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Abstract

With the ongoing miniaturization of solder joints in three-dimensional integrated elec-
tronic packaging, electromigration reliability has become a pressing concern. This study
systematically examines the interfacial intermetallic compound (IMC) growth behavior
of Cu/Sn-58Bi/Cu joint under electromigration (EM) with a symmetrical square-wave
alternating current (AC). Electron backscatter diffraction (EBSD) was employed to perform
statistical spatial analysis of Sn grain orientations within the joints to reveal the growth
mechanism of interfacial IMC. Results demonstrate that the AC field markedly enhances
the anisotropy of IMC growth in Cu/Sn-58Bi/Cu joints, exhibiting two phenomena: uni-
form growth on both sides and rapid growth (polar growth) on one side of the interfacial
IMC. Among them, the IMC thickness difference characterization quantity ∆IMC reached
as high as 45.56% for the latter. This is attributed to the directional regulation of atomic
migration rate by Sn grain orientation (the angle θ between the c-axis and the electron flow)
and is further amplified by the altered atomic diffusion pathways imposed by the Bi phase
distribution. Specifically, the Sn grains exhibit a pronounced preferential orientation mode
along the current path (horizontal direction), with an orientation gradient of 0.915 µm−1.
The arrangement of Bi-rich phases alters the distribution of Sn grains in Cu/Sn-58Bi/Cu
joints, thereby reshaping the internal electron transport pathways and significantly intensi-
fying the orientation-dependent effect of IMC growth. Moreover, Sn grains adjacent to the
Bi-rich phase boundaries (phase boundary grains) display a stronger tendency for c-axis
orientation parallel to the current direction, exhibiting an average effective orientation
parameter 1.948 times greater than that of bulk grains, which establishes a well-defined
spatial orientation gradient.

Keywords: interface structure; alternating current; thickness difference in IMC; grain
orientation; polar growth; EBSD

1. Introduction
The electromigration (EM) reliability of solder joints is a key factor influencing the reli-

ability of high-density packaging, and significant progress has been made in understanding
its mechanism. Numerous studies have shown that under direct current (DC) stressing, the
growth behavior of intermetallic compound (IMC) in solder joints exhibits a clear polarity
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and is significantly affected by the state of the solder (solid/liquid). The fundamental driv-
ing force is the directional migration of atoms caused by electron wind [1–9]. At the same
time, EM under alternating current (AC) conditions has also attracted attention. Due to the
periodic alternation of AC direction, directional EM is weakened, while the randomness
of atomic diffusion is enhanced. Therefore, IMC may randomly form and grow at the
interface on both sides of joints, which differs from that under DC conditions. This is usu-
ally attributed to atomic migration driven by thermal and concentration gradients [10–13].
Further research indicates that the current crowding effect [14] and the anisotropy of the
crystallographic orientation of Sn grains [15–22] are two core microscopic mechanisms that
regulate EM rate and failure mode. Although previous studies have profoundly revealed
the dominant role of grain orientation in EM with DC stressing [19–21], the mechanism and
extent of influence of this key factor under AC stressing remain unclear. The orientation of
Sn grains in the AC field and how it dominates atomic migration processes have not been
fully elucidated.

Based on the unconventional phenomenon (polar growth of interfacial IMC) observed
in ball grid array (BGA) structure Cu/Sn-58Bi/Cu joints under EM with AC stressing in
our previous work [23], this study investigates the influence of microstructure of Sn-58Bi on
the interfacial IMC growth by comparing the differences in EM behavior between line-type
Cu/Sn-58Bi/Cu and Cu/Sn/Cu joints under AC stressing. Furthermore, by analyzing the
Sn grain orientation in the joint, the interfacial IMC growth mechanism under EM with AC
stressing was elucidated.

The core innovation of this study lies in combining electron backscatter diffraction
(EBSD) statistical analysis with microstructure characterization to elucidate the directional
regulation of Sn grain orientation on atomic migration under an AC field for the first time.
It also reveals how the Bi-rich phase distribution significantly amplifies this orientation-
dependent effect by altering atomic diffusion and internal electron transport paths. The
findings enhance understanding of the microscopic mechanisms of EM with AC stressing,
particularly clarifying the specific mechanisms and extent of influence of grain orientation
as a key factor under AC conditions.

2. Materials and Methods
2.1. Preparation of Samples

This study employs line-type structure joints to avoid current crowding caused by
asymmetrical configuration, thereby more clearly revealing the influence mechanism of
microstructure factors on the EM behavior of joints. The preparation process for the line-
type joints is as follows: (1) Two high-purity oxygen-free copper wires (320 µm in diameter)
and Sn-58Bi solder balls (300 µm in diameter) are sequentially cleaned with acetone and
alcohol using ultrasonication to remove surface organic contaminants and then dried for
later use. (2) The solder ball is placed between the ends of the two Cu wires, with a distance
of 200 µm between the ends (i.e., the joint height), and slight pressure is applied to form a
stable lap structure (as shown in Figure 1). (3) The lap structure is reflow soldered using a
BGA rework station (HR460, Dinghua Technology, Shenzhen, China). During the reflow
process, by setting a reasonable peak temperature and holding time, it is ensured that the
solder fully melts, spreads, and undergoes a metallurgical reaction with the Cu substrate,
ultimately forming a reliable Cu/Sn-58Bi/Cu joint. In addition, considering that pure Sn
solder has a uniform microstructure, a line-type Cu/Sn/Cu joint was prepared using the
same method as a control to study the influence of the non-uniform structure of Sn-58Bi
solder. The cross-sectional morphology of the prepared joints is shown in Figure 2.
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Figure 1. Preparation of samples of line-type Cu/Sn-58Bi/Cu and Cu/Sn/Cu joints.

Figure 2. The cross-sectional morphology of the prepared joints: (a) Cu/Sn-58Bi/Cu joint;
(c) Cu/Sn/Cu joint; (b,d) enlarged view of “Area X” in (a,c); (e–i) EDS characterization results
of “Point X” in (b,d).

2.2. Experimental Procedure

EM experiments were conducted using a symmetrical square-wave AC excitation
provided by a bipolar constant power supply (KRT-1030, Kingrang Electronic Technology,
Shenzhen, China). The test current was 9.65 A (1.2 × 104 A/cm2), the frequency was 250 Hz,
and the energizing time was 180 min. Simultaneously, the joint samples were placed in a
constant-temperature oil bath to ensure temperature uniformity. The oil bath temperatures
for Cu/Sn-58Bi/Cu and Cu/Sn/Cu were set to 60 ◦C and 120 ◦C, respectively, to ensure
that the solder matrix remained in a solid state throughout the EM experiment. Epoxy
resin was used to splice the electrical connections of the samples to achieve insulation and
mechanical protection. A schematic diagram of the EM experiment is shown in Figure 3.
After EM, scanning electron microscopy (SEM, ZEISS G360) and EBSD (ZEISS G360, Carl
Zeiss AG, Oberkochen, Germany) were used to characterize the microstructure and grain
orientation of the samples, respectively. The sample surface was ion-polished using an

https://doi.org/10.3390/cryst16020127

https://doi.org/10.3390/cryst16020127


Crystals 2026, 16, 127 4 of 14

argon ion polisher (EM TIC 3X, Leica Microsystems, Wetzlar, Germany) before EBSD
characterization. Moreover, the interfacial IMC thickness was obtained by dividing the
total area of the interfacial IMC phase by its projected interfacial length. It is worth noting
that the IMC thickness of both interfaces of the joint was calculated separately, and 20 sets
of tests were conducted for each type of joint.

 
Figure 3. Schematic diagram of the EM experiment of joints under AC stressing.

3. Results and Discussion
3.1. Quantitative Analysis of IMC Thickness Difference on Both Sides of the Joint After EM

To quantitatively evaluate the evolution behavior of interfacial IMC on both sides of
the joint after EM, the growth asymmetry of the IMC is described by the ratio of the IMC
thickness difference (Tleft − Tright) to the joint height (H):

∆IMC =
∣∣∣Tleft − Tright

∣∣∣÷ H × 100% (1)

where ∆IMC is the IMC thickness difference characterization quantity; the larger the value
of ∆IMC, the more significant the asymmetry in IMC growth. Tleft and Tright represent the
interfacial IMC thickness of the left and right sides of the joint, respectively. According to
Equation (1), the ∆IMC values of 20 groups of Cu/Sn-58Bi/Cu and Cu/Sn/Cu joints were
calculated, and the difference distribution histogram and fitting curve are shown in Figure 4.
In Figure 4, the horizontal axis is the ∆IMC value (%), and the vertical axis is the statistical
distribution frequency (%) of the corresponding ∆IMC value. For example, when ∆IMC = 4.5,
the distribution frequency is 30%, which means there are six samples under this condition.
It should be noted that the ∆IMC values of these six samples are not all 4.5 but rather
distributed around 4.5. The two fitting curves represent the ∆IMC value distribution of
Cu/Sn/Cu (red) and Cu/Sn-58Bi/Cu (blue) samples, respectively, which intuitively show
that the two sets of data have different central tendency and dispersion. Specifically, the
∆IMC value distribution of the Cu/Sn/Cu joint is relatively concentrated, and its geometric
mean is (5.79 ± 0.78)%. In contrast, the ∆IMC value of the Cu/Sn-58Bi/Cu joints has a
wider distribution range and is generally biased towards a larger value, reaching (17.86 ±
1.77)%, which is significantly higher than that of the Cu/Sn/Cu joints, indicating that the
polarity asymmetry of IMC growth in Cu/Sn-58Bi/Cu joints is more significant.

https://doi.org/10.3390/cryst16020127

https://doi.org/10.3390/cryst16020127


Crystals 2026, 16, 127 5 of 14

 
Figure 4. Histogram and fitting results of the thickness difference distribution of IMC at both ends of
Cu/Sn/Cu joints and Cu/Sn-58Bi/Cu joints after EM.

In fact, the interfacial IMC growth (polar or nonpolar growth) previously observed under
DC conditions lacked a precise mathematical definition because the IMC thickness on both
sides of the joint cannot be completely uniform [24,25]. For comparative analysis, we define the
arithmetic mean and its standard deviation as benchmarks, i.e., µg. The ∆IMC values of joints
greater than the upper limit of µg are classified into the “high asymmetry” group, representing
significant differences in IMC growth. The ∆IMC values of joints less than the lower limit of
µg are classified into the “low asymmetry” group, representing smaller differences in IMC
growth. This grouping method provides a clear statistical basis for the subsequent selection of
typical samples from each group for in-depth microstructure characterization.

3.2. Microstructure-Induced Differential IMC Growth of Joints After EM

To systematically investigate the influence mechanism of microstructure, two typical
results with significantly different IMC growth were selected from Cu/Sn-58Bi/Cu and
Cu/Sn/Cu joints after EM for comparative analysis.

3.2.1. SEM Results Analysis of Cu/Sn-58Bi/Cu Joints After EM

Figure 5 shows the SEM results of Cu/Sn-58Bi/Cu joints, where the representative
microstructure of the joint with significant IMC growth asymmetry (high ∆IMC value) is
shown in Figure 5a. The internal structure of joints exhibits obvious non-uniformity: a large
number of bulk Bi-rich phases with a size of several micrometers are visible, and they are
discretely distributed, indicating that Bi elements have undergone significant segregation
during the EM process. At the same time, the IMC layer at the interface between the solder
and the Cu substrate shows strong growth asymmetry. The IMC layer at the left interface
is significantly thicker than that at the right interface, and the morphology is also coarser,
with local scallop-like or whisker-like protrusions, while the IMC at the right interface is
relatively thin and flat. Quantitative calculations show that the IMC thickness difference
characterization quantity ∆IMC at the left interface is as high as 45.56%, which is more
significant than that of DC conditions [26]. Further EDS analysis (Figure 5c–e) shows that
the atomic ratio of Cu to Sn is close to 6:5, which confirms that the main component of the
IMC is Cu6Sn5 [27,28]. This phenomenon indicates that the combined effect of electron
wind and chemical potential gradient drives the directional migration of Sn atoms (or
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Cu atoms), resulting in preferential growth of the IMC on the left interface. Furthermore,
the aggregation of the Bi-rich phase may further exacerbate this polar growth effect by
hindering the diffusion path or changing the local current density.

Figure 5. Different IMC growth behaviors of Cu/Sn-58Bi/Cu joints after EM: (a,f) two typical
microstructures; (b,g) enlarged view of “Area X” in (a,f); (c–e) and (h–j) EDS characterization results
of “Spectrogram X” in (b,g).

Moreover, the joints with minimal IMC growth asymmetry (low ∆IMC value) exhibit a
distinctly different evolutionary pattern, as shown in Figure 5f. In the joint, only a small
number of fine Bi-rich phase particles are observed, and their distribution is sparse, without
forming large-scale aggregations. Correspondingly, the IMC layer at the solder/Cu sub-
strate interface on both sides grows uniformly, with similar thickness and a continuous and
dense morphology, showing no obvious asymmetric growth. The IMC thickness difference
characterization quantity ∆IMC is only 12.56%. EDS analysis results (Figure 5h–j) also
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confirm that the interfacial IMC is mainly Cu6Sn5. This result indicates that the EM driving
force is greatly alleviated under these conditions, possibly due to the specific orientation of
the Sn grains (e.g., the c-axis parallel to the interface), weakening the anisotropy of atomic
diffusion, or the more uniform current distribution under this microstructure, thereby
suppressing the polar growth of IMC.

In summary, the two sets of results show significant differences under the same EM
parameters. In high ∆IMC joints, the presence of bulk Bi-rich phases not only affects me-
chanical properties as brittle phases, but their interfaces are also likely to become rapid
channels for atomic diffusion or void nucleation sites and, synergistically with the specific
orientation of Sn grains, exacerbate the asymmetric growth of IMC. In contrast, in low
∆IMC joints, the fine and uniform distribution of the second phase, along with favorable
crystal orientation, promotes the homogenization of current and stress distribution, thereby
enhancing the joint’s resistance to EM damage. This comparison clearly demonstrates that
under AC stressing, there is a close coupling relationship between Sn grain orientation
and the spatial distribution of Bi-rich phases; both jointly regulate atomic migration be-
havior and IMC growth morphology and are key microscopic factors determining the EM
reliability of joints.

3.2.2. SEM Results Analysis of Cu/Sn/Cu Joints After EM

Sn-58Bi eutectic solder forms a typical two-phase lamellar structure with alternating
Sn and Bi phases after solidification. This inherent microstructural inhomogeneity leads
to a significant alteration in the electron flow path under electrical load. The resistivity
difference between the Sn and Bi phases forces current to preferentially flow through
the low-resistivity Sn phase channels, resulting in significant local current crowding near
the phase boundaries and within the Sn phase, greatly intensifying the effect of electron
wind on directional movement of atoms [29]. In contrast, pure Sn solder has a uniform
single-phase solid solution structure, resulting in a more uniform current distribution,
which theoretically can effectively alleviate local current accumulation, thereby resulting in
a more uniform IMC growth phenomenon on both sides of the joints. Based on this, the
microstructure evolution of a uniform Cu/Sn/Cu joint under EM with AC stressing will be
further analyzed below to verify this hypothesis.

Similarly, after testing with the same EM parameters as the Cu/Sn-58Bi/Cu joints, two
typical microstructures of Cu/Sn/Cu joints (high ∆IMC value and low ∆IMC value) were
selected for SEM characterization, and the results are shown in Figure 6. For the Cu/Sn/Cu
joints with high ∆IMC value, the IMC layer on the left side of the interface is significantly
thicker than that on the right side, and the morphology is coarser and more irregular,
as shown in Figure 6a,b. EDS analysis (Figure 6e,f) confirms that the interfacial IMC is
mainly composed of Cu6Sn5. However, the IMC thickness difference characterization
quantity ∆IMC of the joint is 12.02%, which is lower than the low ∆IMC value (12.56%) of the
Cu/Sn-58Bi/Cu joint. For the Cu/Sn/Cu joints with low ∆IMC value, the IMC layer at the
solder/Cu substrate interface grows uniformly, with similar thickness on both sides, and
the morphology is continuous and dense. No obvious asymmetric growth phenomenon is
observed, as shown in Figure 6e,f. The IMC thickness difference characterization quantity
∆IMC of the joint is only 2.38%. EDS analysis also confirms that the interface is dominated
by Cu6Sn5 (see Figure 6g,h). This result clearly shows that under a uniform single-phase
microstructure, the EM driving force is dispersed, thereby significantly suppressing the
polar growth of IMC and the asymmetric consumption of the Cu substrate.
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Figure 6. Different IMC growth behaviors of Cu/Sn/Cu joints after EM: (a,c) two typical microstruc-
tures; (b,d) enlarged view of “Area X” in (a,c); (e–h) EDS characterization results of “Spectrogram X”
in (b,d).

Furthermore, through a quantitative statistical comparison of the interfacial IMC
growth asymmetry between Cu/Sn-58Bi/Cu and Cu/Sn/Cu joints with the same line-type
structure, it was found that the average IMC growth asymmetry of the Cu/Sn/Cu joint
after EM with AC stressing was reduced by approximately 60% compared to that of the
Cu/Sn-58Bi/Cu joint. This significant quantitative difference strongly demonstrates that
the uniformity of the solder microstructure is a key intrinsic factor in regulating current
distribution and thus determining the degree of EM damage.

3.3. IMC Growth Mechanism of Cu/Sn-58Bi/Cu Joints Under AC Stressing

Based on the findings in Section 3.2, the non-uniform microstructure of the Sn-58Bi
solder is the main reason for the polar growth of IMC under symmetrical square-wave AC
stressing. Previous studies have shown that the growth of interfacial IMC is closely related
to the grain orientation of the joint under current stressing [17,30]. The microstructure
affects the current path within the joint, thereby further influencing the crystal structure of
the solder matrix (such as changes in grain orientation), leading to changes in IMC growth.
Therefore, the grain orientation of the Cu/Sn-58Bi/Cu joint was analyzed. It is worth noting
that uniform growth of IMC on both sides under symmetrical square-wave AC stressing
(i.e., joints with low IMC value) is a relatively common phenomenon [10,31]. Therefore,
only Cu/Sn-58Bi/Cu joints with significant asymmetric IMC growth (i.e., samples with
high ∆IMC value) were selected for EBSD characterization, and the results are shown in
Figure 7. We randomly selected five representative regions (each region with a diameter
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of 20 µm and containing multiple Sn grains) from the cross-section joint, and the inverse
pole figures (IPFs) obtained are shown in Figure 7b–f. Clearly, the Sn grain orientation on
the thinner IMC side (Figure 7b,c) differs significantly from that on the thicker IMC side
(Figure 7d–f). It is worth noting that the five selected regions are all at different distances
from the interfacial IMC, and there is a certain correlation between grain orientation and
spatial location (distribution).

 
Figure 7. EBSD results of Cu/Sn-58Bi/Cu joints with high ∆IMC value: (a) local morphology; (b–f)
the IPF of rectangles b~f in (a), respectively.

The results in Figure 7b–f show that, in the case of coexistence of multi-sized grains,
although the presence of tiny grains is dominant in quantity, their actual contribution to
the overall material properties is limited. Furthermore, when the orientation difference
between grains is less than the software’s resolution (typically 2–5◦), these grains are often
incorrectly identified as a single grain or cannot be accurately segmented. Considering
that atomic diffusion flux is directly related to the cross-sectional area of the diffusion
path, grain area was used as a weight to improve statistical representativeness and ensure
that the orientation parameter accurately reflects the influence of the dominant grain on
EM behavior. The orientation and size of all valid grains (removing grains considered as
measurement noise and with a size <2 µm) within each selected region were obtained using
EBSD. The orientation parameter of each grain was represented by a function, and then a
weighted average was calculated using the grain area as the weight to obtain a weighted
average orientation parameter (or effective orientation parameter) for the selected region.
The effective orientation parameter (Qi) can be described as [32]

Qi =
∑N

j=1 Aij · D
(
θij
)

∑N
j=1 Aij

(2)

where N is the effective number of grains; Aij is the cross-sectional area of the j-th grain in
the i-th region (five selected regions); θij is the angle between the c-axis of the j-th grain in
the i-th region and the direction of electron flow; D(θij) represents the orientation correlation
function. Since Cu atoms diffuse in Sn grains with obvious anisotropy, for example, the
diffusion coefficient of Cu atoms along the c-axis of Sn grains is about 4.3 × 102 times that
along the a-axis at 150 ◦C [18]. According to the diffusion theory proposed by Shi and
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Huntington [33], the D(θij) of Cu atoms in a certain Sn grain orientation can be calculated
using the following formula:

D
(
θij
)
= Da sin2 θij + Dc cos2 θij (3)

where Da and Dc are the diffusion coefficients (m2/s) of Cu atoms along the a and c axes
of Sn, respectively. Since Da << Dc, Equation (3) can be simplified to an approximate
expression as follows:

D
(
θij
)
= Dc cos2 θij (4)

When calculating the orientation-weighted average, it can be extracted as a constant
factor without affecting the relative distribution of orientation weights. This approach is
based on the diffusion theory and conforms to the area-weighted principle commonly used
in material texture analysis [34]. Therefore, the simplified effective orientation parameter
Qi can be expressed as

Qi =
∑N

j=1 Aij · D
(
θij
)

∑N
j=1 Aij

(5)

The effective orientation parameter Qi in Equation (5) reflects the contribution of grain
orientation to IMC growth within the selected region. Furthermore, with the thick-side
IMC/Cu interface as the origin, the horizontal coordinate x of the center of each selected
region was recorded. Pearson correlation analysis was used to analyze the correlation
between the effective orientation parameter and the horizontal position x of the five selected
regions, and the results are shown in Figure 8. This indicates a positive correlation between
the horizontal position of the grain and the effective orientation parameter Qi (where r =
0.915, p < 0.05, indicating a significant correlation).

 

Figure 8. Correlation between the effective orientation parameter and the spatial location of selected regions.

According to Equation (5), the smaller the angle between the c-axis of the grain and
the direction of electron flow, the larger Qi is. This means that in the region near the origin
of the coordinate system (thick-side IMC), the <001> (c-axis) orientation of the grain tends
to be parallel to the direction of electron flow. The observed 0.915 µm−1 positive orientation
gradient indicates that during the EM process, the Sn grain forms a preferred orientation
mode along the current path (horizontal direction), and there is a significant positive
correlation between the orientation angle and its horizontal distance to the solder/IMC
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interface. Previous studies [19,21] have confirmed that diffusion anisotropy in Sn solder
under DC stressing leads to orientation-dependent failure mechanisms. Although this study
examined AC stressing, the identified orientation gradients may cause specific regions
of the joint to exhibit different EM behaviors. Theoretically, regions with a c-axis of Sn
grain more aligned with the current direction would exhibit faster atomic diffusion rates,
potentially leading to accelerated interfacial reactions and variations in IMC growth. The
consistency of this orientation pattern across multiple selected regions indicates that this is
not a random distribution but rather a systematic microstructural feature formed in joints.

The microstructure of the Cu/Sn-58Bi/Cu joint is a typical two-phase inhomogeneous
system. The polar growth of the IMC under AC stressing is related to the following two
mechanisms: (1) The angle between the c-axis of the Sn grains and the direction of electron
flow regulates the atomic migration rate. This physical mechanism remains valid under AC
fields and is not altered by the periodic reversal of the current direction. (2) This regulation
effect is related to the precipitation of the Bi-rich phase to some extent. It can change the
electron migration pathway in the joint, directly affecting the spatial distribution of Sn
grains, and thus determining the preferred growth of IMC. As shown in Figure 9, the
effective orientation parameters Qi of two types of Sn grains—phase boundary grains and
bulk grains—were statistically analyzed. The red boundaries represent phase boundary
grains, which are adjacent to the Bi-rich phase, while the blue boundaries represent bulk
grains. The results show that the average effective orientation parameter is 0.6241 for the
phase boundary grains and 0.3204 for the bulk grains. This means that the closer the Sn
grain is to the Bi phase, the more likely its c-axis is to be parallel to the current direction,
which is more conducive to IMC growth. This is because the Bi-rich phase forces the
current to converge on these grains, thus amplifying and manifesting its crystallographic
anisotropy effect macroscopically. Therefore, an abnormal phenomenon of obvious IMC
asymmetric growth (polar growth) can be observed in the Cu/Sn-58Bi/Cu joint under EM
with AC stressing.

 
Figure 9. Division of Sn grains into two types: bulk grains (blue) and phase boundary (Sn/Bi phase
boundary) grains (red).

4. Conclusions
This study investigated interfacial IMC growth behavior of Cu/Sn-58Bi/Cu joint

under EM with a symmetrical square-wave AC, and the mechanism of IMC polar growth
was revealed through grain orientation analysis. The main conclusions are as follows:
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(1) The interfacial IMC of Cu/Sn-58Bi/Cu joints exhibits significant asymmetric
growth under EM with AC stressing. The average value of the IMC thickness differ-
ence characterization quantity ∆IMC reaches 17.86 ± 1.77%. In extreme cases, the ∆IMC

value of Cu/Sn-58Bi/Cu joint is as high as 45.56%, demonstrating obvious polar growth
characteristics.

(2) Compared to Cu/Sn/Cu joints, Cu/Sn-58Bi/Cu joints exhibit more significant
IMC growth asymmetry under EM with AC stressing, with an average asymmetry degree
approximately 60% higher. This is attributed to the inhomogeneity of the Sn-58Bi solder
microstructure, where the distribution of Bi-rich phases alters the current path within the
joint, exacerbating the directional driving effect of electron wind on atomic migration.

(3) The orientation of Sn grains has a significant regulatory effect on IMC growth of
Cu/Sn-58Bi/Cu joints. A distinct orientation gradient (0.915 µm−1) is formed within the
joint along the current path. The c-axis of Sn grains at adjacent Bi-rich phase boundaries
(phase boundary grains) tends to be parallel to the current direction, and their average
effective orientation parameter is 1.948 times that of the bulk grains, thus establishing a
clear spatial orientation gradient and promoting rapid growth of the interfacial IMC.
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