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Abstract

The eutectic Sn—Ag alloy considered a good replacement to the conventional solders. This study aims to enhance the mechani-
cal performance of the eutectic Sn—Ag alloy in terms of both elasticity and plasticity through investigating the effects of
chromium (Cr) content with x=1, 3, and 5 wt.% on the mechanical and thermal properties of melt-spun Sn—3.5%Ag alloy.
Ternary melt-spun Sn—Ag—Cr alloys investigated using x-ray diffractions (XRD), Scanning electron microscope (SEM),
Instron machine, Vickers hardness tester, and Differential scanning calorimetry (DSC). The results revealed that the Cr
content modifies the microstructure by refining the microstructure of the matrix of Sn solder; suppressing coarse inter-
metallic compound (IMC) formation; and changing the morphology of the IMC in Sn solder. The high concentration of
multi-oriental Ag,;Sn that formed with 3 wt.% of Cr, in addition to the compatibility among p-Sn (Tetragonal), Ag,Sn (004)
(orthorhombic), and Cr (200) (bcc), enhance the elasticity of melt-spun Sngy; s—Ag; s—Cr; solder alloy by 330% (87.98 GPa)
and obstructed the fracture process. The tensile test for that melt-spun alloy (3 wt.% of Cr) showed obvious improvements
in ultimate tensile strength (UST) by 19% (23.42 MPa), and in toughness by 15.31% (911.15 J m~>) compared to that of the
eutectic melt-spun Sn—Ag alloy. Its hardness (Vickers hardness) value has improved by 22.37% (171.50 GPa) compared
with that of the eutectic melt-spun Sn—Ag alloy. Slight improvements in thermal performance for that alloy have appeared
through thermal conductivity by 8% (49.971 w m~! k™) and thermal diffusivity by 85.4% (2.758 x 10”7 m* s™!) compared
to that of the eutectic melt-spun Sn—Ag alloy. All of the above-mentioned improvements are related to the microstructural
changes with 3 wt.% of Cr to the eutectic Sn—Ag alloy. The high elasticity, high plasticity, low AT, and relatively low melt-
ing temperature (7,,) that have been taking place with 3 wt.% of Cr are suggested to increase the mechanical reliability of
this alloy to become more desirable in soldering applications and electronic assembly.

1 Introduction the eutectic Sn—Ag alloy [1-3]. But more studies are still

required to enhance the performance of solder alloys in

One of the most important parts of soldering technology is a
solder alloy that is used to join the electronic devices to each
other. The eutectic Sn—Ag alloy is one of the eco-friendly
and popular alloys that have been used to achieve mechani-
cal, electrical, and thermal connections among the electronic
circuits. As long as the plasticity (ultimate tensile strength
(UTS) + toughness) and elasticity (as modulus of elasticity
(E) or Young’s modulus) of any soldering material repre-
sents the core of its mechanical performance, many attempts
have been done to improve the mechanical performance of
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terms of mechanical and thermal connecting.

Also, the solidification technique (way) plays a vital
role in influencing the microstructure guiding to improve
the quality of the products. So, the solder’s composi-
tion and solidification methods have great effects on the
mechanical and thermal properties of the solder alloys,
thus enhancing the quality of a solder alloy [4]. The effects
of Ag content and Ni additions on the microstructures of
Sn—Ag solders, thus tensile results have been reported by
F.X. Che et. al [5]. They have concluded that the elastic
modulus, yield stress, and UTS increase with increasing
Ag content, and the solder alloys with high Ag content
exhibit high strength due to the high concentration of
IMC precipitates and fine Sn dendrites. Nevertheless, the
elongation at UTS and elongation at fracture have been
decreased with increasing Ag content; they treated those
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problems by some Ni additives to enhance the ductility
of that solder alloy. So, in the present work, it has been
decided to fix the Ag content at the eutectic weight percent
(3.5 wt.%) to avoid the reduction in elastic modulus and
elongation at fracture. Huan Wang et. al [6] have reported
significant improvement in the oxidation resistance of
an Sn—-3Ag-3Bi alloy with some small additions of Cr,
this improvement was due to the refined microstructures
with Cr additions. Guobiao Su et. al [7] investigated the
0.05% Cr effect on the growth of the intermetallic com-
pound (IMC) layer for the Sn—Ag—Cu lead-free solder
joint during isothermal aging. They revealed that the
Cr content reduces the thickness of a layer of IMC as
Sn-3.0Ag—0.3Cu—0.05Cr/Cu substrate during isothermal
aging. By more research, and to best of our knowledge
it can be said, there is a lake in research that interests
both elasticity and plasticity of the eutectic Sn—Ag alloy.
Therefore, the present work aims to improve both elasticity
and plasticity of the eutectic Sn—Ag alloy, guiding it to be
more reliable in the electronic assembly applications. By
continuing the previous work [8] (small additions of Cr< 1
wt.%), and to achieve the above-mentioned aim, this study
will investigate the effects of Cr content (medium addi-
tions > 1 wt.%) on the microstructural, mechanical, and
thermal properties of Sn—3.5Ag solder. This work concen-
trates on the effects of phase orientation of Ag;Sn and its
concentration on the aforementioned physical properties
of Sn—Ag—Cr solders.

2 Experimental procedure
2.1 Materials preparation

Three different concentrations of chromium (Cr) content
(as 1, 3, and 5 wt.%) were selected as reinforcement addi-
tions to the eutectic melt-spun Sn—Ag alloy. The purity of
all elements Sn, Ag, and Cr is about 99.9%. The four alloy
systems studied (Sn—3.5Ag—xCr where x=1, 3, and 5) were
solidified rapidly, utilizing a smoothly singular roll of melt-
spinning technique. These four alloy systems were prepared
through heating them, using electric furnace to the liquid
state. They were manually agitated at approximately 80 °C
above their melting points to achieve homogenization. Then
putting them again inside an electric furnace for 25 min,
the molten alloy systems were poured down the surface of
a highly rotating, with a velocity approximately equal to
31.5 m/s, copper roll of the melt-spinning technique. The
producing alloy systems had long strips form, with the
50-70 pm thickness and 5 mm width. After that, and using
a double knife cutter, the strips were cut into ribbons in suit-
able shapes [9].
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2.2 Materials investigation

X-ray diffractometer with CuKa radiation (1=0.15406 nm)
was used for XRD measurements. XRD patterns were
recorded within the 20 vary of 20°-90°. The elastic modulus
(modulus of elasticity E) determinations were implemented
by tensile strength (TS). The tensile tests were performed
using a computerized locally made tensile test machine.
Every specimen was stretched until the fracture under the
effect of 0.5 mm/min strain rate and room temperature [10].
The morphological microstructure of four alloy systems
after polishing was observed using a scanning electron
microscope (SEM) (JEOL, JSM-5400). The thermal param-
eters were determined by the utilization of the differential
scanning calorimetry (DSC) Shimadzu DSC-50. The meas-
urements were performed at a heating rate of 10 °C/min and
high-purity chemical element gas taste heating chamber to
avoid oxidization of samples. The Vickers microhardness
numbers (Hy) were measured using the FM-7 microhardness
tester at 25-g force (gf) load for 5 s as shown in the previous
work [11].

3 Results and discussion
3.1 Structural analysis

The x-ray diffraction (XRD) patterns for melt-spun
Sn—3.5Ag—xCr solders with x=0, 1, 3, and 5, respectively,
have been shown in Fig. 1. Sn—3.5Ag solder exhibits two
peaks for Ag;Sn despised in Sn matrix as shown in SEM
images Fig. 2 and presented in the previous work [12]. Add-
ing 1 wt.% of Cr does alter the Ag,;Sn (012) and Ag;Sn
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Fig.1 The XRD patterns of the melt-spun Sn—Ag—Cr solders
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Fig.2 SEM images of the
melt-spun a Eutectic Sn—Ag,
b Sngs s—Ag; s—Cry, € Sng 5—
Agy 5~Crs, and d Sng, s—Ag; 5~
Cr; solder alloys
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(200) peaks to the Ag;Sn (004) one, there was one peak
corresponding to the Cr phase. Cr was not observed in the
Ag;Sn IMC phase, and Cr did not form IMCs in the solidi-
fication reactions. This result indicates a partial dissolving
of Cr content inside Sn matrix and undissolved Cr atoms
have precipitated as Cr phase. The particle sizes of p-Sn and
Ag,Sn for all melt-spun Sn—3.5Ag—xCr solders were calcu-
lated using Scherrer Formula [13]: £=(0.9 /B cosfy), where
B is the broadening of diffraction line measured at half of
its maximum intensity (radians), ¢ is the diameter of crystal
particle, 6y is the Bragg angle, and A is the wavelength of
x-ray. The above-mentioned addition (1 wt.% of Cr) of Cr
refines the sizes of Sn and Ag;Sn, where the Cr atoms work
to prevent Sn and Ag;Sn growth through the solidification
process. This addition (1 wt.% of Cr) of Cr also changes
the Ag;Sn orientation from (012, and 200) to (004). A lat-
tice strain value of the eutectic Sn—Ag alloy (7.56 x 107
has been increased to (12.19 x 10~*) with that addition. This
increment is due to particle size reduction according to G.
K. Williamson and W. H. Hall [14]:

B=< ! >+5 Sszzl/zsing, (1)
Dy 7

where D,z D is the crystallite size, and ¢ is local lattice
distortion in the B-Sn matrix.

A slight change has been occurred in (c/a) values from
(0.545) to (0.542) due to a lattice expanding in a-axis
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and contracting in c-axis with 1 wt.% of Cr and it also
decreased with the other Cr additions. This distortion
reduces the number of atoms per unit cell (N), which
indicates the lattice point defects. With 3 wt.% of Cr, the
particle size of B-Sn has been decreased to (33.07 nm), this
decrement is due to the fact that the Cr atoms worked as
barriers for the growth of Sn crystals through the solidifi-
cation process. Cr atoms pushed the Ag atoms to strongly
interact with B-Sn to build more Ag;Sn phases with dif-
ferent orientations (Fig. 1) and bigger size (43.18 nm) as
shown in Table 1. The evidence of happening the above-
mentioned mechanism is the same precipitations from Cr
inside the f-Sn matrix. With Cr additions, the c/a values
have been decreased due to a-axis expanding, which leads
to increase in the cell volumes of these alloy systems. This
expanding leads to the reduction in the number of atoms
per unit cell, thus more point defects. With the addition
of 5 wt.% of Cr, the particle size of f-Sn has increased
(55.39 nm), whereas the Ag;Sn concentration (one peak
Fig. 1) and size (43.41 nm) have been reduced. This may
attribute to the limited solubility of Cr in B-Sn. These
changes may be because those Cr atoms work as a closed
area to prevent Ag from interacting with Sn matrix. The
increased particle size reduces the lattice distortion §
(12x 1074. Ag;Sn (103 and 303) have been disappeared
with 5 wt.% of Cr. The details of the XRD analysis are
shown in Table 1.
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Table 1 The lattice parameters and XRD details

Alloy Particle size of  Particle size of Lattice c (10\) a (10\) cla Cell volume (A)3 Number of atoms per
B-Sn phase (nm) Ag;Sn phase (nm) strain unit cell of tin phase (V)
@x10™
Eutectic Sn—-Ag  71.89 98.41 7.56 3.307 5.83 0.545 108.1789 3.182
Sngs s—Ag; s—Cr;  55.71 10.15 12.19 3.167 5.835 0.542 107.8666 2.944
Sng; s—Ags s—Cry;  33.07 43.18 14.41 3.108 5992 0.518 111.6285 2.54
Sng; s—Ag; s—Crs  55.39 43.41 12.2 3.023 6.15 0.491 114.3797 2.309

3.2 Microstructure

According to the SEM analysis results shown in Fig. 2a,
two different solid phases (black and white lamellar) grew
at the Sn—Ag eutectic alloy. The black phase is $-Sn and the
white lamellar phase is Ag;Sn intermetallic. When 1 wt.% of
Cr Fig. 2b is added to the eutectic alloy, two different solid
phases (black and white) have appeared. The black is p-Sn
and the white phase is Ag;Sn intermetallic. In Fig. 2c, the
particle size of p-Sn (black) refined as confirmed in XRD
data. Also, more ductile morphology is occurred containing
three different solid phases (black, dark gray, and white),
these phases are supposed to be B-Sn, Cr, and Ag;Sn, respec-
tively. The black, dark gray, and white regions appeared in
Fig. 2d, where the refined particle size of Ag;Sn occurred.
These features are strongly related with the crystallite sizes
in Table 1, while the microstructure of Sn—-3.5Ag—xCr
alloys, which is the dispersed particle of Ag;Sn-rich phase
in the B-Sn matrix, is much finer and uniform, there is lit-
tle difference in the microstructure of different Cr content.
Generally, it was observed that the Cr content modifies the
microstructure, by refining the microstructure of the Sn-
solder matrix; suppressing coarse intermetallic compound
(IMC) formation; and changing the morphology of the IMC
in Sn solder.

3.3 Mechanical properties

Based on the XRD data, the concentration and orientation of
Ag;Sn IMC that is finely dispersed in Sn matrix are affected
by Cr content. In addition, and to supply reliable mechani-
cal performance, which is originally related to the stability
in microstructure with respect to traditional solders, elastic
modulus (E) is highly important. Its importance arises from

its ability to estimate the bonding nature among constituent
atoms [15-17]. Table 2 shows some mechanical parameters
for all the melt-spun alloys like E which is calculated accord-
ing to the following equation [18]:

E=3832 [PL' ], @)

where p is the density, L is the length of the ribbon, f'is the
resonance frequency, and ¢ is the ribbon thickness.

By adding 1 wt.% of Cr, the increase in elastic modulus
(E) is about 330% (87.98 GPa). Since Young’s modulus (E)
is the only one that is relatively sensitive to microstructures
and is primarily determined by the chemical bonding among
atoms, the other mechanical properties are all sensitively
influenced by microstructures (alloying elements and alloy
processing). The change in orientation of Ag;Sn from (012,
and 200) to (004) and precipitating Cr (200) as shown in
Fig. 1 led to the increment in elastic modulus (E). The rea-
son for that may be due to the compatibility among p-Sn
(Tetragonal), Ag;Sn (004) (orthorhombic), and Cr (200)
(bee). Increasing Young’s modulus (E) means an atomic
bond increasing, which is basically dependent on the crys-
tal structure type and atomic package [19]. The values of
Young’s modulus (E) continued varying with Cr additions
due to the reduction of particle size of p-Sn as shown in
XRD data. As well known, the ultimate tensile strength
(UTS) is primarily influenced by the microstructure (alloy-
ing elements and alloy processing). So, and as occurred in
Fig. 3 (stress—strain curves) and Table 2, the values of UTS
have been increased with Cr additions. The highest value of
UTS has occurred with 1 wt.% of Cr to the eutectic Sn—Ag
alloy. The reason may is the lake of orientation’s diversity
of IMC’s (Ag;Sn (004)) and the solid solution strengthening
of Cr content for Sn matrix. The solid solution strengthening

Table 2 Mechanical parameters

Alloy E(GPa) UTS (MPa) Toughness (J m™3) Density (g cm™) H, (55s) (MPa)
Eutectic Sn—Ag 20.42 19.66 790.16 6.005 140.14

Sngs s—Ag; s—Cr;  38.81 33.7 266.7 6.361 136.71

Sng; s—Ag; s—Cr;  87.98 23.42 911.15 6.469 171.5

Sng, s—Ag; s—Crs  74.82 28.7 316.6 5.966 159.25
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Fig.3 Stress—Strain curves of the melt-spun Sn—Ag—Cr solder alloys

may be more predictable with the low precipitators of Cr
and IMCs phases. With a 3 wt.% of Cr, its UTS increased at
a moderate level by 19% (23.42 MPa), but the plasticity of
that alloy has been improved. The plasticity improvement
has been noticed through the highest value of the toughness
for that alloy (911.15 J m™3); this means it has improved by
15.31% compared to that of the eutectic Sn—Ag alloy. The
diversity of IMC’s phase orientation which works as barri-
ers for crack propagation may be the main cause to enhance
the toughness of that alloy (3 wt.% of Cr). This explanation
came from the principle which says that the diverse phase
orientations may give chance to the lattice to be re-arranged
instead of the fracture. This feature strongly benefits solder-
ing and assembly applications where it works as a deforma-
tion alarm before fracture point instead of a dangerous brittle
fracture. From the values of Young’s modulus E (87.98 Gpa)
and toughness (911.15 J m~>) for that alloy with addition of
3wt.% of Cr, it can be said that the elasticity and plasticity
of the eutectic Sn—Ag alloy have been improved. So, the
Cr content (3 wt.% of Cr) increased the elasticity (Young’s
modulus (E)), ultimate tensile strength (UTS), and plasticity
[toughness (911.157] m~)] and promoted the ductile frac-
ture. With the other Cr additions, the elasticity and plastic-
ity of the solders decreased and brittle fracture modes were
seen. The Vickers hardness results calculated according to
the following equation [20]:

H = 1.854 F
v L2

; 3

where F is the applied load (measured in kilograms-force)
and L? the area of the indentation (measured in square mil-
limeters) showed an improvement (increment) by 22.37%
(171.50 GPa) compared to that of the eutectic Sn—Ag alloy
as shown in Table 2. The high hardness number of that
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Fig.4 DSC curves of the melt-spun Sn—Ag—Cr solder alloys

solder alloy with 3 wt.% of Cr addition attributes to the high
possibility for indentor to be on Cr and/or Ag,Sn precipitates
embedded in the Sn matrix as explained XRD and shown
in SEM.

3.4 Thermal and electrical behavior

The thermal performance of the obtained melt-spun
Sn—Ag-Cr alloy systems were accurately characterized
by DSC thermograms as shown in Fig. 4. The range of
test temperature was from 30 to 400 °C and heating rate
10 °C min~'. The thermal performance of the solder materi-
als is so important in electronic devices and their applica-
tions. This importance has raised from the thermal vital role
of a solder alloy as a thermal connector inside the electronic
circuits. The first desirable thermal property of a solder
joint is to be low processing temperature and high working
temperature, this feature makes the solder joint easier in a
needed shape and thermally reliable to serve at elevated tem-
peratures, respectively [21]. The second desirable one is a
thermal conductivity, which is a crucial property for the reli-
ability and the lifespan of power devices since the operation
requires continuous heat dissipation during service. These
desirable features are strongly related to the material’s com-
position and microstructure of a solder material. As shown
in Table 3, the melting temperatures (7,,) of the melt-spun
Sn—Ag—Cr solder alloys have been increased, (approximately
~ 222.46 °C) compared to the melting temperature of the
eutectic Sn—Ag alloy. The reason may be the presence of
Cr phase, which is originally a high melting temperature’s
phase. The needed energies by the melt-spun Sn—Ag—Cr
alloys to be in a liquid state (enthalpy AH) are higher than
that of the eutectic Sn—Ag alloy. It may be due to the thermal
nature of a precipitated Cr phase, as shown in XRD. With
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Table 3 Thermal parameters Allo T (© ; ; ° e
y L (°C)  AH (jlg) Cp (jlg.k) AT (°C) Thermal conduc- Thermal diffusiv-
tivity (wm™' k7! ity x 107 (m?s7!)
Eutectic Sn—Ag 217.4 1.391 0.067 6.05 46.262 1.487
Sngs s~Agss—Cr,  222.65  42.03 2.643 159 38.498 0.594
Sng; s~Agss—Cr; 22246  45.16 3716 1215 49.971 2758
Sny, ~Agss—Crs 22298 565 4.498 12.86  28.85 0.893
40 compared with the other alloy systems. These mechanical
15 enhancements, good electrical behavior besides the reasona-
ble (suitable) thermal performance increase the reliability of
30 this alloy to be more desirable in the electronic applications.
2.5 u

N
o
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Fig.5 Electrical resistivity versus Cr content of the melt-spun Sn—
Ag—Cr solder alloys

Cr additions, the specific heat capacities (c,,) have increased,
thus the values of the thermal conductivities are expected to
be increased. This is because the thermal conductivity of any
solder alloy is determined by thermal diffusion coefficient,
density, and specific heat capacity, as given by the following
equation [21]:

k = apc,. 4)

The thermal conductivities of melt-spun Sn—Ag—Cr
alloys have improved by 8% (49.971 w m~! k™) as shown in
Table 3. One of the privileges of the melt-spinning technique
is to reduce the time needed of any alloy to be completely
solidified compared with the conventional techniques. This
means low pasty range AT achieved where the high pasty
range leads to more cracks and micro-segregation in the
soldering process [22]. 3 wt.% of Cr addition has the lowest
pasty range among all other additions. 3 wt.% of Cr addition
has the best thermal behaviour, and the mechanical com-
petition revealed that it has a clear superiority in compari-
son with the other additions so, its performance makes it a
favorable candidate for solder applications. Figure 5 shows
that the Sng; s—Ag; s—Cr; melt-spun solder alloy has the
lowest electrical resistivity (highest electrical conductivity)

@ Springer

4 Conclusions

To adequately enhance the mechanical and electrical perfor-
mance of a melt-spun Sn—3.5Ag solder alloy for electronic
applications with respect to acceptable (suitable) thermal
properties, in terms of both elasticity with plasticity, thermal
conductivity, and electrical conductivity, which are basically
related to the microstructures of the solder alloys, the chro-
mium (Cr) effects on the eutectic Sn—Ag alloys have been
investigated. In addition to the high concentration of multi-
oriental Ag;Sn, the compatibility among B-Sn (Tetragonal),
Ag;Sn (004) (orthorhombic), and Cr (200) (bcc) enhances
the elasticity of melt-spun Sng; s—Ag, s—Cr; solder alloy by
330% (87.98 GPa). The plasticity of that solder alloy is also
improved through the toughness by 15.31% (911.15 J m™>),
and ultimate tensile strength (UST) by 19% (23.42 Mpa)
compared with that of the eutectic melt-spun Sn—Ag alloy. It
has been observed that a 3 wt.% of Cr addition to the eutectic
melt-spun Sn—Ag alloy, increased its Vickers hardness about
22.37% (171.50 GPa). Finally, the improvement in thermal
performance of that alloy was appeared through thermal
conductivity by 8% (49.971 w m~' k') and thermal diffu-
sivity by 85.4% (2.758 x 107" m? s!) compared to that of the
eutectic Sn—Ag alloy. The above-mentioned improvements
are attributed to the microstructural changes with 3 wt.% of
Cr doped to the eutectic Sn—Ag alloy. The high elasticity,
high plasticity, low AT, and relatively low T}, that have been
taken place with 3 wt.% of Cr are suggested to increase the
mechanical reliability of this alloy to become more desirable
in the soldering applications and electronic assembly.
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