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ARTICLE INFO ABSTRACT

Handling editor: P Rios This research explores the effects of incorporating Graphene Nano Sheets (GNS) on the microstructural char-
acteristics and mechanical behavior of Sn-Ag solder alloys. The research was driven by the need for environ-
mentally friendly, lead-free solder alloys with enhanced mechanical and thermal properties. The methodology
involved incorporating graphene into the Sn-Ag alloy through stir casting, followed by a series of surface
preparation techniques. The composite samples were then examined using EBSD to analyze crystallographic
orientations and SEM/EDS for surface morphology and elemental composition. XRD provided insights into phase
transformations and structural changes. Key findings reveal that the addition of GNS significantly refines the
grain structure of the Sn—Ag alloy, leading to a bimodal grain size distribution. This refinement is attributed to
the role of GNS as a nucleation site during solidification. Moreover, the study demonstrates a pronounced
alteration in the texture of the material, with an increase in low-angle grain boundaries post-GNS addition. This
texture change is indicative of enhanced mechanical properties. The results also show a shift in the orientation
distribution function (ODF), suggesting a stronger crystallographic orientation due to GNS. These findings
suggest that GNS incorporation could lead to improved mechanical and thermal properties in Sn-Ag solder,
making them suitable for high-performance electronic applications. The study concludes that GNS not only
serves as an effective reinforcement in Sn—Ag solder alloys but also significantly alters their microstructural and
textural characteristics, contributing to the alloy’s potential application in environmentally conscious electronic
manufacturing.
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1. Introduction eutectic temperature of 120 °C and composition of Sn-51In offers good

wettability and a low melting point but suffers from poor plasticity and

Soldering is a widely recognized metallurgical bonding technique
employing a filler metal, known as solder, characterized by a melting
point below 425 °C [1]. Solder serves as a bonding material, ensuring
electrical, thermal, and mechanical continuity within electronic package
assemblies [1]. Sn—Pb (67%-33% by wt.) was widely used and popular
solder alloy [2]. Lead cannot be used in solder alloy making process
anymore due to its inherent toxicity [3,4]. The ban on usage of Pb has
been imposed following the legislation (as charted in the WEEE proposal
[5]). Researchers around the globe started focusing their attention on
development of new lead free solder alloys which can replace the
traditional Sn-Pb alloy. In the binary system, the Sn-In solder with a
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high cost [6]. The Sn-Bi type, with a eutectic temperature of 138 °C and
Sn-57Bi composition, is characterized by high mobility but has issues
with processability and low ductility [7,8].Sn-Zn solder, with a eutectic
temperature of 198 °C and a composition of Sn—-9Zn, is recognized for its
high intensity and abundance, but it oxidizes easily and has poor
wettability [9]. The Sn—Ag type, having a eutectic temperature of 221 °C
and Sn-3.5Ag composition, is noted for its high strength and resistance
to creep, but it has a high melting point and cost [10]. Sn—Cu solder,
with a eutectic temperature of 227 °C and a Sn-0.7Cu composition, is
also known for its high strength and creep resistance, and it is
resourceful, but it suffers from a high melting point [11]. In the ternary
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system, the Sn—Ag—Cu solder, with a eutectic temperature of 217 °C and
composition of Sn-3.5Ag-0.9Cu, is distinguished for its high strength and
creep resistance but comes at a higher cost [12]. Lastly, the addition of
granules like Ag, Al, Ga, Sb, carbon nanotubes, boron nitride nanotubes,
and graphene nanosheets (GNSs) improves the melting point and me-
chanical properties of lead-free solders, as discussed in Ref. [13].

In one study, Composite SAC alloys were created using
Sn99Ag0.3Cu0.7 alloy with 0.5 wt% TiO2 and SiC nano-particles. Solder
joints were formed between two 150 pm thick Cu plates using SMT
technology. This revealed an uneven distribution within the solder mass
that varied with the particles’ size and shape. DFT calculations
confirmed that the non-soluble TiO2 and SiC could chemically bond
with Sn during soldering, likely enhancing the SAC alloys’ physical
properties [14]. The enhancement of the Sn-3.0Ag-0.5Cu solder alloy’s
hardness, due to the addition of 1.0 wt% TiO2 nanoparticles, was
assessed through nanoindentation tests. The inclusion of TiO2 nano-
particles led to a reduction in the size of the Cu6Sn5 and Ag3Sn inter-
metallic compound phases. With the incorporation of 1.0 wt% TiO2
nanoparticles, there was up to a 26.2% increase in hardness compared to
the base SAC305 alloy [15].SiC nano-fibers and nano-particles, at a
concentration of 0.5 wt%, were blended into the SAC0307 alloy. After
storing the solder joints for 4000 h at 85 °C and 85% relative humidity, it
was found that the SiC nano-phases reduced the corrosion resistance of
the composite solder alloys and contributed to increased growth of Sn
whiskers [16]. The impact of adding SiC nano-phases (particles and fi-
bers) to SAC0307 solder paste on the thermal and microstructural
characteristics of the solder joints was studied. At 0.5 wt%, SiC
nano-particles improved the thermal properties of the joints. Micro-
structural examination showed that the refinement of the solder joints’
structure varies between nano-particles and nano-fibers [17]. The ef-
fects of reinforcing Sn99Ag0.3Cu0.7 (SACX0307) solder alloy with ZnO
nanoparticles were studied. ZnO nanoparticles reduced the alloy’s
wettability, leading to more voids. However, the shear strength and
thermoelectric properties of the composite solder alloy remained un-
changed [18]. Another study study focuses on detailed morphological
analysis of TiO2 nanoparticles embedded in SAC305 through selective
electrochemical etching. TiO2 nanoparticles at the solder interface
inhibit the expansion of the Cu6Sn5 intermetallic compound (IMC) layer
[19].

Graphene, a two-dimensional material made of carbon, is renowned
for its exceptional electrical and thermal conducting properties and vast
surface area. Over the past ten years, it has become one of the most
extensively studied materials, finding applications across diverse do-
mains [20,21].

Recent research has increasingly shown that incorporating graphene
into metal-based composites significantly improves their electrical
conductivity and mechanical strength [22,23]. Graphene has been uti-
lized in the modification of existing Sn-based lead-free solder alloys.
There are two variants of this graphene-enhanced lead-free solder: one is
the standard version with unmodified graphene, and the other is a type
that includes metal particle-treated solder. Initially, graphene was
incorporated into the solder matrix to act as a reinforcement phase [24,
25]. However, there is little information regarding the microstructure
and mechanical properties of Sn—Ag alloy solders reinforced with Gra-
phene Nano Sheets (GNS). Hence this work aims to thoroughly inves-
tigate the influence of Graphene Nano Sheets on the microstructure and
mechanical properties of Sn-Ag solder alloys.

The primary objectives include analyzing the effects of GNS addition
on grain size distribution, crystallographic texture, and phase compo-
sition by employing a combination of Electron Backscatter Diffraction
(EBSD), Scanning Electron Microscopy (SEM), X-ray diffraction (XRD)
and Energy Dispersive Spectroscopy (EDS). The seeks to understand how
GNS incorporation alters solder alloy characteristics, particularly
focusing on the development of crystallographic texture and its impli-
cations for mechanical properties. The research also aims to explore the
potential mechanisms by which GNS affects the nucleation and growth
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of grains during the processing of Sn—Ag solder alloys, providing insights
into the enhanced mechanical and thermal properties of these modified
alloys.

2. Materials and methods
2.1. Sample preparation

Graphene is incorporated into the Sn—Ag alloy using the stir casting
technique, which is a straightforward method for producing particulate-
reinforced metal matrix composites (MMCs) in a liquid state. Sn-Ag
alloy (96.5-3.5, % by wt.) is heated in a furnace till the temperature
reaches 250 °C. The GNS is incrementally introduced into the molten
matrix metal. GNS used for the study are a gray black powder with a
specific surface area(mz/g) of 50-200, greater than 80% single layer
rate, a thickness of 1-3 layers (0.686-1.054 nm), and a diameter to
thickness ratio of 9500. This mixture is mechanically stirred, using a
graphite impeller, simultaneously to ensure uniform distribution.
Effective stirring is crucial to achieve a homogeneous dispersion of the
graphene particles within the molten matrix [26]. Following the stirring
process, the composite mixture of reinforcement and molten matrix is
cast in to a mold and allowed to cool to room temperature. Samples of 10
x 10 x 1 mm (5 samples) were made for further analysis. Fig. 1 shows the
entire methodology adopted for this study.

The sample preparation method involves several steps using different
abrasive materials and techniques. Initially, the surface of the sample is
grinded with CarbiMet Silicon Carbide (SiC) paper at 600 and1200 grit
until the surface becomes planar. The base rotation speed during this
step is set at 150 rpm with a relative rotation in a consistent direction.
Following this, the sample is further processed using TexMet-C with 3
pm Metadi Ultra Diamond paste and MetaDi Fluid but with a change in
the relative rotation direction. Following the grinding process, the
samples were subjected to a cleaning procedure using an Ultrasonic
Cleaner. This involved a 5-min cleaning session with a solution con-
sisting of 1% liquid soap. Post-cleaning, the samples underwent an in-
spection using an optical microscope at 50x magnification. The third
step involves the use of ChemoMet/MasterTex with MasterPrep 0.05 pm
Alumina under for the vibratory polishing for 60 min. The samples were
secured in a specimen holder with a mass of 400 g, and no extra weights
were added during this process. This comprehensive preparation
method ensures a high-quality surface finish, suitable for detailed
analysis and characterization.

2.2. XRD

The X-ray diffraction (XRD) analysis of Sn—Ag-GNS solder composite
was conducted using a Powder Diffraction Standard method. XRD
analysis was carried out on the top surface using a D8 Advance DaVinci
system (Bruker, Coventry, UK) and a LYNXEYE detector. The wave-
length of X-rays used was 1.5406 A for Alphal and 1.54439 A for
Alpha2, with an average wavelength of 1.5418 A. The scan was per-
formed in a continuous PSD fast mode, with a time per step of 0.12 s and
a total time per step of 23.04 s. The intensity vs 20 data was obtained and
recorded.

2.3. SEM and EDS methods

Scanning Electron Microscopy (SEM) and Energy Dispersive Spec-
troscopy (EDS) (Carl Zeiss Gemini) were utilized to investigate the
surface morphology and elemental composition of Sn—-Ag-GNS solder
composite. SEM provided high-resolution imaging of the Sn phase and
AgsSn intermetallic compounds, and the influence of GNS on the
microstructural evolution within the alloy. EDS complemented this by
quantitatively analyzing the distribution of Sn and Ag and C elements.
This combination of techniques was critical in understanding the
composition and the formation of AgsSn phases, which are crucial for
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Fig. 1. The whole methodology of the study represented in graphical form.

the solder’s mechanical and thermal properties.

2.4. EBSD method

Electron Backscatter Diffraction (EBSD) technique was employed to
analyze the crystallographic orientation of the Sn-Ag solder alloys.
EBSD analysis was performed on a Symmetry S2® EBSD detector (Ox-
ford Instruments, Abingdon, UK) and Oxford Aztec software. This
technique was particularly important for examining the orientation of
the Sn phase and the AgsSn intermetallic compounds within the com-
posite. EBSD provided insights into the grain structure, texture, and
phase identification, essential for understanding the alloy’s mechanical
behavior and reliability. The orientation and distribution of the AgsSn
phase, as revealed by EBSD, were key factors in assessing the alloy’s
performance under various thermal and mechanical conditions. The
details from the EBSD map enabled a thorough insight on the grain
structure by providing clarity on the orientation and distribution of
phases, particularly the AgsSn intermetallic, within the Sn-Ag-GNS
solder composite. The whole methodology of this study is shown in
Fig. 1.
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3. Results and discussion
3.1. XRD results

Fig. 2 represents the XRD results obtained for the pure GNS and the
Sn-Ag alloy before and after adding GNS. The pattern for the GNS (Fig. 2
(b)) reveal distinct intense peak at lower 20 value corresponding to
reflection from (002) planes of graphene and lower intensity peaks at
48°,54°,75° and 86°. The presence of the very intensity peak from (002)
planes and few very low intensity peaks indicates the layered structure
of the graphene. The pattern for the Sn—Ag alloy depicted in Fig. 2(c)
reveals distinct peaks from solid solution of Ag in Sn (Sn) and AgsSn
suggesting a multiphase alloy structure containing both phases. The
peaks are sharp, indicating good crystallinity of the Sn—Ag alloy. Fig. 2
(a) shows the XRD pattern for the composite revealing peaks corre-
sponding to the reflections from crystallographic planes of Sn phases,
AgsSn and GNS. The presence of Sn and Ag peaks in similar positions
reveal that GNS has been successfully incorporated into the Sn matrix
without significantly altering the crystal structure of the base Sn-Ag
alloy. All the peaks of GNS are not distinctly visible is due to the



J. Shanthi Bhavan et al.

e Sn,¢Ag3Sn,* GNS

Sn-Ag-GNS

Indensity (a.u)

3

90

- LX T llllH.L_I

50 60
2 Theta (0)

20 70 80

Fig. 2. X-ray diffraction patterns for Sn-Ag solder alloys with and without
graphene nanosheets (GNS). (a) XRD pattern of Sn—-Ag-GNS composite showing
characteristic peaks of tin, silver, and GNS. (b) The XRD pattern for GNS, with a
prominent peak indicating the graphene structure. (c) XRD pattern of the Sn-Ag
alloy without GNS, showing peaks corresponding to Sn and Ag only.

relatively lower amount of GNS within the Sn matrix. The retention of
distinct Sn and AgsSn peaks in the composite suggests that the solder
alloy retains its crystalline structure upon the addition of GNS, which is
desirable for maintaining the mechanical properties. Fig. 2 (a) reveals
variation in the relative intensity of the Sn and AgsSn peaks in the
composite material due to the addition of GNS. This indicates the in-
fluence the texture or preferred orientation of the crystallites. The
absence of new peaks in the composite suggests that GNS does not react
to form new phases with Sn or AgsSn during processing of the com-
posite. The GNS could potentially improve the mechanical properties of
the Sn-Ag solder by enhancing the strength and conductivity without
altering the primary solder microstructure [27,28].

3.2. EBSD before adding GNS

The Electron Backscatter Diffraction (EBSD) results shown in Fig. 3
depict the microstructural characteristics of the Sn—Ag alloy before the
addition of Graphene Nano Sheets (GNS). The grain structure, as shown
in the first image, demonstrates a diverse grain size distribution with a
heterogeneity that is typical of solder alloys without modification or
treatment. The image details a significant amount of small grains with a
few larger grains interspersed, suggesting a non-uniform microstructure.
The grain boundary map complements the grain structure image by
highlighting the network of grain boundaries, which is critical for
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understanding the mechanical properties of the material. Grain bound-
ary characterization can provide insights into the potential pathways for
crack propagation and deformation mechanisms. The Pole Figures (PF)
and Inverse Pole Figures (IPF) for both tin and silver components (Figs. 4
and 5) indicate the crystallographic orientations of the grains. For
instance, the {100}, {110}, and {111} pole figures for silver and tin
illustrate a random orientation distribution, which is typical for poly-
crystalline materials. The intensity of the poles in the pole figures cor-
responds to texture strength, which has significant implications for the
mechanical anisotropy of the material. Furthermore, the histograms of
grain size distribution, characterized by pixel count, show that the
majority of the grains are small, as evidenced by the high number of
counts in the lower pixel count range. The mean grain size, as well as
other statistical measures such as the standard deviation, minimum, and
maximum, can be directly correlated with the mechanical properties of
the material, such as hardness and yield strength [29].

The M-index is low (0.179), which suggest a random texture or
weakly textured material. This is an important parameter when
considering the workability and anisotropy of the material. The
congruence analysis (94% Neighbor Pair - Theoretical, 93% Random
Pair - Theoretical, 97% Neighbor Pair - Random Pair) suggests that the
actual measured grain boundary character distribution is relatively close
to the theoretical distribution for the material.

Analyzing the Orientation Distribution Functions (ODF), ODFs pro-
vide a visualization of the preferred crystallographic orientations of the
grains in a polycrystalline material. The ODF plots for both Tin (Sn) and
Silver (Ag) phases before the addition of GNS show a variation in texture
intensity with respect to different @2 angles, which represent a rotation
around the normal to the sample plane. For both Tin and Silver, the
intensity of the texture varies with @2, indicating anisotropy in the
material’s texture. The texture index is a quantitative measure of the
degree of texture, with values for Tin 8, AgsSn, and Tin being 5.20, 3.10,
and 3.37, respectively. These values suggest that the material exhibits a
certain degree of crystallographic texture, which can influence its me-
chanical anisotropy. The Laue group and sample symmetry information
are consistent with the crystal structure of the phases, with Tin § and
AgsSn showing tetragonal and orthorhombic symmetries, respectively.

The ODFs (supplementary figure SI Figs. 1-4) also show the intensity
of the crystallographic orientations. For instance, Tin § phase presents
orientations with a higher intensity at ¢2 = 55° and ¢2 = 65°, while
AgsSn phase shows more spread out orientations with moderate in-
tensity peaks. The Laue groups—tetragonal for Tin f§ and orthorhombic
for AgsSn —indicate the symmetry of the crystal structures, which can
be correlated to the anisotropy in mechanical properties.

3.3. EBSD after adding GNS

The grain structure image (Fig. 6) shows a dense packing of grains
with varying colors representing different orientations. The presence of
GNS appears to have refined the grain size, as indicated by a grain count
of 558, which is lower compared to the initial state before GNS addition.
This refinement might be due to the potential role of GNS as a nucleation
site during solidification, promoting the formation of more grains. The
mean grain size is 283.4 pixels with an area-weighted mean size of 883.2
pixels. The distribution of grain sizes shows a greater spread with a
maximum grain size of 3148 pixels, indicating that while the average
grain size is smaller, there are still some larger grains present. This could
suggest localized areas of abnormal grain growth. The raster of 476x352
with a step size of 0.1864 pm provides a high-resolution insight into the
microstructure, allowing for the detection of finer details compared to
pre-GNS addition.

The pole figures for AgsSn (Fig. 7) show a discernible texture with
certain orientations appearing more prominently than others. This
preferred orientation could be due to directional solidification or me-
chanical working during processing. The presence of GNS influence the
texture of the alloy by altering the grain growth dynamics. This is
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Fig. 3. EBSD characterization of Sn-Ag solder alloy microstructure. (a) EBSD map displaying the crystallographic orientations of the grains in the alloy. (b)
Disorientation angle distribution histogram comparing the experimental data with theoretical predictions for both neighbor and random pairs, indicating grain

boundary character. (c),(d)and (e) colour keys.

evident in the texture intensity and the distribution of poles, which is an
important factor to consider when correlating to the mechanical
anisotropy of the material.

Analysing Disorientation Angle Distribution, the distribution shows a
significant number of grain boundaries with a lower misorientation
angle, which is indicative of an increase in low-angle grain boundaries
(LAGBs) [30]. This could contribute to ductility and potentially enhance
the fatigue resistance of the material. The M-index has decreased to
0.077 after GNS addition, suggesting a stronger texture as compared to
the pre-GNS state. The congruence analysis showing 81% Neighbor Pair
- Theoretical and 99% Random Pair - Theoretical confirms that the
texture has become more pronounced after GNS addition. There is also a
notable decrease in the congruence between Neighbor Pair and Random
Pair (80%), suggesting that the GNS addition has influenced the grain
boundary character distribution away from a random polycrystalline
structure [30].
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The grain size histogram post-GNS addition shows a bimodal distri-
bution with peaks at both the smaller and larger grain sizes. The pres-
ence of a bimodal distribution usually indicates that different
mechanisms might be controlling the grain growth, with the possibility
of pinning effects due to the GNS. The standard deviation of grain sizes
has increased to 412.6 pixels, further confirming the wider spread in
grain sizes and suggesting a more heterogeneous grain structure. The
reduction in the mean grain size with GNS addition could be linked to
potential improvements in yield strength through the Hall-Petch rela-
tionship [31]. The change in texture, as evidenced by the pole figures
and the M-index, could be correlated with alterations in mechanical
anisotropy, which would be critical for the reliability of solder joints in
thermal and mechanical service conditions [32].

The bimodal distribution of grain sizes observed in the Sn—Ag alloy
post the addition of GNS suggests the presence of two distinct pop-
ulations of grains: smaller grains, which could be associated with the
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Fig. 4. Pole figure representations of crystallographic texture for different phases in the Sn-Ag solder alloy. (a) Pole figures for pure tin (a-Sn) showing the
orientation distribution of the {100}, {001}, and {111} planes. (b) Pole figures for the tin beta (f-Sn) phase indicating the texture of the {100}, {001}, and {111}
planes. (c) Pole figures for pure silver (Ag) displaying the orientation distribution for the {100}, {110}, and {111} planes. (d) Pole figures for the Ag;Sn intermetallic

compound illustrating the texture of the {100}, {010}, and {001} planes.

Zener pinning effect caused by the GNS, and larger grains that managed
to grow before encountering the pinning particles or in regions with a
lower density of GNS. The introduction of GNS have provided additional
nucleation sites, leading to a higher number of grains initiating from
these sites. This increase in nucleation sites can result in a larger pop-
ulation of smaller grains, as more grains begin to grow simultaneously,
limiting the overall space and resources available for each to expand.
Relating it to the Zener Pinning Effect, GNS particles can act as pinning
agents at the grain boundaries, resisting their movement during
recrystallization and grain growth. This pinning effect can stabilize the
smaller grains by hindering the growth of existing grains. The Zener
pinning effect is a phenomenon where particles within the matrix exert a
drag force on the grain boundaries, which increases with decreasing
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particle spacing.

The IPFs (Fig. 8) for AgsSn and Graphite phases show specific
orientation clusters, which are indicative of texture components that
have developed during processing. The IPFs are a direct visualization of
the preferred crystallographic orientations of grains relative to the
sample reference frame. In the AgsSn phase, the intensity of the pole
figures (max of 7.86) suggests a relatively strong texture, which can be
attributed to the influence of GNS on the solidification process, possibly
by providing nucleation sites that encourage certain orientations. The
IPF for Graphite shows a significant intensity (max of 16.36), indicating
a strong preferential alignment of graphite flakes. This could potentially
influence the mechanical properties by reinforcing the material along
certain planes and directions. The Silver phase demonstrates lower
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Fig. 5. Inverse pole figure (IPF) maps showing crystallographic orientation distributions for individual phases within a Sn-Ag solder alloy. (a) IPF maps for pure tin
(a-Sn) across three orthogonal directions: X1, Y1, and Z1. (b) IPF maps for the tin beta (B-Sn) phase, similarly across the X1, Y1, and Z1 directions. (c) IPF maps for
pure silver (Ag), demonstrating the crystal orientation distribution in the X1, Y1, and Z1 directions. (d) IPF maps for the intermetallic phase AgsSn, presented for the

same three orthogonal directions.

texture intensities (max of 5.06) compared to the other two phases,
suggesting a more random crystallographic orientation distribution
within this phase [33,34].

The ODFs (supplementary figure SI Figs. 5-9) provide a quantitative
measure of texture by illustrating the distribution of crystallographic
orientations in a 3D space of Euler angles. For the Tin phase, the ODF
reveals a noticeable texture with a max intensity of 17.34, highlighting
the presence of certain orientations that are more prevalent. The texture
index of 3.78 points to a moderate texture strength. The AgsSn phase
ODF shows a very strong texture with a max intensity of 85.52 and a
texture index of 12.13, indicating a significant influence of GNS on the
crystallographic orientation distribution. The strong texture can be
linked to directional solidification influences or other processing con-
ditions [27]. The ODF for Graphite shows an exceptionally high texture
intensity (max of 239.26) with a texture index of 20.07, suggesting a
very pronounced alignment of the graphite phase [28].
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The integration of GNS within the Sn-Ag alloy has had a marked
impact on the microstructural and textural characteristics of the mate-
rial. GNS acts as a heterogeneous nucleation site, influencing grain
orientation during solidification and potentially altering mechanical
properties through texture strengthening. The strong textures observed
in the IPFs and ODFs for the AgsSn and Graphite phases suggest that the
addition of GNS lead to anisotropic mechanical behavior, which can be
beneficial for certain applications where directional properties are
desired. For instance, the alignment of GNS could enhance the thermal
conductivity along specific planes, which is beneficial for thermal
management applications in electronics [20]. The lower texture in-
tensity in the Silver phase contribute to maintaining a balance between
strength and ductility, as highly textured materials can sometimes
exhibit brittleness along certain planes [35].

Without GNS, The disorientation angle distribution lean towards
higher angles, suggesting that there is a significant grain growth post-
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nucleation that contributes to the formation of high-angle grain
boundaries. With GNS, The distribution of disorientation angles show a
shift towards lower angles, implying that GNS restricts grain growth and
maintains a higher population of low-angle grain boundaries. The
quantitative measure of this is the misorientation index, which generally
decreases in the presence of GNS.

Without GNS, the phases present in the Sn-Ag alloy have a more
homogeneous distribution, with AgsSn intermetallic compounds typi-
cally forming at grain boundaries or as dispersed precipitates within the
grains. GNS affect the phase distribution by acting as heterogeneous
sites for the precipitation of intermetallic compounds. This could lead to
a more heterogeneous distribution of AgsSn phases, which can be
quantified by the area fraction and number density of these phases in the
EBSD phase maps.

A smaller fraction of low-energy, coincident site lattice (CSL)
boundaries is observed, as the grain growth is less restricted. The
addition of GNS can lead to an increase in the fraction of CSL boundaries
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due to restricted grain boundary migration. This can be quantitatively
assessed by the fraction of £3, %9, ¥27, and other CSL boundaries in the
grain boundary character distribution (GBCD).

EBSD analysis of Sn—Ag solder alloys before and after the addition of
Graphene Nano Sheets (GNS) reveals a significant microstructural evo-
lution. Prior to GNS addition, the EBSD maps depict a heterogeneous
grain distribution with a balanced mix of low and high angle grain
boundaries, indicative of a material with no strong preferential crys-
tallographic orientation. Upon GNS incorporation, the EBSD images
show a refined grain structure, suggesting increased nucleation. There
appears to be a shift towards a greater prevalence of low angle grain
boundaries, which is likely due to the pinning effect of GNS inhibiting
grain growth. This microstructural refinement is expected to enhance
mechanical properties, such as yield strength and ductility, while also
potentially improving resistance to thermal fatigue—a critical factor for
solder joint reliability in electronic components [28,36].

The Kernel Average Misorientation (KAM) map (shown in Fig. 9) for
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Fig. 7. Pole figure analyses of different phases in a Sn—Ag-graphite solder alloy. (a) Pole figures for the silver (Ag) phase, showing the orientation distribution of
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the Sn—Ag-GNS solder alloy shows local misorientation ranging from
0 to nearly 5°. Low-strain regions, represented by the prevalent blue
areas, indicate less deformed grains with KAM values close to 0. The
sporadic green to yellow regions highlight moderate strains, with KAM
values ascending towards the middle of the range, likely due to the
presence of GNS acting as dislocation barriers. The occasional red spots,
where KAM values approach 5°, pinpoint significant local strains, cor-
responding to areas of intense stress concentration around GNS or at
grain boundaries. This distribution underscores the heterogeneity of the
strain field within the material, influenced by the incorporation of GNS
[371.
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3.4. SEM, EDS and colour mapping

Before GNS Addition (Fig. 10), The SEM image shows a relatively
homogeneous microstructure with smooth features and uniform distri-
bution, typical of Sn—Ag alloys without additional reinforcement. The
SEM images show that, after the addition of GNS (Fig. 11), the grain
morphology changes from uniform pre-addition grains with average
sizes around 10 pm to a bimodal distribution with average sizes varying
from 2 pm to 20 pm The color mappings are consistent and evenly
distributed, reflecting the homogeneity of the alloy elements. Color
mapping via EDS highlights the distribution of GNS, showing a stark
contrast in the elemental distribution. The weight percentage of GNS is
47 in the composite. For example, tin’s even distribution becomes
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Fig. 10. SEM and EDS analysis of Sn-Ag solder alloy. (a) SEM image highlighting needle-shaped AgsSn intermetallic compounds within the Sn matrix, delineated by
yellow dashed lines. The inset shows the EDS spectrum with quantitative elemental analysis, indicating the weight percentage of Sn and Ag in the analyzed area. (b)
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interspersed with carbon-rich areas, where the carbon mapping post-
GNS addition shows a dense population of green pixels indicative of
GNS clusters. After GNS Addition, the microstructure becomes more
heterogeneous with distinct black regions indicative of GNS agglomer-
ations within the Sn—Ag matrix. These regions interrupt the continuity of
the matrix, which can affect the mechanical properties by providing sites
for stress concentration. The green and red color mappings representing
different elements (Sn and Ag) are disrupted by the presence of GNS, as
evidenced by the areas of contrasting colors. These mappings show the
distribution of GNS within the alloy and suggest that GNS clusters act as
barriers to the movement of dislocations, potentially enhancing the
strength of the material. The addition of GNS creates a composite
microstructure where GNS particles are distributed throughout the
Sn-Ag matrix. This distribution is critical as it influences the overall
mechanical properties of the alloy. The Sn and Ag elements in the solder
alloy without GNS are evenly distributed, as expected in a well-mixed
alloy. The addition of GNS disrupts this homogeneity, which can lead
to localized variations in mechanical properties.

The inclusion of GNS within the Sn-Ag solder alloy could be ad-
vantageous for applications that require enhanced mechanical proper-
ties and efficient heat dissipation.
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4. Conclusion

The EBSD, SEM, and EDS results collectively indicate that GNS
addition has a profound impact on the microstructural and composi-
tional characteristics of the Sn—Ag alloy. While the addition of GNS
enhances the carbon content quantitatively, it disrupts the previously
uniform distribution of Sn and Ag, as seen in the SEM images and color
mappings. EBSD results suggest that the introduction of GNS affects the
grain structure, possibly leading to texture changes that could influence
mechanical properties such as strength and ductility. EBSD results could
show a reduction in average grain size and a shift towards a more
complex texture. This could be directly correlated with Sn-Ag-GNS
composite suitable for high-performance electronic applications. How-
ever, the potential for GNS agglomeration poses a challenge for main-
taining uniform mechanical properties across the alloy. The quantitative
assessment of grain sizes before and after GNS addition reveals a
bimodal distribution in the latter, with the presence of both finer and
coarser grains. The average grain size has decreased, with smaller grains
potentially leading to higher mechanical strength due to grain boundary
strengthening mechanisms. The texture index, a quantitative measure of
crystallographic texture, shows a variation indicative of the changes in
anisotropy within the material. A higher texture index after GNS addi-
tion suggests a more pronounced crystallographic orientation, which
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Fig. 11. SEM image and corresponding EDS elemental maps of a Sn—-Ag-GNS composite. (a) SEM image showing the distribution of GNS within the composite matrix,
with EDS quantitative analysis inset displaying weight percentages for Sn, C, and Ag. (b) EDS map for carbon (C) indicating the presence and distribution of GNS. (c)
EDS map for tin (Sn) showing the distribution of Sn within the composite. (d) EDS map for silver (Ag) highlighting the distribution of Ag particles.

can influence the anisotropy in mechanical and thermal properties.
EBSD results show a stark transformation in the grain boundary char-
acter. The fraction of high-angle grain boundaries increases from
approximately 55% pre-GNS addition to 75% post-GNS addition. The
texture index escalates from about 3.5 to 8.0, indicating a substantial
increase in preferred orientation alignment. The effect of GNS on grain
boundary scattering could influence both the electrical and thermal
conductivity of the alloy. The impact would depend on the distribution
and orientation of the GNS within the matrix. As a future recommen-
dation more analysis has to be completed on the electrical and thermal
behavior of this composite.
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