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Nano-sized SiC particles-reinforced Sn–3.0Ag–0.5Cu (SAC305) composite solder was prepared by
mechanically dispersing SiC particles into plain SAC305 alloy at 900 �C for 90 min. The effects of SiC addi-
tion on microstructure, melting behavior and tensile properties of as-cast SAC305 solders were system-
atically investigated. The data from microstructure-properties analysis of composite solder show that the
nano-sized SiC particles has significantly refined the microstructure, increased the strength and elastic
modulus in comparison with the plain SAC305 solder. In addition, SiC particles decrease the pasty range
of composite SAC305-0.7SiC solder although the undercooling and eutectic temperature prolonged nearly
at the SAC305 level. A strain rate-dependent model of elastic modulus (E), yield stress (0.2%YS) and ulti-
mate tensile strength (UTS) was developed based on the test results. The predicted tensile parameters for
both solders are reasonably close to the present experimental data.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The development of lead-free highly reliable solders has
become an important issue for miniaturized electronic intercon-
nection materials due to the toxic nature of Pb–Sn alloys [1]. This
advances the electronic packages toward the high density and min-
iaturization improvement. To address such demanding, ultra-high
density packaging technology, nanotechnology and nanoscience
should play an important part. Accordingly, one of the new meth-
ods for microstructural refinement and enhanced mechanical
properties of solder alloys is the modification with nano-sized
particles [2]. The particles which are used as modifiers are usually
oxides, carbides, or borides with high melting temperature
(2000–3000 �C) and average size from 4 to 100 nm. The reinforcing
particles should have a small size to suppress the grain growth and
therefore assist the formation of small intermetallic compound
(IMC). Owing to the microstructure alternation as grain refinement
and change in the precipitation morphology, the solder joint could
provide better reliability with improved thermal stability of
microstructure and mechanical properties [3]. The addition of
nano-reinforcements to solder alloys could result in self-organized
dispersive systems, which contribute to the heterogeneous
nucleation, and strongly increased the part of surface energy of
composite solders. Based on these concerns, flurries of activities
in electronic community have dedicated to understand the typical
reliability issues of Pb-free solder joints. Recently, new improved
solders were fabricated by incorporating nanosized, nonreacting,
noncoarsening SiC dispersoids into conventional SAC105 solder
by El-Daly et al. [4–6]. They reported that the addition of small
amount of SiC nanoparticles to SAC105 solder resulted in a finely
dispersed submicron Ag3Sn phase. This apparently provides classi-
cal dispersion strengthening and thereby enhances the mechanical
strength and reduces the amount of undercooling. Shen et al. [7]
elucidated the improvement of mechanical properties and refine-
ment of Ag3Sn particles in composite Sn–3.5Ag/ZrO2 solders using
the classic theory of dispersion strengthening and the adsorption
effect of ZrO2 nanoparticles, respectively. They also found that
ZrO2 can reduce the undercooling and refines the microstructure
of composite solders. Tsao et al. [8,9] developed a series of Sn–
3.5Ag–0.25Cu and Sn–3.5Ag–0.5Cu composite solders reinforced
with different amounts of TiO2 and Al2O3 nanoparticles. Their
results indicated significant enhancement in yield strength,
microhardness and ultimate tensile strength with nanoparticles
addition. Chuang et al. [10] and Fawzy et al. [11] developed novel
composite solders by incorporating Al2O3 and ZnO nanoparticles
into conventional Sn–3.5Ag–0.5Cu (SAC355) solders. The
composite solders were found to have much greater mechanical
strength than the plain SAC355 solder. However, no work has been
solder
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performed on the thermal and mechanical properties of SAC305
composite solder mixed with SiC nanoparticles. The present work
examines the microstructure, thermal and mechanical behavior
changes that have occurred due to reinforcing SiC nanoparticles
while solidifying the SAC305 alloy. The effect of SiC is expected
to be sizeable because SiC has no solubility in the b-Sn matrix.
2. Experimental procedures

2.1. Preparation of samples

SAC305 and SAC(305)-0.7% SiC solder alloys were fabricated in
nominal weight percent compositions. The chemical compositions
of both alloys are listed in Table 1. The crystal size of milled SiC
powders (70 nm) was quantified by XRD peak broadening using
William–Hall method [5]. Pure tin, silver and copper (99.99 wt.%)
were melted in a vacuum furnace at 900 �C for 90 min to produce
the plain SAC305 solder alloy. The lead-free composite solder was
prepared by mechanically dispersing 0.7 wt.% of SiC nanoparticles
into SAC305 solder. In order to get a homogeneous composition
within the ingots, the mixture was subsequent re-melted three
times in a vacuum furnace at 600 �C for 90 min and then poured
in a steel mold to prepare the chill cast ingot. The chill cast with
an air-cooling condition of 8.5 �C/s was achieved, so as to create
the fine microstructure typically found in small solders joints in
microelectronic packages.
2.2. Characterization and metallographic observation of solder
samples

The microstructures of both lead-free solder alloys were
revealed using scanning electron microscopy (SEM). The specimens
were cross-sectioned, ground with sandpaper, polished with 1.0–
0.05 lm Al2O3 powders, etched with 2%HCl, 3%HNO3 and 95 vol.%
Ethyl alcohol solution. Energy Dispersive X-ray Spectrometry
(EDS) was adopted to identify the phase structure of prepared sam-
ple alloys. Differential scanning calorimetry (Shimadzu DSC-50)
was carried out to identify the melting process of both solder
alloys. Heating and cooling the specimens in DSC analysis were
carried out at 10 �C/min of heating rate in Ar flow. The solder
ingots were then mechanically machined into a wire samples with
a gauge length marked 4 � 10�2 m for each samples and
2.5 � 10�3 m in diameter, as developed in our previous work [6].
Before testing, the specimen was annealed at 120 �C for 30 min
to reduce the residual stress induced during sample preparation.
2.3. Mechanical testing

Tensile tests were conducted on a 3360 universal material test-
ing system and GWT 504 high temperature testing system, respec-
tively. The tests were carried out at various strain rates ranging
from 10�4 to 10�2 s�1 and constant temperature of 25 �C. Also,
the tests were conducted at different temperatures ranging from
25 to 120 �C with a constant strain rate. Tensile property data
was measured in accordance with the ASTM: D638-10 standard
test method for tensile properties of metals. Then, the mechanical
properties were obtained by the average of three testing data. The
Table 1
Chemical composition of the solders studied (wt.%).

Alloy Cu Ag Fe

SAC(305) 0.501 3.003 0.001
SAC(305)-0.7SiC 0.502 3.004 0.001

Please cite this article in press as: El-Daly AA et al. Microstructural modificati
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temperature variation inside the high temperature furnace was
maintained within 1.5 �C.
3. Results and discussion

3.1. Characterization of SiC nanoparticles

Fig. 1a shows the bright field TEM micrograph of SiC nanoparti-
cles. XRD analysis was performed to determine the phase compo-
sition of SiC nanoparticles (Fig. 1b). The TEM micrograph and the
observed peak broadening in XRD confirm the presence of nano-
metric SiC particles. In order to detect the uniform distribution of
SiC nanoparticles inside the solder matrix, an over etched
SAC(305)-0.7% SiC solder sample was then examined by SEM
micrograph, as shown in Fig. 1c. It is interesting to note that the
bright spheroids of SiC nanoparticles are distributed uniformly
on the surface of dark b-Sn matrix. Thus, the SiC nanoparticles
were successfully blended with the SAC305 solder.

3.2. Microstructural characterization of SAC305 and SAC(305)-0.7% SiC
solders

The SEM micrographs of SAC305 and SAC(305)-0.7% SiC solder
alloys are shown in Fig. 2. The compositions of different phases
are shown in the inset of EDS analysis. According to SEM observa-
tions in Fig. 2a, the b-Sn dendrites appear to extend directly across
the full SEM micrograph of SAC305 solder. The typical coarse nee-
dle-like Ag3Sn phase and irregular polygon of Cu6Sn5 phase are
exhibits some faceting and large spacing, as revealed in Fig. 2a,
consistent with previous results [4–6]. EDS results in Fig. 2c illus-
trate that the whole surface of solder matrix contains 92.88 at.% Sn,
3.48 at.% Ag and 3.64 at.% Cu elements, which assigned the pres-
ence of primary b-Sn, Ag3Sn and Cu6Sn5 IMC phases. Fundamen-
tally, the matrix-strengthening strategy is to avoid or refine b-Sn
dendrites, to refine any IMC phases, and to increase the fraction
of fine eutectic in the as-solidified solder. Therefore, SiC is being
developed to further suppress coarsening of b-Sn matrix and eutec-
tic regions. Fig. 2b clearly shows that the addition of small amount
of SiC to SAC305 solder could modify the microstructure of SAC305
solder matrix. The SEM result reveals the grain refining as the most
prominent effect of SiC nanoparticles. The rather coarse needle-like
Ag3Sn particles (60–100 lm) with large spacing in Fig. 2a, can be
compared to the extremely fine Ag3Sn (20–60 lm) with small
spacing in Fig. 2b. Also, the fine dot Ag3Sn particles associated with
composite solder of Fig. 2b has a very small spacing in the eutectic
region. This suggests that the SiC nanoparticles have the ability to
serve as either nucleation sites or obstacles to grain growth during
solid state cooling. Fig. 2b also shows that the pseudo-eutectic
SAC305 solder (shown on the surface of b-Sn phase) contains a
large amount of fine dot IMC particles. In addition, the amount of
needle-like Ag3Sn particles increases and spacing between them
decreases significantly in the eutectic regions. According to EDS
analysis results shown in Fig. 2d, the whole surface area was found
to contain 75.32 at.% Sn, 3.48 at.% Ag, 3.64 at.% Cu, 15.14 at.% C and
2.42 at.% Si. Since the composite solder used was SAC(305)-0.7%
SiC solder containing SiC nanoparticles, and the Ag3Sn and Cu6Sn5

were the only precipitate phases, it can be concluded that these
network eutectic area comprise the fine dot and needle-like Ag3Sn
As SiC Sb In Sn

0.001 0.000 0.005 0.002 Bal.
0.001 0.704 0.005 0.002 Bal.

ons and properties of SiC nanoparticles-reinforced Sn–3.0Ag–0.5Cu solder

http://dx.doi.org/10.1016/j.matdes.2014.08.058
https://www.researchgate.net/publication/257583174_Thermal_analysis_and_mechanical_properties_of_Sn-10Ag-05Cu_solder_alloy_after_modification_with_SiC_nano-sized_particles?el=1_x_8&enrichId=rgreq-76b8fc86be32b5860a0f2d4270cdfb43-XXX&enrichSource=Y292ZXJQYWdlOzI2ODAzNTQ0MDtBUzoxNjE3MDA1MDIzMTkxMDRAMTQxNTU2MzgxMjM1Mw==
https://www.researchgate.net/publication/257340138_Novel_SiC_nanoparticles-containing_Sn-10Ag-05Cu_solder_with_good_drop_impact_performance?el=1_x_8&enrichId=rgreq-76b8fc86be32b5860a0f2d4270cdfb43-XXX&enrichSource=Y292ZXJQYWdlOzI2ODAzNTQ0MDtBUzoxNjE3MDA1MDIzMTkxMDRAMTQxNTU2MzgxMjM1Mw==
https://www.researchgate.net/publication/257340138_Novel_SiC_nanoparticles-containing_Sn-10Ag-05Cu_solder_with_good_drop_impact_performance?el=1_x_8&enrichId=rgreq-76b8fc86be32b5860a0f2d4270cdfb43-XXX&enrichSource=Y292ZXJQYWdlOzI2ODAzNTQ0MDtBUzoxNjE3MDA1MDIzMTkxMDRAMTQxNTU2MzgxMjM1Mw==
https://www.researchgate.net/publication/277491271_Structural_characterization_and_creep_resistance_of_nano-silicon_carbide_reinforced_Sn-10Ag-05Cu_lead-free_solder_alloy?el=1_x_8&enrichId=rgreq-76b8fc86be32b5860a0f2d4270cdfb43-XXX&enrichSource=Y292ZXJQYWdlOzI2ODAzNTQ0MDtBUzoxNjE3MDA1MDIzMTkxMDRAMTQxNTU2MzgxMjM1Mw==
https://www.researchgate.net/publication/277491271_Structural_characterization_and_creep_resistance_of_nano-silicon_carbide_reinforced_Sn-10Ag-05Cu_lead-free_solder_alloy?el=1_x_8&enrichId=rgreq-76b8fc86be32b5860a0f2d4270cdfb43-XXX&enrichSource=Y292ZXJQYWdlOzI2ODAzNTQ0MDtBUzoxNjE3MDA1MDIzMTkxMDRAMTQxNTU2MzgxMjM1Mw==


SiC 

1 µm 

(b) SiC nano size 

Fig. 1. (a) Bright field TEM of SiC nanoparticles and size distribution, (b) XRD patterns of nano-sized SiC particles and (c) spheroids and fine dot-shaped submicron SiC
particles located on the surface of SAC(305)-0.7% SiC solder matrix.
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Fig. 2. SEM micrographs of: (a) SAC305 solder, (b) SAC(305)-0.7%SiC solder, (c) EDS analysis of SAC305 solder and (d) EDS analysis of SAC(305)-0.7SiC solder.
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particles with Cu6Sn5 and SiC nanoparticles. Recently, a similar
tendency was reported for microstructure results of bulk
SAC(105)-SiC composite solders [4–6]. This similar phenomenon
Please cite this article in press as: El-Daly AA et al. Microstructural modificati
alloy. J Mater Design (2014), http://dx.doi.org/10.1016/j.matdes.2014.08.058
was also found by Tsao [12], who reported that the notable effect
of nano-TiO2 particles on Pb-free Sn–3.5Ag–0.5Cu solder alloys is
to refine the microstructure.
ons and properties of SiC nanoparticles-reinforced Sn–3.0Ag–0.5Cu solder
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Fig. 3. DSC results during heating (endothermal) and cooling (exothermal) for (a)
SAC305 and (b) SAC(305)-0.7%SiC solders.
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3.3. Thermal behavior of SAC305 and SAC(305)-0.7% SiC solders

The process of solidification of solder alloys is a critical means
for the final microstructure of solidified materials. Understanding
the mechanism of solidification process of solder alloys, and how
it is influenced by cooling process, temperature and alloying com-
positions, is crucial to the reliability of solder interconnections.
DSC is a thermal analysis technique that can offer quantitative
calorimetric results. Fig. 3 illustrates the DSC curves of SAC305
and SAC(305)-0.7% SiC through heating and cooling process. Dur-
ing heating, the solidus temperature Tonset appears at 215.8 �C with
only one endothermic peak emerged at 220.5 and 220.6 �C for plain
SAC305 and composite SAC(305)-0.7% SiC solders, respectively.
These results show that addition of SiC has a little effect on the
Tonset although the liquidus temperature (Tend) is slightly decreased
by 1 �C with reinforcing SiC nanoparticles. The reason may be that
the reinforcing nano-sized SiC particles could modify the surface
instability and physical properties of grain boundary/interfacial
characteristics. Such particles may serve as restrained sites for
solidification process of IMCs as well as b-Sn grains [4–6]. The lit-
erature [13] shows that the addition of little amount of SiC parti-
cles (with an average size of 1 lm) did not appreciably affect the
eutectic temperature of Sn–3.7Ag–0.9Zn solder. Moreover, these
results are quite similar to those reported for SAC(355) and
SAC(105) solders [6,11].

The pasty range, which is the difference between Tend and Tonset

obtained in DSC analysis, is shown in Table 2. Remarkably, the
pasty range occurs around 7.7 and 6.7 �C for SAC305 and
Table 2
Solidus temperature (Tonset), liquidus temperature (Tend), pasty range and melting
temperature for SAC(305) and SAC(305)-0.7SiC solder alloys from heating curve.

Alloy (Tonset)
(�C)

Tend

(�C)
Pasty range
(Tend�Tonset) (�C)

Melting
temperature (�C)

SAC(305) 215.8 223.5 7.7 220.5
SAC(305)-

0.7SiC
215.8 222.5 6.7 220.6

Please cite this article in press as: El-Daly AA et al. Microstructural modificati
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SAC(305)-0.7% SiC solders, respectively. It appears that the pasty
range is smaller than 11.5 �C for Sn–Pb solder alloys [14]. Such
pasty range is likely to alleviate some manufacturing problems
such as; the tendency toward porosity, hot tearing contraction dur-
ing solidification and increasing the probability of fillet lifting
phenomena.

Undercooling is defined as the difference between the Tonset

during heating and Tonset associated with cooling, and relates to
the difficulty of nucleating the solid phase in a liquid state [6]. Sev-
eral aspects could resolve the magnitude of undercooling. One of
these factors is the structural characterization of solder. The other
key factors imply the distribution of nanoparticles in the alloy
matrix and their efficiency as nucleants. Yong-Jun and Bing-Bo
[15] modeled the particle diameter dependent undercooling based
on the classical theory of nucleation. They observed a significant
change of undercooling and structural morphology of Cu–8Al alloy
with the particle size. However, due to the undercooling, the exo-
thermal peaks upon cooling for SAC305 and SAC(305)-0.7% SiC
alloys appeared at lower temperatures when compared with their
endothermal peaks, but the reductions in temperature were almost
the same as seen in Fig. 3 and Table 3. Since the cooling speeds
from melt can affect the degree of undercooling, therefore, the size
and spacing, the morphology of the IMC particles as well as the
b-Sn phase in SAC solder alloys would affect the degree of
undercooling. For that reasons, the Ag3Sn and Cu6Sn5 phases start
to nucleate and start to grow. Nevertheless, the pseudo-eutectic of
fine Ag3Sn and Cu6Sn5 particles, followed by the b-Sn phase
nucleate, thus hindering further growth of IMCs before reaching
the equilibrium composition of eutectic phases.

Notably, the degree of undercooling for SAC305 solder was
slightly increased from 23.3 to 23.4 �C although it is expected to
decrease with SiC nanoparticles addition. In fact, a similar amount
of undercooling may be supposed to affect the solidification pro-
cesses of the other near-eutectic alloys, but probably not to the
degree that it would change the observed primary phases. Hence,
these solidification-microstructure observations provide a preli-
minary correlation with some features of their phase diagram.
However, the mechanism of highest undercooling corresponds to
the smallest particle size shown in Fig. 2b. These results propose
that the undercooling achieved in DSC analysis is strongly depen-
dent on the undissolved SiC nanoparticles in SAC 305 solder. The
observed phenomenon of increasing the degree of undercooling
with decreasing particle size of IMCs may be attributed to several
issues. For instance, a pseudo homogeneous nucleation mechanism
may be operating and expected at the small length scales in Sn
crystals, and therefore would be the probability of crystal
nucleation.

3.4. General tensile tests

Fig. 4 shows the mechanical properties of SAC305 and SAC(305)-
0.7% SiC solders at strain rate of 1 � 10�2 s�1. The entire data are
plotted at temperatures 25 �C and 75 �C and the tensile parameters
such as; elastic modulus E, yield stress 0.2%YS, ultimate tensile
strength UTS, and total elongation El are compiled below in the cor-
responding histograms. As seen, the two solders show similar trend
with deformation temperature effect although SiC addition tends to
increase both the UTS and 0.2% YS of SAC(103) solder, while lower-
ing the percent of elongation. When the tensile tests are performed
at 75 �C for both alloys, the solder creep effect is significant. So, the
results of this elevated-temperature test indicated a drop of at most
half of the values of E, 0.2%YS and UTS at low-temperature measure-
ments, while the percent of elongation increases nearly two times.
However, these results are incredibly similar to the previous find-
ings [4,16] that the tensile behavior of SAC alloys often exhibits a
strong dependence on temperature. Several plausible reasons
ons and properties of SiC nanoparticles-reinforced Sn–3.0Ag–0.5Cu solder
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Table 3
Undercooling range for SAC(305) and SAC(305)-0.7SiC solder alloys.

Alloy (Tonset) heating
(�C)

Tonset cooling
(�C)

Undercooling
(�C)

SAC(305) 215.8 192.5 23.3
SAC(305)-

0.7SiC
215.8 192.4 23.4
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subsist for mechanical strength sensitivity to the testing tempera-
tures. These include the nature of interface formed between the
nanoparticles and matrix, compositional and heat treatment effects
on the matrix phase, the stability of soft and hard IMCs in the alloy
matrix and the change of processing parameters. A comparison of
tensile parameters of SAC305 and SAC(305)-0.7% SiC solders at
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Fig. 4. Tensile properties of SAC305 and SAC(305)-0.7%SiC solder alloys at str
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room temperature with some SAC lead-free solders [4,17–20]
reveals a comparable behavior as seen in Table 4.

3.5. Fracture surface analysis

Fig. 5 shows the typical fracture surfaces of tensile specimens of
SAC305 and nano-composite SAC(305)-0.7% SiC samples tested at
room temperature and strain rate of 10�2 s�1. Notably, typical duc-
tile fracture mode with the characteristic of dimples has been
observed for specimens with and without SiC nanoparticles addi-
tion. Since the dimples are a result of micro-voids coalescence,
the typical cup and cones fracture mode are normally happened
in ductile materials, these dimples are usually equiaxed in shape
as shown in Fig. 5a and b. Generally, the larger and deeper dimple
is, the better plastic property is [5]. Fig. 5a shows that the fracture
0 1 2 3 4 5 6 7 8 9
0

10

20

30

40

50
SAC (305) SAC (305)-0.7SiC

St
re

ss
 (M

Pa
)

Strain (%)

(b) T = 75 oC         ε. = 1 x 10-2  s-1

10

20

30

40

50

T
en

si
le

 s
tr

en
gt

h 
(M

P
a)

 UTS              YS

20

30

40

50

60

70

80

90

Y
ou

ng
 M

od
ul

us
 (

G
P

a)

 Young Modulus

1

2

3

4

5

6

E
l. 

(%
)

 El. (%)

Alloy Composition 

SAC (305) SAC (305)-0.7SiC

Alloy Composition 

SAC (305) SAC (305)-0.7SiC

ain rate of 1 � 10�2 s�1 and temperature: (a) T = 25 �C and (b) T = 75 �C.
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Table 4
Comparison of tensile properties of SAC (305) and SAC(305)-0.7SiC solder alloys with
some references at room temperature.

Alloy Elastic modulus
(GPa)

UTS
(MPa)

0.2%YS
(MPa)

Elongation
(%)

SAC(305) 73.33 40.6 38.6 3.1
SAC(305)-0.7SiC 90.07 44.6 43.8 2.2
SAC(105) [4] – 30.0 28.8 12.3
SAC(105)-0.35SiC [4] – 33.2 31.3 13.0
SAC(305) [18] 60.0 47.0 28.8 12.3
SAC(405) [19] – 45.0 38.0 –
SAC(305)-0.6TiO2 [20] – 48.9 38.0 –
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mode clearly appeared to have a coarse surface, shiny IMCs and
large dimples on the surface of fracture solder. Accordingly, the
fracture surfaces of SAC305 appeared to be ductile. But, the
10µm 

Fig. 5. Typical fracture surfaces of (a) SAC
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addition of SiC nanoparticles dramatically changed the fracture
mode of SAC305 solder. Fig. 5b shows that the fracture mode
clearly appeared to have a relatively fine surface, shiny IMCs with
small dimples on the surface of fracture solder. The fracture surface
of composite solder appeared to be less ductile with very fine dim-
ple surface than the plain solder. As expected during solidification,
the SiC nanoparticles acted as nucleation sites of primary b-Sn
matrix and resulted in fine microstructure due to the homoge-
neous distribution of SiC particles.

3.6. Effect of strain rate on the mechanical properties of solders

Fig. 6 shows the effect of strain rate on tensile parameters of
SAC305 and SAC(305)-0.7% SiC solder specimens at T = 25 �C.
Results show that both the strain rate and SiC-addition remarkably
affect the tensile parameters. The values of E, 0.2% YS and UTS of
10µm 

305 and (b) SAC(305)-0.7SiC solders.
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AC(305)-0.7%SiC solder alloys at room temperature and various strain rates.
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Table 5
Material constants in the rate-dependent mechanical properties models of (1)–(3).

Solders a1 (GPa) a2 a3 (GPa) b1 (MPa) b2 c1 (MPa) c2

SAC(305) 647.3 0.5176 12.83 78.93 0.155 80.97 0.1487
SAC(305)-0.7SiC 643.8 0.4562 14.49 77.80 0.1327 86.44 0.1384

A.A. El-Daly et al. / Materials and Design xxx (2014) xxx–xxx 7
both solders are gradually increased as the deformation rate
increased although the elongation is decreased. With the addition
of 0.7% SiC to SAC305 solder, the E, 0.2% YS and UTS values are
increased. Notably, the elastic modulus of SAC(305)-0.7% SiC solder
is 12.75% higher than that of plain SAC305 solder at all strain rate
investigated, whereas the 0.2% YS and UTS values are enhanced by
11.4%. Such change in elastic modulus and mechanical strength can
be designated by microstructural changes observed in Fig. 2. The
SAC(305)-0.7% SiC alloy displayed a fine eutectic IMC particles dis-
persed in b-Sn matrix as a result of SiC addition. The enhanced
mechanical response by SiC addition was also reported by El-Daly
et al. [4–6], who pointed out that the IMC size did not constantly
decrease with increasing amount of SiC nanoparticles in the
SAC(105)solder and the composite solder containing 0.35 wt.%
SiC nanoparticles only have identical behavior. Consistent with
the Orowan theory, the mechanical strength of solder matrix is
inversely proportional to the interparticle spacing, which agrees
with the dispersion strengthening mechanism. However, the
enhancement of tensile parameters with increasing strain rate is
in good agreement with the result reported for SAC and SC solders
by Chen et al. [20] and El-Daly et al. [4]. The decrease in elongation
with increasing strain rate may be attributed to the unrecoverable
plastic deformation capacity caused by high strain rates. These
results also propose that high strain rate sensitivities are necessary
to create high strain rate plasticity.

Based on the experimental results, the strain rate-dependent
material property models of SAC305 based-solders including E,
0.2%YS and UTS can be written as the following empirical relations:

Eð _eÞ ¼ a1ð _eÞa2 þ a3 ð1Þ

YSð _eÞ ¼ b1ð _eÞb2 ð2Þ

UTSð _eÞ ¼ c1ð _eÞc2 ð3Þ
Table 6
Experimental and theoretical mechanical property data for different solders at various str

Solders/strain rate (s�1) Experimental values

E (GPa) Yield (MPa) U

SAC (305)
1.0E�5 – – –
5.0E�5 – – –
1.0E�4 19.02 18.31 2
5.0E�4 20.85 23.35 2
1.0E�3 36.24 28.99 3
5.0E�3 52.38 34.78 3
1.0E�2 73.33 38.13 4
5.0E�2 – – –
1.0E�1 – – –

SAC(305)-0.7SiC
1.0E�5 – – –
5.0E�5 – – –
1.0E�4 24.18 23.51 2
5.0E�4 32.38 26.04 2
1.0E�3 45.28 33.24 3
5.0E�3 70.01 37.81 3
1.0E�2 94.07 42.52 4
5.0E�2 – – –
1.0E�1 – – –
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where a1, a2, a3, b1, b2, c1 and c2 are material constants, which are
obtained from the nonlinear regression and listed in Table 5. The
calculated values of tensile parameters compared with experimen-
tal results are shown in Fig. 6 and listed in Table 6. A good agree-
ment between the experimental data and the model predictions is
achieved for strain rate ranges at 25 �C. It is seen that the theoretical
models are accurate with an errors within 1.1–3.2% for the pre-
dicted elastic modulus, 0.02–0.04% for the predicted yield stress
and 0.07% for the predicted UTS.
3.7. Effect of temperature on the mechanical properties

Fig. 7 shows the effect of testing temperature on tensile proper-
ties of both solders at strain rate of 1.0 � 10�3 s�1. It is clear that
both solders become more ductile and softer when testing temper-
ature increases. The UTS and 0.2% YS decrease with increasing
temperature although the ductility, as measured by percent elon-
gation, has increased. The effect of temperature on the mechanical
properties of two solders at high temperatures is more prominent
compared with such effect at low temperatures. This means that
the dynamic recovery process is more significant at higher temper-
atures and fixed strain rate. The main observation through these
tensile tests is that the highest UTS and 0.2% YS arise with the
SAC(305)-0.7% SiC composite samples at all temperature range
investigated. The composite SAC(305)-0.7% SiC solder has an 0.2%
YS and UTS about 20% and 15% higher than that of SAC305 alloy.
Generally, the strengthening mechanism of composite SAC(305)-
0.7% SiC solder may be contributed to many reasons including;
the Hall–Petch effect due to sub-grain size refinement, Orowan
strengthening mechanism due to the presence of SiC nanoparticles
with small spacing inside solder matrix, the generation of geomet-
rically necessary dislocations to accommodate CTE mismatch
between the matrix and small particles and load bearing effects
due to the presence of nano-sized reinforcements [4].
ain rates.

Theoretical values

TS (MPa) E (GPa) Yield (MPa) UTS (MPa)

14.50 13.25 14.62
16.67 17.01 18.57

0.7 18.33 18.93 20.58
4.36 25.49 24.29 26.15
0.94 30.95 27.05 28.99
6.81 54.52 34.72 36.82
0.55 72.52 38.66 40.82

150.13 49.61 51.86
209.39 55.24 57.49

17.86 16.88 17.56
21.51 20.90 21.95

4.41 24.13 22.91 24.16
8.90 34.57 28.37 30.18
4.99 42.04 31.10 33.22
9.90 71.90 38.51 41.51
6.60 93.25 42.22 45.69

178.63 52.27 57.10
239.68 57.31 62.85
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Fig. 7. Effect of temperature on ultimate tensile strength (UTS), yield stress
(0.2%YS) and elongation (El.%) at strain rate of 1 � 10�3 s�1 for SAC305 and
SAC(305)-0.7%SiC solder alloys.

Fig. 8. Relationship between ln (r) and ln (e�) for calculation of n values at different
temperatures for (a) SAC305 and (b) SAC(305)-0.7%SiC solder alloys.
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3.8. Kinetic analysis of SAC305-based solders during hot deformation

According to the well known Dorn power law equation [21]:

�e ¼ Arn expð�Q=RTÞ ð4Þ

where A is a constant; R is the universal gas constant; n is the stress
exponent constant related to strain rate e9; T (K) is thermodynamic
deformation temperature; r (MPa) means peak stress or UTS; Q
(kJ/mol) is the activation energy of deformation. The change in
stress exponent (n) and activation energy (Q) values associated with
the deformation of crystalline materials at temperatures above
0.5Tm (where Tm is the melting temperature), can be used to iden-
tify the mechanisms controlling the deformation process. Approxi-
mate values of n were calculated according to Eq. (4) from the slope
of each line shown in Fig. 8. Similarly, the activation energy Q of
entire solders are calculated by linear regression of experimental
data relating ln(r) and 1/T (Fig. 9). The parameters are summarized
Please cite this article in press as: El-Daly AA et al. Microstructural modificati
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in Table 7. It can be seen that the composite SAC(305)-0.7% SiC sol-
der alloy has higher stress exponent values than the plain SAC305
solder, since the microstructure is finer in case of the former than
in the latter. According to the classical heterogeneous nucleation
theory, SiC nanoparticles will diminish the thermodynamic barrier
of b-Sn nucleation in order to enhance the nucleation rate of IMC
particles and refine b-Sn grain size. Consequently, it can strengthen
the mechanical properties of composite solder. However, the
n-values are decreased from 6.7 and 7.2 at 25 �C to 4.8 and 5.6 at
120 �C for both solders, respectively. The reduction of n-value has
been related to the instability of the microstructure, which occurs
at high deformation temperatures [16,17]. These results are well
agreed with that reported for some composite SAC solders [4,6].

Although several mechanisms [22] such as dislocation mecha-
nism, grain boundary sliding and diffusion mechanism have been
proposed for deformation of crystalline materials such as Pb free
solder alloys, dislocation mechanism seems to be the most appro-
priate in the present study as confirmed by the stress exponents
values between 4.8 and 7.2 in both alloys. In this mechanism, the
tensile deformation behavior is controlled by dislocation climb
related processes. As well, the improvement in mechanical
strength with the addition of SiC nanoparticles can be ascribed to
the interactions of dislocations with these nanoparticles, which
obstructed the dislocation climb. These interactions are also con-
firmed by the increase in Q value from 76.6 kJ mol�1 to
84.7 kJ mol�1 with the addition of SiC nanoparticles, as seen in
Table 7. The activation energies of 76.6 and 84.7 kJ mol�1 are more
close to that of lattice self-diffusion of b-Sn (67–73 kJ mol�1), and
ons and properties of SiC nanoparticles-reinforced Sn–3.0Ag–0.5Cu solder
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Fig. 9. The activation energy (Q) values of SAC305 and SAC(305)-0.7%SiC solder
alloys.

Table 7
Activation energy (Q) and stress exponent (n) values for SAC(305) and SAC(305)-
0.7SiC solder alloys.

Alloy Q (kJ/mol) Temperature (�C) n

SAC(305) 76.6 25 6.7
70 5.3

120 4.8

SAC(305)-0.7SiC 84.7 25 7.2
70 6.1

120 5.6

A.A. El-Daly et al. / Materials and Design xxx (2014) xxx–xxx 9
thus, it can be proposed that the dominant deformation mecha-
nism in these alloys is dislocation climb [22].

4. Conclusions

This study investigates the effect of an addition of 0.7 wt.% SiC
nanoparticles on microstructure, melting property and mechanical
properties of Sn–3.0Ag–0.5Cu lead-free solder alloy. Experimental
results revealed that the nano-sized SiC particles has significantly
refined the microstructure of composite SAC(305)-0.7% SiC solder,
increased the strength and elastic modulus in comparison with the
plain SAC305 alloy casting. In addition, SiC particles decrease their
pasty range although the undercooling and eutectic temperature
prolonged nearly at the SAC305 level. A strain rate-dependent
model of elastic modulus (E), yield stress (0.2%YS) and ultimate
tensile strength (UTS) was developed based on the test results.
The predicted tensile parameters for both solders are reasonably
close to the present experimental data. According to the obtained
n and Q values, it is suggested that the dominant deformation
mechanism in both solder alloys is the dislocation climb over the
Please cite this article in press as: El-Daly AA et al. Microstructural modificati
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whole temperature range investigated. Remarkably, the difference
in n and Q values for both alloys is due to the difference in the as-
solidified microstructures owing to SiC nanoparticles addition.
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