(x) and inversely proportional to the density (p) and specific
heat (Cp) [24].

Figure 12 a-b illustrates the computed values of thermal
conductivity and density for SAC155-x Ni solder alloys
using JMatPro software, within a temperature range of
298 to 473 K. It is revealed that the values of both p and x
decrease with rising temperature and depend on the Ni con-
tent in the tested solder alloys. Generally, the thermal con-
ductivity of pure metals decreases with increasing tempera-
ture, but the thermal conductivity of alloys may increase,
decrease, or remain constant with temperature depending
on the relative contributions of the electronic and phonon
components [24] Fig. 13.

Figure 12b shows the thermal conductivity (k) of
SAC155-x Ni alloys which decreases with increasing tem-
perature. The k decreases with rising the Ni content in sol-
der alloy from 65.13 to 63.44 Wm™'K™! at temperature of
298 K, with a reduction of 2.6%. Furthermore, the x values
reduced from 59.76 to 58.52 Wm™'K ™' for SAC155-0.0 Ni
and SAC155-0.5 Ni alloy at temperature 473 K, respec-
tively, with a little reduction of 2.1%. On other hand, the
estimated values « for tested solder alloy are agreement with
the reported thermal conductivity of pure Sn, Sn-37Pb, and
Sn-3Ag-0.5Cu eutectic alloys at room temperature are 66.6,
50.9, and 58.1 Wm™ 'K, respectively [19]. Additionally,
C. Morando et al. [42] confirmed the thermal conductivity
of Sn-Ag alloys depends on the Ag content and the pres-
ence of Ag;Sn intermetallic phase. For example, the thermal
conductivity of Sn-10 mass % Ag and Sn-20 mass % Ag
alloys at room temperature is about 60.6, 59.4 Wm™'K~!,
respectively, Fig. 12.

Indeed, thermal diffusivity values (a) depend on sev-
eral factors, e.g., testing temperature, the composition of
solder alloy, and their microstructure. Figure 14 illustrates
the correlation between thermal diffusivity and SAC155-
XNi alloys across various temperatures ranging from 323
to 437 K. Obviously, the a value of SAC155-x Ni alloys
decreases semi-linearly as the temperature increases. The
a value of SAC155-0.5 Ni alloy lowers from 27.18 x 10~
to 12.71 x 10~* m2.s~! as the temperature rises from 323
to 423 K, with a reduction of 53.2%. In addition, the Ni-
free alloy demonstrates an impressive decrease in a value
by 77.73%. This is clearly demonstrated by the values
of 12.66 x 107*,6.82 x 10~ m?.s~! at same temperatures
range. These findings demonstrate that solder alloys with
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higher nickel (Ni) content exhibit enhanced heat flow
stability during usage, as their thermal diffusivity val-
ues exhibit less reduction with rising temperatures. On
the other hand, for all tested temperatures, the a value is
directly proportional to Ni content in alloys, especially at
lower temperatures.

Moreover, thermal conductivity of SAC155-xNi alloys
has been investigated experimentally in the temperature
range from 303 to 423 K using the flash method. To deter-
mine the thermal conductivity coefficient of the studied
alloys, we have measured their density, thermal diffusiv-
ity, and specific heat capacity values [26, 27]. Table 5
summarized the obtained results of density, specific heat
capacity, thermal diffusivity, and thermal conductivity
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for the SAC155-xNi alloys in the temperature range
from 303 to 423 K. Generally, their specific heat capac-
ity slowly increases with increasing temperature, whereas
the thermal diffusivity and thermal conductivity gradually
decrease. The measured values of thermal conductivity of
the SAC155-xNi alloys are close to each other. The ther-
mal conductivities are slightly lower than the computed
value for the SAC155-xNi alloys at similar temperatures
via JMatPro software. Higher content of Ni alloy did not
cause an aggressive decrease of its thermal conductivity.
In contrast, thermal conductivity of the SAC155-0.5Ni
alloy is somewhat lower than the thermal conductivity of
the Ni-free alloy. The reason might be due to the low per-
centage of Ni element and large fraction of its intermetal-
lic phase in the SAC155-0.5Ni alloy. Generally, the ther-
mal conductivity of an intermetallic phase is lower than
the thermal conductivities of the pure constitutive metals.
The total thermal conductivity of metals and alloys can be
expressed as the sum of electron and phonon (or lattice)
contributions. However, in alloys electrons are strongly
scattered by solute atoms. Their ability to carry thermal
current and heat is significantly reduced, and thus, phonon
contribution has larger influence on the overall thermal
conductivity [26].

Stress-Strain Measurements

Figure 13 displays the stress—strain (o —¢) curves of
SAC155-x Ni alloys subjected to a constant strain rate of
7.82 x 10~*s~! at a measured temperature of 303 + 1 K. The
o — ¢ curves of all alloys exhibit a consistent and nearly
stable flow stress (oy,,,) ranging from 21.3 to 26 MPa at
0.3 strain, forming a plateau-like profile. Notably, the Ni
content in the alloys has a significant impact on the shape of
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Fig. 13 Thermal diffusivity as function in temperature for (SAC155-x
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these curves. Moreover, the stress flow of SAC155-0.5Ni is
significantly greater than that of the Ni-free alloy, with an
increase of approximately 22.1%. Furthermore, Table 6 sum-
marizes the values of the elasticity tensile modulus (YM),
ultimate tensile strength (UTS), and yield stress (YS) for the
SAC155-x Ni alloys. The addition of 0.5 mass % Ni exerts a
remarkable influence on the tensile parameters. These find-
ings are significant as they indicate a considerable increase
in both Young's modulus (YM) and ultimate tensile strength
(UTS). YM shows an impressive 55.4% increase, while UTS
and YS exhibit a notable improvement of approximately
20.45% and 82.8%, respectively, when compared to the Ni-
free solder alloy.

The constant flow stress is a result of the work harden-
ing and dynamic recovery (recrystallization) that occurs
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Fig. 14 Stress—Strain graph of SACI55-x Ni solder alloys under
strain rate of 7.82x 10~ s™! at the temperature 303 K

during the plastic deformation process [5]. The reason for
the enhancement in both flow stress and ultimate tensile
stress values in alloys with higher amounts of nickel could
be attributed to the integration of intermetallic compounds
(IMC) into a f-Sn matrix [8]. So, the volume fraction per-
cent and distribution of the embedding IMCs within the 3-Sn
matrix help to restrict the movement of dislocations. Then,
the mobility of dislocations in the SAC155-0.5Ni alloy is
more complex compared to other alloys, resulting in an
enhanced increase in flow stress. Moreover, the homogene-
ous distribution of IMCs within the B-Sn phase contributes
to the improvement of the tensile properties [13]. This distri-
bution effectively clears the grain boundary, creating a high
potential barrier that impedes dislocation movement. As a
result, the addition of Ni enhanced the tensile properties
of SAC155 alloy by creating focused dislocation pileups at
the boundaries between grains. Therefore, they effectively
hindered the growth of grain boundaries and enhanced the
friction force, thereby restricting the sliding of the f — Sn
grains [43].

On the other hand, from Table 6, the comparison of the
tensile parameters between Sn-3.5Ag, Sn-Ag-Cu (SAC), Sn-
2.0Ag-0.5Cu-0.05Ni (SAC(205)-0.05Ni, and SAC155-x Ni
alloys shows that yield stress of SAC155-xNi alloys has a
higher yield stress than SAC (205) alloy. This indicates that
Ni-containing alloys have a better resistance to plastic defor-
mation and it can withstand a higher maximum load before
breaking [44—47]. Also, Young’s modulus of SAC155-xNi
alloys has a lower Young’s modulus than Sn-3.5Ag alloy,
which means that it is more elastic and less stiff. This can
be beneficial for reducing thermal stress in solder joints [44,
46]. Moreover, ductility or elongation of SAC155-xNi alloys
has a lower values than Sn-3.5Ag, which means that it has
a lower strain capacity and more brittle and prone to crack-
ing. This can be detrimental for the reliability of solder joints
under cyclic loading. In summary, SAC155-xNi alloys have
some advantages over Sn-Cu-Ag in terms of yield stress
and Young’s modulus, but it also has some disadvantages in
terms of elongation and ductility [44, 46, 47].

Conclusions

A carefully crafted plan has been implemented to integrate
Ni additions ranging from 0.05 to 0.5 mass% to create a
refined microstructure in SAC155-x Ni solder alloys. The
microstructural outcomes are evident that all SAC155-xNi
alloys contain Ag;Sn, Cu4Sns, and (Ni, Cu)¢Sns IMCs.
Meanwhile, the SAC155-0.5Ni contains a new IMC named
CugNi;Sng besides the well-known (Cu, Ni);Sn, IMC. Ther-
modynamic calculations confirmed the presence of these
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Table 6 Tensile parameters of

SAC155-x Ni solder alloys at alloy Y.M/GPa YS/MPa UTS/MPa Elongation % Reference
tested temperature 303 K and SAC155-0.00 Ni 10.1 11.6 22.93 35.8 This study
strain rate (¢) 7.82 x 1074571 SACI155-0.05 Ni 112 17.5 2352 38.7 This study
SAC155-0.10 Ni 11.7 18.8 24.84 445 This study
SAC155-0.20 Ni 12.8 193 25.87 38.8 This study
SAC155-0.50 Ni 15.7 212 27.62 48.1 This study
SAC (205)-0.05Ni - 12.6 312 74.4 [21]
SAC (205) - 11.0 307 92.8 [21]
SAC (305) - - 39.0 55 [21]
Sn-3.5Ag 26.2 225 26.7 24 [44]

IMCs. The formation of (Ni, Cu)3Sn4 IMC has been moti-
vated due to their low Gibbs free energy, especially when Ni
wt.% is added to a sufficient level. The DSC analysis of
alloys disclosed the addition of Ni has increased their melt-
ing point from 229.0 to 231.2 “C with the low pasty range.
The rise of Ni content in the alloys led to lower values of
Co* from 5.54 x 103J kg L.K™! to 4.97 x 103T kg™ K7,

meanwhile, increasing the energy of arrangement (Q) from
11.36 to 13.41 kJ.mole™". Obviously, the thermal diffusivity
(a) of SAC155-0.5Ni alloys decreases semi-linearly from
27.18 x 1074 t012.71 x 10™*m?.s~! as the temperature rises
from 325 to 473 K, with a reduction of 53.2%. The strength
and ductility of the SAC155-0.5Ni alloy are greatly
improved, showing a 20.45% and 34.4% increase, respec-
tively. These enhancements in tensile properties of SAC155-
xNi alloy are related to dislocation pileups at of f — Sn grain
boundaries.
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