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Abstract: The Sn-Ag-Cu (SAC) alloy family is commonly used in lead-free solders employed in the
electronics industry, for instance, SAC305, SAC387, SAC405, etc. However, the trend in manufacturing
small electronic products and device miniaturization faces some disadvantages in terms of mechanical
properties and their higher melting temperatures compared to Pb-5n solders, prompting new research
relating to the reinforcement of existing SAC solders. The current study presents structural features
of nanocomposite (Sn-3.0Ag-0.5Cu)1g—x(nanoNi)y solders with 0.5 wt.%, 1.0 wt.%, and 2.0 wt.% Ni.
Structural analysis of the investigated samples were performed by means of X-ray diffraction in a
liquid state and scanning electron microscopy (SEM). SEM showed the mutual substitution of Ni and
Cu atoms in the CugSns and NizSny phases, respectively. The performed structural studies in liquid
and solid states provided essential information concerning the structural transformations of liquid
5n-3.0Ag-0.5Cu alloys caused by minor additions of nanosized Ni powder. The melting point and
degree of undercooling of the samples were investigated by DTA analysis.
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1. Introduction

Sn-based Sn-Ag-Cu alloys with various types of nanosized impurities are interesting
materials and promising candidates as low-temperature solders for electronics [1,2]. Early
investigations aimed to investigate the microstructure and physico-mechanical properties
of Sn-based Sn-Ag-Cu (SAC) alloys as the most promising candidate for the replacement
of low-temperature Sn-Pb solders, and they have been actively explored in the modern
microelectronic technology [3].

There is a large number of research and review papers that postulate the advantages
of solder joint characteristics using nanocomposite SAC solders [4-8]. It is expected that
a minor addition of ceramic or metal particles on a nanoscopic scale instead of in bulk
will be much uniformly distributed in the solder matrix, making the solder joint more
homogeneous. One of the main reasons for this solder modification is both the suppressing
of the extensively growth of the CugSns phase in the bulk solder, as well as at the interface
of the solder/substrate and a change in the morphology of this intermetallic compound
(IMC) layer from a scallop-type shape to a more plane-type shape. It is also expected that
metal nanoparticles will be dissolved during the soldering process and their atoms will
replace the Cu atoms in the Cu-Sn IMCs, directly impacting their morphology and the
growth rate of the IMCs, while solid metal (M) additions in bulk could chemically react
with the liquid Sn-based matrix and form M-Sn IMCs instead. Recently, several efforts
have been made to develop a new generation of Pb-free solders by minor additions of
various nanosized impurities, such as ceramic or metal nanoparticles, into commercial
SAC solders [9-13]. It was shown that the TiO, particles were incorporated at the Sn grain
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boundaries in reinforced 995n0.3Ag0.7Cu-TiO, composite solders at both the interface of
the intermetallic layer and in the solder bulk [10]. The improved wettability, increased
shear strength, and enhanced microstructure of the nanocomposite SAC305/Cu solder
joints with up to 1.0 wt.% of Co nanoparticles were presented in Ref. [11]. The transport
properties and microstructure of the liquid SAC alloys with Co impurities were investigated
in Ref. [12], while the extra heat effects of nanosized Ni addition into the liquid Sn-3.8Ag-
0.7Cu (SAC387) solder compared to the bulk material were investigated in Ref. [13].

Nanosized Ni powder is under discussion as a perspective dopant material to existing
lead-free solders. For instance, research papers related to the SAC + nanoNi solder paste
declared an enhancement in various quantities essential for industrial applications. An
increase in the shear strength and microhardness of the as-solidified Cu/solder/Cu was
indicated in [14-16]. Improved electrical resistivity, elastic/shear moduli, and creep were
shown in Ref. [14]. The reinforced microstructure, especially at the solder/substrate inter-
face for the nanocomposite solder joints reinforced with nanoNi, is related to a transition
of the interfacial IMCs from the scallop-type morphology of the CugSns to a more planar
type due to the substitution of Cu by Ni atoms in the CugSns compound. Structural studies
of the as-reflowed and thermally aged nanocomposite SAC305 solders joints showed that
additions of nanosized Ni, NizSn, and NizSn; inclusions to the SAC305 solder paste led
to a decrease in the average thickness of the intermetallic compound layer in the interface
between the solder and the substrate compared to the corresponding produced unrein-
forced solder joint [15,17]. A refinement of the microstructure of the Sn-based solders
after minor additions of nanosized Ni powder was also found in the case of the Sn—9Zn,
5n-8Zn-3Bi [18], and Sn-35Bi—-1Ag solders [19].

It is expected that metal nanoparticles are partly or totally dissolved in the liquid
SAC matrix during the soldering process. Unfortunately, the literature related to the
studies of the microstructure of the liquid SAC alloys with different metal additions in
the nanoscopic scale is scarce. At this point, experimental data of both structure-sensitive
thermophysical properties and microstructural analysis of the liquid nanocomposite SAC
solders with additions of metal nanoparticles should provide necessary information for
reliable simulations of the soldering processes. The transport properties of the liquid
SAC305 alloys with Ninanoparticles were investigated in Refs. [20,21]. The present research
acts as a follow-up to these studies, focusing on structural investigations in liquid and
after-reflow solid states.

2. Materials and Methods

A Sn-3.0Ag-0.5Cu solder with an average powder size of 31 pm (SAC305 powder,
Kester, South Plainfield, NJ, USA) and nanosized Ni powder with an average diameter of
20 nm (99.9%, IOLITEC GmbH, Heilbronn, Germany) were used to prepare the nanocom-
posite (SAC305)199—x(nanoNi)y alloys.

The Ni nanoparticles with different nominal content (0.0-2.0 wt.%) were mechanically
mixed with the solder powder in a Retsch mixer (Retsch MM301), maintaining a frequency
of 700 rpm (11.7 s~!) at room temperature for approximately 30 min. Finally, the nanocom-
posite powders were cold-pressed in cylindrical form with a diameter of approx. 3 mm
and a high of approx. 10 mm. It should be noted that all operations with the nanosized
and nanocomposite materials in a glove box (Labmaster SP MBraun, O, and H;O level:
bl ppm each) were considered under an Ar atmosphere.

The phase transformations and the corresponding temperatures were investigated
by differential thermal analysis (DTA) using a Netzsch DTA 404F (NETZSCH-Geratebau
GmbH, Selb, Germany). Calibration of the Pt/Pt10%Rh thermocouples was performed
at the melting points of pure Sn, Sb, and In. The samples were placed in open alu-
mina crucibles, while the measurements were performed under a constant argon flow
of 50 mL-min~! and with a heating/cooling rate of 5 K-min~!. Each sample was investi-
gated in two heating and cooling cycles.
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The investigation of the atomic structure of nanocomposite solders in the liquid state
was carried out using the high-temperature XRD method. The use of a high-temperature
chamber with a special design makes it possible to study melts and crystalline materials in
an inert atmosphere in a wide range of temperatures.

The peculiarity of the method of researching the structure of composite melts compared
to traditional methods of high-temperature investigations of materials is that in our case, a
larger area of the free surface of the sample was required and therefore a larger volume
was also required. This creates additional technical restrictions for the design of the
vacuum chamber and the heating system. In order to meet these requirements, our X-ray
diffractometer was equipped with a specially designed vacuum chamber with a diameter
of 18 cm, which was cooled by water. Such dimensions of the vacuum chamber made it
possible to use various furnaces to heat the sample (Figure 1).

X-ray

source X-ray

detector

sample

crucible

heating
system

Figure 1. Schematic representation of the study of the structure of melts.

Heating of the samples was carried out with a direct heater and temperature control
using a type A thermocouple. CuKa radiation, which was monochromatized with a single
LiF crystal, was used for the studies. A special sample holder made it possible to obtain
intensity curves in the reflection mode, using the Bragg—Brentano focusing geometry in
the range of angles 10° < 26 < 120°. In order to calculate structure factors (SFs), intensity
curves were corrected to take into account the polarization of X-rays and the appearance
of incoherent scattering [22] after which, using the Krogh-Moe method [23], they were
normalized to electronic units.

Information about the structure of melts was obtained based on the analysis of the
dependence of the intensity of diffracted X-ray radiation on the diffraction angle I(®). For
this purpose, we calculated the pair distribution function g(r) and the radial distribution
function 47tr%o(r) of atoms according to the following equations:
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where S(k) is the structure factor, which is calculated as
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and k = @ (where 0 is a half of the scattering angle, and A—X-rays wavelength). The
positions of the main maxima of the pair distribution function make it possible to determine

5(k)
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the most probable distances between atoms in the first (r1) and second (r;) coordination
spheres. The area under the maxima of the radial distribution functions gives information
about the coordination numbers.

Powder XRD measurements were carried out on a Bruker D8 diffractometer at ambient
temperature using Ni-filtered CuK« radiation (accelerating voltage, 40 kV; electron current,
40 mA). The diffractometer operated in the /26 mode. The powder was fixed with
petroleum jelly on a single-crystal silicon sample carrier, which was rotated during the
measurement. The detection unit was a Lynxeye strip detector. Indexing of the phases was
supported by the Inorganic Crystal Structural Database (ICSD). Rietveld refinement of the
XRD patterns was carried using Topas3® software provided by Bruker AXS.

The solidified samples were characterized by scanning electron microscopy (SEM)
using a Zeiss Supra 55 VP ESEM. The microscope was equipped with an energy-dispersive
X-ray (EDX) spectrometer. The excitation energy of the electron beam was 15-20 kV;
backscattered electrons (BSEs) were detected to visualize the surfaces of the samples. The
chemical analysis was performed using the energy-dispersive X-ray (EDX) technique, while
four characteristic spectral lines of Co, Cu (K-line) and Ag, and Sn (L-line) were used for
energy calibration of the EDX detector signal. The standard deviation for the chemical
compositions obtained from EDX was about 1 at%.

3. Results and Discussion
3.1. High-Temperature XRD Analysis

The recent study of the electrical conductivity of the liquid (SAC305)109_x(nanoNi)
alloys showed hysteresis between heating and cooling curves up to 400 K-500 K above
the melting point for the samples with 1.0 wt.% and 2.0 wt.% of Ni NPs, respectively [20].
Therefore, it was decided to perform the high-temperature XRD study at temperatures
much higher than the melting point of the SAC305 alloy to be sure that the added Ni NPs
were completely dissolved in the liquid Sn-based matrix at fast heating, and the samples
were in the homogeneous liquid state.

Considering the small content of silver and copper in the alloy and the insufficient
information about the phase diagram of the four-component system, we focused on the
liquidus temperatures of investigated alloys obtained from the binary Sn-Ni phase diagram
and from the results of our thermal studies. According to our analysis, the liquidus
temperatures of alloys with different nickel contents were as follows: T, = 648 K; and 738 K
and 848 K for alloys with 0.5 wt.%, 1.0 wt.% and 2.0 wt.% of Ni nanoparticles, respectively.
A temperature of 60 K was chosen for structure investigations within T;;, — 55 K and
Tn + 5 K. Therefore, the investigations were performed at two different temperatures for
each composition to discover structure features and possible structure transformations in
the liquid state caused by temperature changes.

Figure 2 shows the structure factors (SFs) for the liquid (SAC305)190—x(Ni)x alloys
compared to pure Sn and SAC305. A comparison of the structure factors of tin and the
SAC305 melt shows small changes in the profile of their first maxima. The main difference
is the disappearance of the shoulder on the right-hand side of the first maximum and the
increase in the width of the second. The disappearance of the shoulder at the first maximum
indicates the absence of covalently bound tin atoms in the melt, a small amount of which is
present in pure tin [24,25]. The reason for this is obviously the predominant interaction of
copper and silver with tin, which leads to the formation of clusters of tin around Cu or Ag
atoms, which reduces the average most probable distances between SAC305 alloy atoms
compared to tin (r;" = 0.323 nm, r§A“3% = 0.311 nm).
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Figure 2. Structure factors of liquid Sn, SAC305, and (SAC305)199—x(Ni)x alloys (a) with 0.5 wt.%Ni;
(b) with 1.0 wt.%Ni; (¢) with 2.0 wt.% Ni/—Sn. --- SAC305; --- (SAC305)190_x(Ni)x at T, —55 K;
--- (SAC305)100—x(Ni)x at Ty, + 5 K).

The addition of nickel nanoparticles had different effects on the structure of the melt,
depending on the content of nanoparticles and the temperature. In the case where the
content of nickel nanoparticles did not exceed one weight percent at a temperature close
to the liquidus temperature of the alloy, the height of the first maximum of the structure
factor decreased and its width increased. Such a change in the profile of the first maximum
indicates a decrease in atomic ordering density [26] at the nanoparticle-melt boundary.
As the temperature increased, the height of the first maximum of the SF increased, which
indicates the dissolution of nickel in the melt.

It should be noted that even at temperatures close to liquidus, a small part of the nickel
atoms dissolved in the melt, as evidenced by the shift of the first maximum of SF towards
larger wave vectors, as well as the reduction in interatomic distances compared to pure
tin. Increasing the temperature of (SAC305)99 5(Ni)g 5 (Figure 2a) and (SAC305)99 0(Ni) o
(Figure 2b) alloys led to the complete dissolution of nanoparticles of nickel, which led
to a decrease in the mean interatomic distances and increase in the coordination number
(Table 1). It is likely in this case (Ni, Cu, Ag) that Sn complexes were formed in the melt.

Table 1. Interatomic distances of the liquid (SAC305);09_x(Ni)x alloys.

Composition, wt.%

SAC305 Ni LK o " roln Zagm
%5 05 pe iy "o 88 5
9.0 10 o 319 S0 s iy
%0 20 0 +16 ~on 188 57

The structure of the melt changed in a completely different way with the addition
of two weight percent of nickel nanoparticles. As we can see from the changes in the
profile of the first maximum of the SFs (Figure 2c), even at a temperature close to liquidus,
nickel dissolves in the melt, which leads to an increase in the degree of ordering and the
consolidation of the melt clusters.

3.2. DTA Study

DTA was performed to estimate the characteristic temperatures of the quaternary Sn-
based Ag-Cu-Ni-Sn alloys. Each sample was heated and cooled twice. The thermal effects
observed at first heating corresponded to the nanocomposite alloy, while the following
cooling, as well as the next cycle, should relate to the Sn-based Ag Cu Ni Sn system. By
comparing the DTA thermograms during the first and second heating in Figure 3a—c, it
is seen that the nanocomposite samples started to melt at a temperature of about 5 K
higher than the corresponding bulk (SAC305)199_x(Ni)x alloys. The respective reaction
temperatures of the quaternary alloys, evaluated from the present results, are listed in
Table 2.



Metals 2023, 13, 1093

6 of 10

02 015
a) b)
0.10 i
\
ol 4939k _||
005 ¥
1\
L 000 Faggs!
"> 00 - Fagesk |} e _—
£ g S e ~ S
2 2 005} ] S
< 3 S
E .01 R s \
o —~—— o -010Ff NGO\
~ \\
] "
! SE—— 015 .
D024
~
020}
03 s 50 550 600 6% 700 750 800 850 900 02552 - - - = -
450 500 550 600 650 700 750 800 850 900
T.K T K
015
c)
010} \
005 - "
4920K B\
' —_—
T 000 [FETF —— -
g :
\ i
2 005} '\ |
?-(: wssK h
6 -010f
S
015 !
~
020} T

025

450

500 550 600

650
T.K

700 750 800

850 900

Figure 3. Thermogram sections from DTA measurements of the (SAC305)10y_x(nanoNi)y alloys
where x = 0.5 wt.% (a), 1.0 wt.% (b), and 2.0 wt.% (c). (Black curves correspond to the heating and red
curves correspond to the cooling; solid lines correspond to the first run and dashed lines correspond

to the second run.)

Table 2. Summary of compositions and onset of melting and solidification temperatures (T, and T s).

Composition, wt.%

Composition, at.%

SAC305 Ni SAC305 Ni T m K T's, K (T'm=T ), K Source
100.0 0.0 100.0 0.0 4893+ 05 4753406  140+11 [27]
99.5 05 99.0 1.0 4885 4856+ 1.0 29410 exp.
99.0 1.0 98.0 20 4885 4821+ 35 64+35 exp.
98.0 20 96.0 40 4865 4801+ 15 64+15 exp.

The degree of undercooling is defined by the difference in two onset temperatures
in cooling and heating curves. It can be seen that initial additions of Ni reduced the
degree of undercooling within the investigated concentration range, while the small-
est value was observed by 0.5 wt% Ni. The investigated alloys are in a four-phase
Sn + AgsSn + CugSns + NizSny region according to the phase diagram of that quaternary
system [28]. The degree of undercooling should be directly connected with the crystalliza-
tion process and is further discussed below.

The binary Sn-rich Ni-Sn alloys consisted of pure Sn and NizSny IMC with respective
phase concentrations, while the eutectic point corresponded to a concentration of 99.67 at.%
Sn and a temperature of 504.3 K [29]. At the same time, relatively high solubility of Ni in
the CugSns phase was reported. That solubility was temperature-dependent and reached
29 at.% Ni at 673 K [30], studying the interfacial reactions between liquid Sn and various Cu-
Ni alloys” metallization. Therefore, minor additions of Ni did not lead to significant changes
in the melting point of the near-eutectic SAC305 alloy, while the decreased undercooling
suggested a catalytic action of Ni atoms on the nucleation of solidification.
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3.3. The Microstructural Study in the Solid State

The microstructure of the solidified (SAC305)1099p—xNix samples after measurements in
the liquid state was studied by SEM and X-ray diffraction. The results of phase analyses
of the investigated alloys can be found in Table 3, while the BSE images are presented
in Figure 4a—c. No residual pure Ni was found in the samples. According to Vuorinen
et al. [30], a relatively large amount of Ni atoms can substitute Cu in the CugSns compound,
which is in agreement with our results presented in Table 3 (sample BA1) and Figure 4a.
Therefore, it is expected that the samples up to 1 wt.% Ni consisted of the Ag;Sn and
(Cu,Ni)eSns phases embedded into the 3Sn matrix.

Table 3. SEM-EDX results of (SAC305)109—xNix samples after the investigations in the liquid state
including the atomic percentage of the pure elements in the formed phases (BA1—(SAC305)99 5Nig 5;
BA2—(SAC305)99 gNij g; BA1—(SAC305)9g ¢Nip g)-

Sn Phase Ag-Sn Phase (Cu,Ni)Sn Phases
Sample Sn Ag Sn Ni Cu Sn

at. % at. % at. % at. % at. % at. %

BA1l BSn 100 AgsSn 74 26 (Cu,Ni)gSns 3-9 41-47 48-50
(CuNi)eSns  12-17 33-37 47-53

BA2 3Sn 100 AgsSn 76 24 (Ni,Cu)sSn, 3040 6070
(CuNi)gSns  13-18 34-37 48-50

BA3 BSn 100 AgsSn 74 26 (Ni,Cu)sSny  25-26 14-15 59-60

Figure 4. SEM images of the of the (SAC305) 199—xNiy 5 alloys with 0.5 wt.% Ni (a), 1.0 wt.% Ni (b)
and 2.0 wt.% Ni (c).

An increase in the Ni content in the quaternary alloys to 1.0 wt.% led to the formation
of another IMC, namely the Ni3Sny. It was also found that Cu substituted Ni atoms in the
NizSny phases (Table 3/Samples BA2 and BA3 and Figure 4b,c). This is in agreement with
the literature [20,31]. For instance, up to 6 at.% of Cu was found in the (Ni,Cu)35n4 phase by
Schmetterer et al. [31], while the (Ni,Cu)3Sn4 phase with similar elemental concentrations
was found in the (SAC305)100—xNix alloys with 1.0 and 2.0 wt.% Ni in Ref. [20]. It is
suggested the formation of the (Ni,Cu)3Sny phase had an impact on the solidification
process and slightly increased the degree of undercooling of the (SAC305)99 ¢Nij g sample
compared to the (SAC305)99 5Nig 5 alloy.

The BSE micrographs of the investigated alloys show uniform distribution of both the
very fine needle-shaped Ags;Sn phase and the spherical grains of the (Cu,Ni)¢Sns phase
in the Sn-based matrix. At the same time, the (Ni,Cu)3Sn4 phase grew in terms of grains,
reaching up to 20 pm. The formation of the (Cu,Ni)¢Sns and (Ni,Cu)3Sny phases was
also indicated by the microstructural investigations of the solidified (SAC387)199—x(INi)x
samples after calorimetric measurements in Ref. [13].

XRD investigations showed the presence of the intermetallic compounds estimated by
SEM analysis in the investigated samples and confirmed the data in Table 3 and Figure 4.
For instance, Figure 5 shows the XRD pattern of (SAC305)995Nip5. It should be noted
that the peaks of binary and ternary phases were comparatively weak; therefore, SEM-
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EDX analysis delivered important information and confirmed the existence of AgsSn,
(Cu,Ni)gSng, and (Ni,Cu)3Sny inclusions in the $Sn matrix.
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Figure 5. XRD pattern of (SAC305)99 5Nig 5 alloy after X-ray analysis in the liquid state (1—B5Sn;
2—Ag3Sn; 3—(Cu,Ni)6Sn5).

4. Conclusions

The current work presents a study on the Sn-3.0Ag-0.5Cu solder with minor additions
of nanosized Ni particles. Based on the performed high-temperature XRD analysis, it
is suggested that initial additions of Ni NPs up to 1.0 wt.% were partly dissolved in the
SAC305 melt at temperatures close to the liquidus points of the corresponding Sn-Ag-Cu-Ni
alloys, while the height of the first maximum of the structure factor decreased and its width
increased. It supposed the formation of (Ni, Cu, Ag)Sn complexes in the melts. The further
temperature increase led to the total dissolution of the Ni NPs. The total dissolution of
nanoparticles, even at temperatures near the liquidus point, was indicated for the melt
with 2.0 wt.% Ni. Any significant changes in the melting point of the SAC305 solder were
observed by the addition of up to 2.0 wt.% Ni. At the same time, the reduced degree
of undercooling supposed a catalytic action of Ni atoms on the nucleation process. The
microstructural analysis for the as-solidified samples showed that Ni atoms replaced Cu
atoms in the CusSns IMC by initial additions of Ni NPs into the SAC305 alloy. The (Sn-
3.0Ag-0.5Cu)190—x(nanoNi)y solders with more than 1.0 wt.% Ni consisted of Sn, Ags;Sn,
(Cu,Ni)eSns, and (Ni,Cu)3Sny phases. It is supposed that the formation of the last phase
increases the degree of undercooling by about 2-3 °C; however, it remains much less than
in the SAC305 alloy.
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