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A B S T R A C T

Investigating the interconnection and strengthening mechanisms of die-attach layers is instrumental for 
advancing die attach process toward low-pressure and, ultimately, pressureless sintering while maintaining 
reliability. This study compares the microstructure and micromechanical heterogeneity of the pressure-assisted 
and pressureless regions in SiC die attach to elucidate the interconnection and strengthening mechanisms. 
Recrystallized grains make up 71.7 % of the pressureless region, markedly lower than the approximately 90 % 
observed in the pressure-assisted region, resulting in a higher porosity in the former. Evidence of both continuous 
dynamic recrystallization and discontinuous dynamic recrystallization is identified throughout the sintered layer. 
Microhardness reveals that the pressureless zone exhibits a hardness of 0.373 GPa, significantly lower than left 
(0.745 GPa) and right (1.832 GPa) of pressure-assisted region. All three regions share an average grain size of 
400 ± 50 nm, and geometrically necessary dislocation density in pressureless zone exceeds that in pressure- 
assisted areas, neither of which can account for the difference in micromechanical performance. In contrast, 
the statistically stored dislocation (SSD) densities on the left and right of the pressure-assisted region are 
approximately 4.74 × 1014 m− 2 and 2.88 × 1015 m− 2, respectively—substantially higher than the 2.88 × 1014 

m− 2 measured in the pressureless region. Collectively, these findings demonstrate that dislocation strengthening, 
and particularly SSD density, constitutes the dominant strengthening mechanism in silver sintered layers. This 
work not only provides new insights for enhancing reliability under low-pressure and pressureless sintering but 
also establishes a theoretical foundation for optimizing sintering material formulations.

1. Introduction

In response to global climate change and the drive for sustainable 
development, the renewable energy sector, which encompasses electric 
vehicles and photovoltaic energy storage, has become a primary focus of 
innovation [1]. To improve power density and energy conversion effi
ciency, wide bandgap and ultra-wide bandgap semiconductors have 
been developed. These semiconductors offer thermal conductivity and 
bandgap widths nearly three times greater than those of conventional 
silicon devices, which enables reliable operation in extreme 

environments [2]. The choice of packaging material is crucial for 
ensuring reliable device operation. However, conventional solder has 
notable limitations, including a lower melting point, a poor thermal 
expansion match with the SiC die, and lower thermal conductivity, all of 
which pose reliability challenges in high-frequency switching applica
tions [3]. The development of advanced sintering techniques, such as 
nano-silver sintering, offers a solution to these reliability issues by 
enhancing the durability of die interconnect layers in harsh environ
ments [4–6].

Today, pressure-assisted silver sintering has become a mainstream, 
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mass-production-ready silicon carbide die interconnect process in in
dustry. However, this method places significant demands on the struc
tural integrity of the sintered material along the Z-direction. Moreover, 
applying pressure at high temperatures risks damaging the SiC [7]. 
Currently, pressure-assisted sintering mainly utilizes graphite sheets as a 
buffer layer to reduce the pressure impact on the dies, which inevitably 
increases process complexity. To reduce or even prevent die damage 
caused by packaging, low-pressure and low-temperature sintering pro
cesses, along with pressureless sintering, have become important areas 
of research [8,9]. However, these interconnection processes, which are 
characterized by a low sintering driving force, can limit the mechanical 
properties of the sintered layer, leading to process instability. Thus, 
exploring the interconnection and strengthening mechanisms of silver 
sintering processes provides a theoretical foundation for advancing 
low-temperature, low-pressure, and pressureless sintering techniques.

Existing studies generally agree that the interconnection mechanism 
of silver nanoparticles is mainly governed by diffusion [10–12]. 
Research via transmission electron microscopy has shown that surface 
diffusion dominates at temperatures between 160 ◦C and 250 ◦C. As the 
temperature increases to 300◦C-350 ◦C, volume diffusion becomes the 
predominant mechanism. Additionally, a positive correlation has been 
observed between sintering strength and the square of the ratio of neck 
size to Ag particle size. To differentiate from the sintering mechanism of 
spherical, isotropic silver nanoparticles, some studies have investigated 
the anisotropic sintering behavior by preparing triangular silver nano
sheets, which were found to form through diffusion facilitated by a 
bridging effect [11]. In low-temperature sintering processes involving 
micron and sub-micron silver, curvature studies revealed that diffusion 
remains the primary mechanism [12]. Alongside experimental findings, 
molecular dynamics simulations have shown that the sintering process is 
predominantly governed by a diffusion-based plastic mechanism. 
Studies have also shown that necked grains tend to tilt and rotate to 
minimize crystal misorientation [13]. Historically, research into 
strengthening mechanisms has focused not only on sintering necks but 
has also utilized molecular dynamics simulations to examine the sin
tering and melting behaviors of silver nanoparticles. These studies 
suggest that slip and dislocation mechanisms at high temperatures play a 
crucial role in strengthening the silver-sintered layer [14,15]. In 
conclusion, current research on silver sintering mechanisms has pri
marily focused on the necking of silver particles observed under scan
ning electron microscopy and on diffusion processes visualized through 
transmission electron microscopy. Simulations also reveal that grains at 
the sintering necks tend to tilt and rotate to minimize crystal misori
entation [13], which displays typical characteristics of recrystallization. 
To date, no experimental studies have directly validated the intercon
nection mechanisms in sintered silver joints.

Furthermore, research on the strengthening mechanisms of nano- 
silver sintered layers is limited and has primarily focused on sintering 
morphology, including the dimensions of sintering necks and their 
impact on mechanical properties [14]. Studies on dislocation strength
ening have mainly relied on molecular dynamics simulations [14] and 
experimental validation of these strengthening mechanisms within the 
sintered layer is still lacking. Strengthening mechanisms can be cate
gorized into four main types: dislocation strengthening, grain refine
ment strengthening, solid solution strengthening, and precipitation 
strengthening [16]. In the absence of solid solution atoms within the 
sintered material, solid solution strengthening has minimal impact. 
Additionally, the lack of precipitate phases in the sintered layer suggests 
that precipitation strengthening is not a primary mechanism. Grain 
refinement, however, is a significant strengthening mechanism that 
warrants consideration in such investigations. Dislocation strengthening 
also plays a critical role and is mainly influenced by geometrically 
necessary dislocation (GND) density and statistically stored dislocation 
(SSD) density [17]. The strengthening behaviors of dislocation densities 
differ, with GND mainly contributing to strengthening near grain 
boundaries and twin boundaries, while SSD, which is mainly distributed 

within the grains, plays a strengthening role inside the grains [18].
In summary, current research lacks experimental validation from a 

microscopic perspective in the exploration of interconnection and 
strengthening mechanisms. To address this gap, we performed detailed 
microstructure characterization and micromechanical testing. Accord
ing to microstructure characterization and micromechanical property 
testing, this research provides essential data to support the advancement 
of pressure-assisted sintering towards pressureless sintering, as well as a 
theoretical foundation for improving the stability of pressureless sin
tered materials in industrial applications.

This study mainly employs electron backscatter diffraction (EBSD) 
and nanoindentation techniques to compare the recrystallization frac
tion, recrystallization type, texture characteristics, GND, and SSD in the 
sintered layer. Additionally, it compares the micromechanical proper
ties, including hardness and yield strength. The study then explores the 
interconnection and strengthening mechanisms of the sintered layer by 
correlating microstructural features with mechanical properties.

2. Experiment

2.1. Materials and method

The test SiC die used in this study was a 1200 V power die manu
factured by SICHAIN, identified as SG2M014120B, with dimensions of 
4.8 mm × 6.3 mm × 0.2 mm. The backside of the SiC die was metalized 
with a 1 μm thick layer of Ti/Ni/Ag, while the top metallization layer 
consisted of Ni/Pd/Au with a thickness of 4 μm. The substrate, supplied 
by Ferrotec, was fabricated using the active metal brazing (AMB) tech
nology. As shown in Fig. 1(a), the AMB structure featured a sandwich 
design consisting of Cu/Ceramic/Cu, with the upper and lower copper 
layers each having a thickness of 0.5 mm, and the ceramic interlayer 
measuring 0.32 mm. To enhance the reliability of the silver intercon
nect, a 0.6-μm-thick silver layer was electroplated onto the upper copper 
layer of the AMB ceramic substrate. For the sintering experiments, a 
commercially available nano-silver paste, ALPHA ARGOMAX 2020 
PASTE, was used, supplied by MacDermid Alpha (Waterbury, CT, USA). 
Fig. 1(f) shows the particle size of the silver paste before sintering. 
Statistical analysis reveals that the particle diameter before sintering is 
approximately 292 nm ± 32 nm. The viscosity at 25 ◦C is approximately 
34 Pa s, and the specific gravity is 3.3 g/cm3.

As illustrated in Fig. 1(a)–(d), the sintering experiment consisted of 
four main processes: material preparation, printing, pre-drying, and 
sintering. A stencil with a thickness of 100 μm was used to ensure the 
sintered interconnection layer reached approximately 20 μm in thick
ness. The printing experiments were conducted using the YAMAHA 
YCP10 fully automatic printing machine. During printing, the blade 
contact angle was set to 60◦, and the printing speed was configured at 
100 mm/s. The pre-drying experiments were performed using the Son
gling HYD90-2T, with a drying temperature of 130 ◦C and a drying time 
of 30 min. The dried samples were then placed in the Datacon 2200evo 
for hot attach experiments, with the substrate heating temperature set to 
135 ◦C. Subsequently, pressure-assisted sintering experiments were 
conducted on the assembled sandwich structure (SiC/Ag/AMB) using 
the Boschman Sinterstar Innovate-F-XL. The sintering process took place 
in a nitrogen atmosphere at 250 ◦C, with a pressure of 15 MPa for a 
duration of 300 s, as shown in Fig. 1(e).

2.2. Microstructure characterization

To characterize the microstructural features of the silver sintered 
interconnect layer and explore their correlation with mechanical prop
erties, EBSD experiments were conducted in regions exhibiting signifi
cant variations in mechanical performance. The samples for 
microstructural analysis were mounted in a 30-mm diameter metallo
graphic epoxy resin mount, as shown in Fig. 1(g). Polishing was per
formed using sandpaper with grit sizes ranging from #400 to #4000, 
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followed by diamond spray polishing with particle sizes of 0.5 μm and 
2.5 μm. The final cross-section was prepared using a standard Hitachi 
ion milling machine, model IM4000II, for ion milling. Microstructure 
characterization of the cross-section was conducted to obtain high- 
quality orientation data using a Thermo Scientific Apreo 2C device 
equipped with an EDAX Velocity Super ultrafast EBSD probe. The test 
was performed at a voltage of 20 kV and an accelerating current of 6.4 
nA. The EBSD scan had a step size of 50 nm and covered 400 × 400 
pixels. Fig. 1(g) defines the X-Y-Z analysis system for the sample, where 
X denotes the transverse direction of the sintered layer, Y represents the 
longitudinal direction of the sintered layer, and Z indicates the thickness 
direction of the sintered layer. The photographic position, shown in 
Fig. 1(g), includes three main regions, with the leftmost region being 
subjected to temperature but not pressure during the sintering process. 
The remaining two regions were influenced by both temperature and 
pressure. According to the nanoindentation results, the region with the 
highest hardness and the region with the lowest hardness were selected 
for further analysis. To accurately characterize the testing locations, the 
distances from the measurement points to the SiC edge were marked 
using an optical microscope, which measured 1454 μm and 442 μm, 
respectively. Grain size statistics, crystal orientation analysis, grain 
boundary characterization, and texture analysis were performed using 
TSL OIM. The proportions of recrystallized grains, deformed grains, and 

substructures were analyzed using HKL Channel 5 software. The Schmid 
factor distribution and GND were analyzed using the MATLAB-based 
MTEX toolbox.

2.3. Nanoindentation test

Nanoindentation experiments were performed using a KLA iNano 
nanomechanical tester equipped with a diamond Berkovich indenter. To 
investigate the distribution of mechanical properties across different 
regions of the interconnect layer and compare the sintered mechanical 
performance between non-pressurized and pressure-assisted areas, 
hardness mapping was conducted on the sintered layer. In the nano
indentation mapping tests, owing to the thinness of the sintered layer, 
experiments were conducted only near the die side and the AMB side, 
with a 50 μm distance between adjacent test points. The target load was 
set to 25 mN, the target depth to 500 nm, and the target indentation 
strain rate to 0.2 s− 1, as shown in Fig. 1(g). To calculate SSD, nano
indentation tests were performed at varying depths, with the target 
depth ranging from 100 nm to 1500 nm and the target load set to 50 mN. 
The EBSD capture positions were aligned with the locations of the 
nanoindentation tests to ensure consistent calibration distances and 
enable the correlation of microstructural features with micromechanical 
properties.

Fig. 1. (a)–(d) Flowchart of the silver sintering process, (e) sintering parameters, (f) the particle size before sintering and (g) schematic showing the positions for 
nanoindentation and EBSD tests.
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3. Results

3.1. Microstructure characteristics

3.1.1. Porous and grain features
To accurately correlate the microstructural characteristics of the 

sintered interconnection layer with its micromechanical properties, 
relative coordinates are marked after micromechanical performance 
testing. Microstructural images of the corresponding regions are then 
captured. Fig. 2 presents the microstructural morphology of different 
regions in the interconnect layer of the SiC die. Fig. 2(a)–(c) correspond 
to the positions labeled a–c in the schematic of Fig. 2(d). In the following 
discussion, the region of artificially created sintered silver overflow, 
which is not subjected to pressure during sintering, is denoted as Z1. The 
left and right sides of the pressure-assisted sintering zone are labeled as 
Z2 and Z3, respectively. Fig. 2(a) shows that Z1 contains a higher 
quantity of larger pores. In contrast, Z2 and Z3, as illustrated in Fig. 2(b) 
and (c), exhibit significantly smaller pores and a lower overall pore 
count, which indicates that pressure plays a critical role in sintering 
densification. Fig. 2(e) and (f) summarize the porosity, pore count, and 
pore area across the three regions. As shown, the porosity in Z1 reaches 
18.14 % and approaches the 20 % acceptance threshold commonly seen 
in industrial applications. Additionally, the pore area shows a distinctly 
heterogeneous distribution, with most pores ranging between 0 and 0.5 

μm2, while the maximum pore area reaches as high as 2.8–3.9 μm2. In 
contrast, the porosity in Z2 and Z3 is reduced to 5.14 % and 3.69 %, 
which represents decreases of 71.7 % and 79.66 %, respectively, 
compared with the porosity in Z1. The number of pores decreases to 129 
and 49, which reflects reductions of 33.5 % and 74.7 %, respectively. 
Additionally, the pore area distribution in Z2 and Z3 is more consistent 
than that in Z1, with all distributions falling within the range of 0–0.5 
μm2. In summary, during the sintering process of SiC dies, the porosity in 
Z1 is approximately 18.14 %, which is significantly higher than in Z2 
and Z3, where the porosity ranges from 3.69 % to 5.14 %.

Fig. 3 presents the grain orientation maps for Z1, as well as Z2 and 
Z3, where high-angle grain boundaries (HAGBs), with a misorientation 
angle greater than 15◦, are marked by black lines. The two types of 
recrystallized twin boundaries are marked with red lines, with orienta
tion difference angles of 60◦ and 38.9◦, respectively. The colors in the 
inverse pole figure correspond to different grain orientations, which can 
be used to determine the crystallographic growth directions. The data 
indicate that the crystal orientations at all three locations are relatively 
similar, with a higher prevalence of grains growing along the <001>
direction, which is parallel to the Y-axis, and the <101> direction, 
which is also parallel to the Y-axis. However, no distinct preferred 
orientation is observed, which suggests that the overall differences in 
crystal orientation may not be the primary factor contributing to the 
variations in micro-mechanical properties.

Fig. 2. Microstructural morphology in different regions of the SiC die interconnect layer: (a) Z1, (b) Z2, (c) Z3, (d) position schematic diagram, (e) pore count and 
(f) area.
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Fig. 3. Inverse pole figure of SiC interconnect layer: (a) Z1, (b) Z2, and (c) Z3.

Fig. 4. Grain morphology for (a) Z1, (b) Z2, (c) Z3, and size statistics for (d) Z1, (e) Z2, and (f) Z3.
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To quantitatively assess the differences in grain size among the Z1, 
Z2, and Z3 regions of the sintered layer, EBSD was used to perform a 
statistical analysis of grain sizes in the three areas, as shown in Fig. 4. 
Fig. 4(a)–(c) show the grain size distribution for Z1, Z2 and Z3. It can be 
observed that there is almost no difference among Z1, Z2 and Z3. The 
grain sizes, indicated in blue font in Fig. 4, are based on statistical results 
obtained using TSL OIM software, with the analysis conducted under the 
condition that the influence of twin boundaries is excluded. As illus
trated in Fig. 4(d)–(f), the average grain sizes in the Z1, Z2, and Z3 re
gions are 0.368 μm, 0.426 μm, and 0.377 μm, respectively, with 
maximum deviations of 0.133 μm, 0.162 μm, and 0.14 μm. This in
dicates that the maximum difference in grain size, whether in Z1 or 
between Z2 and Z3, is only approximately 13.6 %. However, the sta
tistical distribution results reveal that the proportion of grains exceeding 
0.7 μm in size is significantly higher in Z2 and Z3 (5.19 % and 2.14 %, 
respectively) than in Z1 (1 %). This suggests that the application of 
pressure promotes the coalescence and growth of grains. Additionally, 
Gaussian fitting is applied to the grain size distribution, with the fitting 
results and corresponding equations presented in Fig. 4(d)–(f). The R- 
squared values of the distribution are 0.989, 0.980, and 0.963, which 
indicate a statistically significant relationship. The fitted mean grain 
sizes are 0.354 μm, 0.403 μm, and 0.360 μm for Z1, Z2, and Z3, 
respectively. It suggests that while pressure has a minimal impact on the 
overall grain size in the sintered regions of the die, it does promote 
localized grain growth.

In conclusion, during the sintering of SiC dies, pressure significantly 
affects porosity and promotes localized grain growth, but has a lesser 
impact on overall crystal orientation and average grain size.

3.1.2. Recrystallization features
During the interconnection process, the SiC sintered layer is 

simultaneously subjected to temperature and pressure, representing a 
typical thermo-mechanical coupling process. Under this coupling, the 
interconnection mechanism primarily consists of dynamic recovery and 
dynamic recrystallization, which directly influences the microstructural 
evolution and mechanical properties. Therefore, it is crucial to discuss 
the interconnection mechanism of SiC sintered layers.

Fig. 5 shows the distribution of grain boundaries in the interconnect 
layer. HAGBs, with an orientation difference angle greater than 15◦, are 
marked with a black line. Low-angle grain boundaries (LAGBs), with an 
orientation difference angle between 2◦ and 15◦, are marked with a 
green line. The twin boundaries, which mainly consist of two types of 
recrystallized twins with orientation difference angles of 60◦ and 38.9◦, 
are also marked with a red line. Fig. 5(a) represents the region subjected 
to sintering without applied pressure, which falls under the categories of 
static recovery and recrystallization. Fig. 5 (b) and (c) depict regions 
directly beneath the die, which fall under the category of dynamic 
recrystallization. Fig. 5(d) is a magnified view of the region shown in 
Fig. 5(b). SiC sintering is a typical plastic deformation process influ
enced by temperature. During this process, dislocations proliferate and 
migrate significantly. When the stacking fault energy is relatively high, 
dislocations can rearrange in an orderly manner through slip and climb 
mechanisms to form sub-grain boundaries, as indicated by the blue ar
rows in Fig. 5(d). As plastic deformation progresses, sub-grain bound
aries gradually absorb dislocations, leading to an increase in 
misorientation. When the misorientation exceeds 15◦, HAGBs form, 
which partitions the original large grains. This mechanism of increasing 
misorientation is a characteristic feature of continuous dynamic 
recrystallization (CDRX) [19–21]. Lattice rotation typically occurs at 
grain boundaries, where sub-grains, which are formed by dislocation 
slip and climb within the grains, undergo rotation as driving forces such 
as temperature or strain increase. This rotation promotes the formation 

Fig. 5. Distribution of grain boundaries in the interconnect layer of SiC dies: (a) Z1, (b) Z2, (c) Z3 and the (d) localized enlarged view of (b).
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of new recrystallized grains. Additionally, typical characteristics of 
discontinuous dynamic recrystallization (DDRX) [21,22] were observed 
in the sintered layer of SiC dies. As indicated by the yellow arrows in 
Fig. 5(d), a cluster of continuous and fine grains is distributed in a 
“necklace-like” arrangement around a larger grain. This phenomenon is 
mainly attributed to the accumulation of a significant number of dislo
cations during the plastic deformation process, which becomes blocked 
at the grain boundaries. Once the threshold is reached, dynamic 
recrystallization nuclei form at the grain boundaries and either grow or 
diminish under the influence of stored energy and interfacial energy. In 
conclusion, the primary interconnection mechanisms in the interconnect 
layers are CDRX and DDRX.

Additionally, according to Fig. 5, the grain boundary lengths in the 
three regions are quantified and summarized in Table 1. The statistics in 
the table show that all regions have the largest percentage of HAGBs, 
which range from 80 % to 85 %. LAGBs have the smallest percentage, 
approximately 2.5 %, while twin boundaries account for around 13 %– 
15 %. Furthermore, the proportions of HAGBs, LAGBs, and twin 
boundaries in the three regions exhibit minimal variation, which in
dicates that, during the sintering process, the impact of pressure on the 
overall crystal orientation and the quantity of grain boundaries is not 
particularly significant.

Fig. 6 shows the distribution of the recrystallized fraction in the 
sintered layer of the SiC die, as determined using Channel 5 software. In 
the figure, blue grains represent recrystallized grains, yellow grains 
represent substructured grains, and red grains represent deformed 
grains. For this study, grains with an average intragranular misorien
tation of less than 1◦ are classified as recrystallized grains, grains with 
misorientations between 1◦ and 7.5◦ are classified as substructured 
grains, and grains with misorientations greater than 7.5◦ are classified as 
deformed grains. As seen in Fig. 6(a) and (d), the Z1 region is mainly 
composed of recrystallized grains, which account for 71.7 % of the total. 
Substructured grains and deformed grains make up 26.3 % and 2 %, 
respectively. In contrast, the Z2 and Z3 regions exhibit significantly 
higher proportions of recrystallized grains, with 91.3 % in Z2 and 89.6 % 
in Z3. Substructured grains account for 8.04 % and 9.72 %, while 
deformed grains make up 0.629 % and 0.694 %, respectively. Addi
tionally, Fig. 6 shows that substructured and deformed grains are 
commonly distributed around the pores. This suggests that, from a 
macroscopic perspective, pore healing during the sintering process pri
marily manifests as recrystallization at the microscopic level. In sum
mary, pressure plays a crucial role in the transformation of 
substructured grains into recrystallized grains during sintering.

In the region of pressure-assisted sintering, the dynamic recrystalli
zation processes in Z2 and Z3 show minimal differences. Sole reliance on 
the distribution of recrystallized grains to explain the extent of recrys
tallization may lead to significant errors. Therefore, integrating the 
grain orientation spread (GOS) map with the recrystallized grain dis
tribution map can improve the reliability of the data. The GOS distri
bution map is generated by selecting several points within a grain and 
calculating the average misorientation angle of all selected points to 
determine the GOS value for that grain [23]. Fig. 7 illustrates the GOS in 
the interconnect layer, where the white region indicates a small grain 
internal misorientation, and the red region indicates a large grain in
ternal misorientation. In the Z1 region, the overall grain misorientation 
is significantly higher than in the Z2 and Z3 regions. Additionally, grains 
with higher GOS values are predominantly distributed around the pores. 

According to the statistical results obtained from TSL OIM software, the 
GOS values for the Z1, Z2, and Z3 regions are 0.230◦ ± 0.21◦, 0.158◦ ±

0.148◦, and 0.11◦ ± 0.09◦, respectively. Fig. 7(d) presents the GOS 
statistics and Gaussian fitting results for the three regions, with a grain 
count of approximately 7000 to 9,000, all of which follow a normal 
distribution (R-squared values of 0.895, 0.95, and 0.92, respectively). 
Therefore, the data can be considered reliable and accurate. According 
to the fitting results, the average GOS values for the Z1, Z2, and Z3 re
gions are 0.1494◦, 0.1288◦, and 0.092◦, respectively. This indicates that 
the recrystallization degree is lowest in the Z1 region and higher in the 
Z2 and Z3 regions, with the Z3 region exhibiting the highest degree of 
recrystallization.

In conclusion, the primary interconnection mechanism is dynamic 
recrystallization, with the dominant recrystallization types being CDRX 
and DDRX. The degree of recrystallization is highest in the Z3, followed 
by the Z2, while the Z1 exhibits the lowest recrystallization degree.

3.1.3. Texture development
To accurately analyze the texture characteristics of the sintered layer 

in different regions, the orientation distribution functions (ODFs) for Z1, 
Z2, and Z3 are obtained via EBSD, as shown in Fig. 8(a)–(c), with the 
component information for all textures summarized in Table 2. Fig. 8(d) 
presents a typical ideal texture component. As seen in Fig. 8, the texture 
features of the three regions are partially similar, each containing the 
deformed textures S and RT Brass. The deformed RT Brass texture in Z1 
exhibits the highest intensity, approximately 1.471. Additionally, 
typical recrystallized textures, such as F, Cube, and CubeND, are 
observed with an intensity of about 1.3, while the S texture has an in
tensity of approximately 1.35. Similar to Z1, Z2 also contains Cube, RT 
Brass, F, and S textures, with intensity values of 1.2, 1.492, 1.3, and 
1.185, respectively. Additionally, the Z2 exhibits a copper texture with 
an intensity of approximately 1.4 and an RT Cube texture with an in
tensity of around 1.2. In contrast, the Cube texture completely disap
pears in Z3, while a relatively high intensity (1.377) of the RT Brass 
texture is still preserved. CubeND, which disappears in Z2, reappears in 
Z3 with an intensity of 1.236. Furthermore, the Goss texture and shear 
texture B/ B also develop in Z3, with the intensities of S and copper 
reaching up to 1.377. The volume fraction of the sintered layer texture is 
statistically summarized in Fig. 8(e). The volume fraction of the 
deformed texture S is the highest and accounts for 3.1 %, 2.7 %, and 2.7 
% in Z1, Z2, and Z3, respectively. The volume fraction of the Cube 
texture is highest in Z1 (0.9 %) and decreases to 0.7 % in Z2, while Cube 
is absent in Z3. The combined volume fraction of the remaining 
recrystallization textures in the three regions is approximately 4 %. 
Additionally, the shear texture B/ B is present in Z3 and accounts for 1.2 
%. Furthermore, the total texture volume fractions of Z1, Z2, and Z3 are 
8 %, 8.8 %, and 9.6 %, respectively, which indicates that the sintered 
layer of the SiC die does not exhibit a significant crystal-preferred 
orientation.

3.2. Micro-mechanical properties

3.2.1. Hardness distribution
Nanoindentation is currently a crucial technique for characterizing 

micro-mechanical properties in the semiconductor field. Fig. 9(a) pre
sents a schematic of the nanoindentation experiment, highlighting the 

Table 1 
Statistical results of grain boundaries in different regions.

Z1 Z2 Z3

Length/μm Proportion/% Length/μm Proportion/% Length/μm Proportion/%

HAGBs 2860 84.5 4170 82.2 3220 84.6
LAGBs 79.69 2.4 124.9 2.5 92.84 2.4
Twinning 444.3 13.1 776.43 15.3 492.36 13
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key parameters. The results of the nanoindentation experiments are 
primarily presented as load-displacement (P-h) curves, as shown in the 
first quadrant of Fig. 9(b). By connecting the nanoindentation schematic 
with the P-h curve, key information about the sample indentation can be 
obtained to calculate micro-mechanical parameters, where hmax repre
sents the maximum indentation depth (subsequently referred to as hm), 
hc is the contact depth, and Am is the projected area of the maximum 
contact region in the vertical direction. hr represents the distance from 

the indenter tip to the initial surface of the sample after unloading. 
Based on the P-h curve, the nanoindentation process can be divided into 
three stages: the loading curve, the holding curve, and the unloading 
curve [25]. The data presented in the figure. indicate that during the 
loading phase, the P-h curve follows a quadratic function (P = Ch2), 
suggesting that the rate of load increase accelerates with increasing 
penetration depth. Upon reaching the maximum load penetration depth, 
the system enters a load-holding stage. Subsequently, as the indenter is 

Fig. 6. Distribution of recrystallized grains in the interconnect layer (a) Z1, (b) Z2, (c) Z3, and (d) statistical chart.

Fig. 7. Grain orientation spread in the interconnect layer: (a) Z1, (b) Z2, (c) Z3, and (d) statistical chart.
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retracted, the load gradually decreases, transitioning into the unloading 
stage [26]. The figure indicates that the total work during the applica
tion of load can be divided into elastic work (We) and plastic work (Wp).

Based on the classical mechanics approach and plastic deformation 

theory by Oliver and Pharr [27], the analysis of the P-h curve data allows 
for the discussion of the mechanical parameters, such as hardness and 
equivalent elastic modulus, according to Eqs (1)–(3) [28,29]: 

Н=
Pmax

Am
(1) 

Am ≈ 24.56hc
2 (2) 

S=
dP
dh

⃒
⃒
⃒
⃒
hm

(3) 

where H represents hardness, Pmax denotes the maximum applied load, 
E* is the equivalent elastic modulus. The slope at the upper end of the 
unloading curve, denoted as S, can be calculated in conjunction with 
Fig. 9(b) and Eq. (3). The contact depth, denoted as hc, can be calculated 
by Eq. (4) [28]: 

hc = hmax − ε Pmax

S
(4) 

Fig. 8. ODFs distribution in the interconnect sintered layer of SiC die: (a) Z1, (b) Z2, (c) Z3, and (d) ideal texture component, and (e) the texture volume fraction.

Table 2 
Miller Indices and Euler Angles of main texture orientations [24].

Designation Miller Indices {hkl}<uvw> Euler Angles (◦)

φ1 Ф φ2

F {111}<112> 30/90 55 45
B/ B {111}<110> 0/60 54.7 45
RT brass {110}<111> 35 90 45

55 45 0
RT cube {001}<110> 45 0/90 0
CubeND {001}<310> 18.4/71.6 0 0
S {213}<634> 58.98 37.70 63.43
Cube {001}<100> 0/90 0/90 0/90
Copper {112}<111> 90 35 45
Goss {011}<100> 0 45 0/90

Fig. 9. (a) Schematic of nanoindentation, (b) schematic of the nanoindentation load–displacement curve and stress–strain curve.
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where ε is a constant (for a diamond Berkovich indenter, ε = 0.75). The 
maximum indentation depth (hmax) can be directly obtained from the 
test results and the P-h curve.

Additionally, the equivalent elastic modulus E* can be defined based 
on the elastic modulus and Poisson’s ratio of the test samples and the 
Berkovich indenter, as shown in Eq. (5) [26]: 

1
E* =

1 − υ2

E
+

1 − νi
2

Ei
(5) 

where Ei and ʋi represent the elastic modulus and Poisson’s ratio of the 
diamond Berkovich indenter, respectively. In this paper, the values for Ei 
and ʋi are taken as 1140 GPa and 0.07, respectively. Here, E and ʋ 
represent the elastic modulus and Poisson’s ratio of the test samples. The 
elastic modulus (E) for different regions was determined based on the 
results of nanoindentation experiments, with a Poisson’s ratio of 0.37 for 
silver [9].

In summary, nanoindentation is an effective technique for deter
mining the mechanical parameters of materials through numerical 
calculations.

3.2.2. Nanoindentation stress-strain curve
To investigate the differences in the micro-mechanical properties of 

the sintered layer, nanoindentation experiments were conducted at 50 
μm intervals along the X direction. Owing to the thin nature of the 
sintered layer, nanoindentation is performed in two distinct regions: one 
near the SiC side and the other near AMB side. According to the results 
obtained from the P–h curves, the hardness is calculated using Eqs. (1), 
(2) and (5), and subsequently visualized as a contour plot, as shown in 
Fig. 10(a). The top and bottom regions marked in Fig. 10(a), as well as 
the left, center, and right positions on both the top and bottom sides, 
along with the non-pressurized area, are extracted and plotted as box 
plots with Gaussian fitting, as shown in Fig. 10(b). The hardness of the 
sintered layer near the AMB side and the SiC side are approximately 
1.089 ± 0.31 GPa and 1.027 ± 0.25 GPa, respectively, with the hardness 
near the AMB side being about 6 % higher than near the SiC side. This is 
primarily due to the close coefficient of thermal expansion (CTE) be
tween silver in the die attach layer (18.9 ppm/K) and copper on the AMB 
(16.5 ppm/K), in contrast to the significant difference from SiC (5.1 
ppm/K). During the cooling process, SiC hinders the shrinkage of the 
sintered layer, making it difficult for pores to heal, which is manifested 
as lower hardness. In the sintered area near the SiC side, the hardness is 

generally lower on the left side (around 0.95 ± 0.26 GPa), highest in the 
center (around 1.13 ± 0.21 GPa), and around 1.03 ± 0.25 GPa on the 
right side. The hardness on the left side is approximately 16 % lower 
than in the center and 8 % lower than on the right side. In the region 
near the AMB side, the hardness values are approximately 0.96 ± 0.28 
GPa on the left, 1.18 ± 0.21 GPa in the center, and 1.21 ± 0.37 GPa on 
the right. Notably, the hardness on the left is approximately 20.7 % 
lower than that on the right. In regions not subjected to external pres
sure, the hardness shows good consistency but is generally low and 
measures approximately 0.38 ± 0.03 GPa. According to these results, 
the hardness of the sintered layer under pressure is approximately three 
times higher than that of the sintered layer without pressure. This pro
vides a data foundation for the subsequent comparative investigation of 
the strengthening mechanisms in the pressure-assisted and non- 
pressurized regions. Additionally, the variations in mechanical proper
ties within the pressure-assisted area further support the need for 
research into its strengthening mechanisms.

In conclusion, the hardness in the pressure-assisted region is 
approximately three times greater than in the non-pressurized region. 
Additionally, the hardness near the AMB side is approximately 6 % 
higher than near the SiC side, while the hardness in the left region of the 
sintered layer is 8 %–20.7 % lower than that in the middle and right 
sides.

3.2.3. P-h curve transformed to stress-strain curve theory
The stress-strain curve is another key indicator for studying the 

mechanical behavior of materials. It not only describes material prop
erties such as yield strength and elastic modulus but also serves as a 
direct reference for understanding and predicting these properties. In 
addition to providing information on hardness and SSD, nano
indentation enables the numerical calculation of yield strength and the 
generation of stress–strain curves [26]. The fourth quadrant Fig. 9(b) 
shows a typical stress–strain curve along with a mathematical model, as 
represented in Eq. (6). The figure highlights that the boundary between 
the elastic and plastic deformation stages occurs at the yield strength. In 
the elastic deformation stage, a linear region can be defined based on the 
elastic modulus and yield strength of the material. In the plastic defor
mation stage, the plastic deformation region is characterized using Eq. 
(6) [30]: 

σ =

⎧
⎪⎨

⎪⎩

Eε σ ≤ σy

σy

(

1 +
E
σy

ε
)n

σ > σy
(6) 

where ε represents strain, and n denotes the strain hardening exponent 
(usually 0.1–0.5 for metallic materials) [31].

Building on previous research, we improved the method for con
verting the P-h curves obtained from nanoindentation experiments into 
stress-strain curves, as illustrated in the flowchart in Fig. 11. Converting 
P-h curves to stress-strain curves requires ensuring that nano- 
indentation is performed on homogeneous material regions, avoiding 
pores. In porous sintered materials, excessive indentation depth should 
be avoided to prevent pore collapse or indenter contact with internal 
pores. The maximum indentation depth used in this study for P-h to 
stress-strain conversion is only 500 nm, and a Berkovich indenter (rather 
than a spherical indenter) is employed to effectively reduce the occur
rence of pore collapse due to its sharp tip geometry. If a significant in
crease in loading curvature is observed during indentation testing, the 
indentation data are deemed unreliable and the test needs to be 
repeated. It is clear from the previous formulation that the P-h curve can 
be fitted to a quadratic function during the applied load stage and the 
coefficients C of the function can be obtained. hm, hr, and Pm can be 
acquired directly from the P-h curve. Wp/Wt can be calculated from the 
integral area of the P-h curve enclosed with the X-axis, and S can be 
obtained from the slope of the curve at the maximum indentation depth. 
The maximum indentation area can be obtained by bringing the 

Fig. 10. (a) Hardness distribution of die interconnection layers and (b) statis
tical graphs.
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equivalent elasticity module obtained from Eq. (5) into Eq. (7) [31]: 

1
E*

̅̅̅̅̅̅
Am

√
dPm

dh

⃒
⃒
⃒
⃒
hm

= c* (7) 

where c* is a constant. For diamond Berkovich, c* takes 1.167 when the 
deformation is in the linear-elastic stage, and 1.237 when it is in the 
elastic-plastic deformation stage.

Substitution of the parameters C and E* into Eq. (8) and application 
of Newton’s iterative method yields the parameter σ0.033, which serves 
as a normalized, dimensionless function related to the strain hardening 
index [31]: 

C
σ0.033

=
∏

1

(
E*

σ0.033

)

= − 1.131
[

ln
(

E*

σ0.033

)]3

+13.635
[

ln
(

E*

σ0.033

)]2

− 30.594
[

ln
(

E*

σ0.033

)]

+ 29.267

(8) 

where Π1 is a dimensionless function, C is the loading curvature. Then, 
the calculated value of σ0.033 is substituted into Eq. (9), and Newton’s 
iterative method is applied to determine the strain hardening index n:  

where Π2 is a dimensionless function, dP
dh

⃒
⃒
⃒
⃒
hm 

is the unloading slope at the 

maximum indentation depth. When n > 0, the yield strength σy can be 
calculated using Eq. (10) [31]: 

σ0.033 = σy

(

1 +
E
σy

× 0.033
)n

(10) 

A piecewise function representing the stress–strain behavior across 
both the elastic and elastoplastic regions is obtained by substituting σy 
and n into Eq. (6), which allows for the construction of the stress–strain 
curve.

When n < 0, it is necessary to set n = 0. Under this assumption, σ0.033 
is considered equivalent to σy and this value is substituted into Eq. (8) to 
determine the parameter C of the P–h curve. The slope of the P–h curve 
at the maximum indentation depth can be calculated by concurrently 
applying Eq. (9). The projected area and hardness at the maximum 
indentation depth are derived using Eq. (7). These values are then 
substituted into Eqs. (11) and (12), and by employing Newton’s iteration 
method, the ratios hr/hm and Wp/Wt in the P-h curve can be obtained 
[31]: 

Fig. 11. Flowchart for converting P–h curves to stress–strain curves.

1
E*hm

dP
dh

⃒
⃒
⃒
⃒
hm

=
∏

2

(
E*

σ0.033
, n
)

=
(
− 1.4n3 + 0.78n2 + 0.16n − 0.068

)
[

ln
(

E*

σ0.033

)]3

+

(

17.93n3 − 9.22n2 − 2.38n+

0.863
)[

ln
(

E*

σ0.033

)]2

+
(
− 80n3 + 40.56n2 + 9n − 2.545

)
[

ln
(

E*

σ0.033

)]

+
(
122.65n3 − 63.9n2 − 9.59n + 6.2

)
(9) 
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H
E* =

∏

3

(
hr

hm

)

≈ 0.27
(

0.995 −
hr

hm

)1.1142735

(11) 

where Π3 and Π4 are dimensionless functions. Finally, the parameters 
obtained from the reverse analysis are compared with the experimental 
P–h curve parameters. If a good match is observed, the results can be 
reported; otherwise, the data will require recalibration.

In summary, nanoindentation experiments offer an effective method 
for deriving stress–strain curves and corresponding mechanical param
eters for test samples through numerical analysis.

3.2.4. Nanoindentation stress-strain curve
To comprehensively investigate the micro-mechanical properties of 

the sintered layer, three regions with distinctly different hardness lev
els—Z1, Z2, and Z3—were selected for analysis. This approach aims to 

explore variations in yield strength by providing valuable data to sup
port the subsequent study of strengthening mechanisms. The hardness 
values for Z1, Z2, and Z3 are 0.373 GPa, 0.745 GPa, and 1.832 GPa, 
respectively. The P–h curves from each region can be transformed into 

stress–strain curves, using Eqs. (6)–(12), as outlined in Fig. 11. The P–h 
curve, fitting results, and corresponding stress–strain curve is shown in 
Fig. 12, with parameters used in the transformation process summarized 
in Table 3. As depicted in Fig. 12(a)–(c), the R-squared values for the 
Gaussian fit during the loading stage are 0.997, 0.982, and 0.994, 
respectively, which indicates high-quality curve fitting and confirms the 
reliability of the data. Consequently, the stress–strain functions for the 
three regions, derived from the fitting results in conjunction with the 
relevant formulas, are presented in Fig. 12(d)–(f).

According to the calculated results, the yield strength in region Z1 is 
approximately 124.6 MPa, while the yield strengths in regions Z2 and Z3 
are 264.6 MPa and 636.5 MPa, respectively. The hardness-to-yield 
strength ratios for these regions are 2.99, 2.82, and 2.88, which aligns 

Fig. 12. P-h curves and stress-strain curves of SiC interconnection layers: (a)(d) Z1, (b)(e) Z2, and (c)(f) Z3.

Table 3 
Parameters for the transformation of P-h curves into stress-strain curves.

C (GPa) H (GPa) E* (GPa) Am (nm2) dPmax/dh (N/m) σ0.033 (GPa) n σy (GPa)

Pressureless 10.17 0.373 13.54 5.48 × 10− 12 39207 0.162 0.18 0.1246
Left 21.61 0.745 46.08 6.24 × 10− 12 93037 0.276 0.02 0.2646
Right 51.47 1.832 103.61 3.10 × 10− 12 225756 0.672 0.03 0.6365

Wp

Wt
=
∏

4

(
hr

hm

)

=1.612

⎧
⎪⎨

⎪⎩
1.13 − 1.75

[

− 1.493

(
hr
hm

)2.535]

− 0.0752
(

hr

hm

)1.135826

⎫
⎪⎬

⎪⎭
(12) 
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with the empirical range of 2.9–3.9 obtained from Tabor’s relationship 
[32]. This suggests that Tabor’s relationship is suitable for a rough 
conversion between hardness and yield strength in the sintered layers 
when tested with a diamond Berkovich indenter. Additionally, the yield 
strength in Z1 is only 19.6 %–47.1 % of that in Z2 and Z3, which in
dicates that pressure may enhance the micromechanical properties of 
the sintered layers. Furthermore, the pressure-assisted region shows a 
yield strength deviation of approximately 58.43 %, which offers valu
able data to support further investigation into the strengthening 
mechanisms.

4. Discussion

4.1. Influence of crystal orientation on strengthening mechanisms

The primary strengthening mechanisms in metals include dislocation 
strengthening, precipitation strengthening, solid solution strengthening, 
and grain refinement. Since the sintered silver layer is a metallic layer 
without precipitates, precipitation strengthening has minimal impact on 
its mechanical properties. In metals where non-precipitation strength
ening mechanisms are dominant, the effect of texture on mechanical 
properties is also significant and cannot be overlooked [22].

Under applied pressure, grains often develop distinct preferred ori
entations, leading to anisotropy in both microstructure and micro
mechanical properties. Previous studies have shown that the Schmid 
factor acts as a link between texture and micromechanical behavior. To 
further examine the strengthening mechanisms of the sintered layer, 
calculation of the Schmid factors corresponding to the texture types 
shown in Fig. 8 is necessary, as outlined in Eqs. (13)–(15) [33]: 

cos φ=
F→⋅N→

⃒
⃒
⃒ F
→
⃒
⃒
⃒⋅
⃒
⃒
⃒N
→
⃒
⃒
⃒

(13) 

cos θ=
F→⋅ τ→

⃒
⃒
⃒ F
→
⃒
⃒
⃒⋅| τ→|

(14) 

τ = F cos φ cos θ
A0

= mσ (15) 

where φ represents the angle between the external force direction and 
the normal to the slip plane, θ is the angle between the external force 
direction and the slip direction, F→ is the direction of external force, N→

signifies the normal to the slip plane, τ→ represents the slip direction, m is 
Schmid factor, τ is shear stress. According to Eq. (15), a larger Schmid 
factor under the same external force facilitates reaching the critical 
resolved shear stress, τrss, which in turn promotes slip system activation 
[34,35]. Given that the sintered layer is only about 15–20 μm thick 
along the Z-axis, forces applied during the SiC switching process mainly 
affect the X–Y plane. Therefore, the Schmid factors for the ideal texture 
of the sintered layer under various slip systems are calculated along the 

X and Y directions, as shown in Tables 4 and 5.
The computed results indicate that the Cube texture has a maximum 

Schmid factor of 0.41 in both the X and Y directions, with eight corre
sponding slip systems. This high susceptibility to soft orientation allows 
it to reach the critical shear stress first, which initiates slip. While the 
CubeND and S textures also exhibit high maximum Schmid factor values, 
these correspond to only 1–2 slip systems. Deformation under external 
forces generally requires coordinated responses from five adjacent 
grains. Although the Goss texture shows a maximum Schmid factor of 
0.41 in the Y direction with eight slip systems, it has only four slip 
systems with relatively high Schmid factor values in the X direction. The 
maximum Schmid factor values for the B/ B RT Cube and F textures in 
both the X and Y directions are 0.41. However, the corresponding slip 
systems are limited to only two and four groups, respectively. For both 
copper and RT brass textures, the maximum Schmid factor in the X di
rection is 0.41, with 2–4 slip systems. In contrast, the maximum Schmid 
factor in the Y direction is significantly lower, at 0.27, with eight active 
slip systems. This suggests that under localized external forces, the 
copper texture tends to align in a hard orientation. The RT Brass, S, and F 
textures exhibit relatively high strength and volume fractions in all three 
regions. Therefore, in the transverse comparison, the influence of these 
three textures on the differences in micro-mechanical properties can be 
considered negligible. As the volume fraction of Cube texture gradually 
decreases from 0.9 % (Z1) to 0.7 % (Z2) and then disappears (Z3), the 
hardness values progressively increase from 0.373 GPa (Z1) to 0.745 
GPa (Z2), and finally reach 1.832 GPa (Z3). Additionally, the gradual 
development of the Copper texture and its significant increase in in
tensity help maintain a locally harder orientation under the applied 
external force.

To examine the impact of overall crystal orientation on micro
mechanical properties, the distribution of the maximum Schmid factor 
of the stress tensor along the X and Y directions is plotted and statisti
cally analyzed using the MTEX toolbox, as shown in Fig. 13. In this plot, 
yellow grains represent those with a higher maximum Schmid factor, 
while blue grains correspond to those with a lower maximum Schmid 
factor.

According to the stress tensor along the X-axis, in the Z1 region, the 
distribution of maximum Schmid factors falls within the ranges of 
0.48–0.5, 0.46–0.5, 0.44–0.5, and 0.42–0.5, with corresponding pro
portions of 29.56 %, 52.88 %, 71.90 %, and 83.11 %, respectively. In the 
Z2 region, these proportions are 28.58 %, 51.99 %, 71.97 %, and 83.81 
%. In the Z3 region, the proportions are 30.06 %, 52.61 %, 71.64 %, and 
83.57 %. When the applied stress tensor is oriented along the Y-axis, the 
maximum Schmid factor distribution in the Z1 region shows proportions 
of 30.29 %, 52.78 %, 71.24 %, and 82.88 % for the ranges of 0.48–0.5, 
0.46–0.5, 0.44–0.5, and 0.42–0.5, respectively. In the Z2 region, these 
values are 29.88 %, 53.02 %, 71.46 %, and 82.59 %, while in the Z3 
region, they are 29.28 %, 51.84 %, 70.76 %, and 83.05 %. Overall, it can 
be concluded that there are no significant differences in the distribution 
of the maximum Schmid factors, which do not account for the variations 
in micromechanical properties.

Table 4 
Schmid factors of ideal textures along X direction under different slip systems.

Slip plane (111) (111) (111) (111)

Slip direction [011] [101] [110] [110] [101] [011] [011] [101] [110] [101] [110] [011]

F 0 0 0 − 0.41 0 0.41 0.41 0 0.41 0 0 0
B 0 0 0 0 0.27 0.27 0.41 − 0.14 0.27 − 0.41 0.27 − 0.14
B 0 0 0 − 0.41 − 0.14 0.27 0 0.27 0.27 0.41 − 0.14 0.27
RT brass − 0.27 0.41 − 0.14 − 0.27 − 0.27 0 0.27 0.14 0.41 0 0 0
RT cube − 0.41 0.41 0 0 − 0.41 − 0.41 0 0 0 0 0 0
CubeND − 0.49 0.16 0.33 0.33 − 0.16 − 0.49 − 0.24 − 0.08 − 0.33 − 0.08 0.33 0.24
S − 0.02 − 0.06 − 0.07 − 0.26 − 0.09 0.17 − 0.18 0.3 0.11 0.44 − 0.07 0.37
Cube − 0.41 0 0.41 0.41 0 − 0.41 − 0.41 0 − 0.41 0 0.41 0.41
Copper 0 0 0 0 0 0 − 0.41 0.41 0 0.41 0 0.41
Goss 0 0 0 0.41 0.41 0 0 0 0 − 0.41 0.41 0
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In conclusion, the gradual disappearance of the Cube texture and the 
emergence of the Copper texture contribute to improved micro
mechanical properties in localized regions, while the impact of the 
maximum Schmid factor distribution is minimal.

4.2. Influence of Hall-Petch relationship on strengthening mechanisms

Grain refinement is one of the four primary strengthening mecha
nisms, commonly explained by the Hall-Petch equation, which describes 
the relationship between grain size and yield strength. Grain boundaries 
impede dislocation motion, and a reduction in grain size increases the 
number of grain boundaries. The increase in yield strength resulting 
from a reduction in grain size can be calculated using the Hall-Petch 
relationship, as shown in Eq. (16) [36]: 

ΔσH− P =
Ky
̅̅̅̅
D

√ (16) 

where ΔσH− P is the yield strength increment due to grain refinement, D 
is the average grain size, and Ky is a material-dependent constant. Pre
vious research shows that Ky varies across different grain size ranges. 

According to the results in Section 2.1.1, the grain sizes in the Z1, Z2, 
and Z3 regions are 0.368 μm, 0.426 μm, and 0.377 μm, respectively. 
Therefore, Ky can be calculated using Eq. (17) [37]: 

Ky =M
(

Gbτc

αp

)1
2

(17) 

where M is the Taylor factor (commonly 3.06 for FCC metals), αp typi
cally takes the value of 1, and τc = 15–31 MPa. According to the cal
culations, Ky is approximately 0.0412 MPa 

̅̅̅̅
m

√
. Finally, by 

incorporating the grain size and Hall-Petch coefficient, Ky, the yield 
strength increments due to grain size in the Z1, Z2, and Z3 regions are 
approximately 66.31 MPa, 63.12 MPa, and 67.1 MPa, respectively. 
These results show almost no difference in the yield strength across these 
three regions, with the yield strength increment in Z2 being slightly 
lower than that of Z1. This suggests that the difference in yield strength 
increment due to grain size is insufficient to explain the higher hardness 
and yield strength observed in the pressure-assisted zone of the sintered 
SiC die layer.

Table 5 
Schmid factors of ideal textures along Y direction under different slip systems.

Slip plane (111) (111) (111) (111)

Slip direction [011] [101] [110] [110] [101] [011] [011] [101] [110] [101] [110] [011]

F 0 0 0 0.41 0.27 − 0.14 − 0.41 0.27 − 0.14 0 0.27 0.27
B 0 0 0 0 0 0 − 0.41 0.41 0 0.41 0 0.41
B 0 0 0 0.41 0.41 0 0 0 0 − 0.41 0.41 0
RT brass 0.27 0 − 0.27 0.27 0.27 0 − 0.27 0.27 0 0 0 0
RT cube 0 0 0 0 0 0 − 0.41 0.41 0 0.41 0 0.41
CubeND 0.09 0.24 − 0.33 − 0.33 − 0.24 0.08 − 0.16 0.49 0.33 0.49 − 0.33 0.16
S − 0.33 0.23 0.1 0.26 0.09 − 0.17 0.07 − 0.01 0.06 − 0.33 0.42 0.09
Cube 0 0.41 − 0.41 − 0.41 − 0.41 0 0 0.41 0.41 0.41 − 0.41 0
Copper − 0.27 0.27 0 0 0 0 0.27 0 0.27 − 0.27 0.27 0
Goss 0 0.41 − 0.41 − 0.41 − 0.41 0 0 0.41 0.41 0.41 − 0.41 0

Fig. 13. The maximum Schmid factor distribution of stress tensor along the X-direction in SiC interconnect layers: (a) Z1, (b) Z2 and (c) Z3, and the maximum 
Schmid factor distribution of stress tensor along the Y-direction: (d) Z1, (e) Z2 and (f) Z3.
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4.3. Influence of dislocation on strengthening mechanisms

4.3.1. Influence of GND on strengthening mechanisms
Dislocation strengthening is widely regarded as one of the most 

effective mechanisms among the four strengthening methods in metal 
materials. Previous research indicates that both SSDs and GNDs 
contribute equally to isotropic hardening. GNDs typically form and 
accumulate near grain boundaries, which increases yield strength by 
pinning dislocations and obstructing their motion. In contrast, SSDs 

predominantly develop within the grains, raise the overall dislocation 
density and, as a result, further enhance the material’s yield strength.

In this paper, both EBSD and nanoindentation are used to differen
tiate the effects of GND and SSD on the micro-mechanical properties of 
materials. Fig. 14 illustrates the GND distribution in the interconnect 
layer, along with magnified views of specific regions. As shown in 
Fig. 14(a1)–(c1), GND tends to accumulate at grain boundaries and twin 
boundaries, while the GND density within the grains is generally lower 
than that at the boundaries. Moreover, GND density is higher in the 

Fig. 14. GND distribution in the SiC die interconnect layer: (a) (a1) Z1, (b) (b1) Z2, and (c) (c1) Z3, and (d) statistical graph.

Fig. 15. P-h curves for different depths of SiC interconnect layers: (a) Z1, (b) Z2 and (c) Z3, and H2-1/h linear fitting plot: (d) Z1, (e) Z2 and (f) Z3.

C. Gu et al.                                                                                                                                                                                                                                       Journal of Materials Research and Technology 38 (2025) 619–636 

633 



sintering pores. According to Fig. 14(a)–(d), the GND densities in the Z1, 
Z2, and Z3 regions are approximately 3.21 × 1014 m− 2, 2.646 × 1014 

m− 2, and 1.367 × 1014 m− 2, respectively. Despite the higher GND 
density in the Z1 region, the hardness and yield strength are at their 
lowest. This suggests that GND is not the primary factor contributing to 
the strengthening of the sintered layers.

4.3.2. SSD calculation theory
In nanoindentation experiments, hardness typically decreases with 

increasing indentation depth, a phenomenon known as the indentation 
size effect [38]. Nix and Gao [38] demonstrated that this size effect is 
often associated with the presence of GND, as the indentation depth and 
deformation increase, which causes GND to respond to the varying 
strain gradient beneath the indentation. In contrast, SSD does not exhibit 
a size effect, which means that SSD remains unaffected by changes in 
indentation depth. Thus, nanoindentation is an effective method for 
characterizing SSD. Assuming the von Mises flow law applies, Tabor’s 
factor (3) can be used to convert the equivalent flow stress, σ, to hard
ness, H, based on Eqs. (18) and (19) [38,39]: 

H0 =3
̅̅̅
3

√
αGb ̅̅̅̅̅̅̅̅̅ρSSD

√ (18) 

H= 3
̅̅̅
3

√
αGb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρSSD + ρGND

√
(19) 

where H0 is the hardness derived from SSD, and H is the hardness 
measured at a specific indentation depth. Eq. (20) can be used to 
calculate the GND density: 

H

/

H0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
h*

h

√

(20) 

The indentation depth is varied to construct the H2− 1/h curve and 
linear fitting is performed, with the intercept of the fitted line designated 
as H0

2 [26,39,40]. Subsequently, the SSD can be calculated using Eq. 
(18).

4.3.3. Influence of SSD on strengthening mechanisms
Fig. 15 presents the P–h curves and the linear fitting of H2− 1/h at 

various depths within the SiC interconnection layer. The R-squares of 
the linear fits are 0.90, 0.99, and 0.99, respectively, which indicates that 
the fitting results are reliable. The value of H0 shows a gradual increase 
from Z1 to Z3. According to Eq. (18), the calculated SSD densities in Z1, 
Z2, and Z3 are 2.88 × 1014 m− 2, 4.74 × 1014 m− 2, and 2.98 × 1015 m− 2, 
respectively. This demonstrates a significant increasing trend, which 
aligns well with the observed mechanical properties. The increment in 
yield strength resulting from dislocation strengthening can be calculated 
using Eq. (21) [41]: 

Δσdis =MαGbρ1/2 (21) 

where Δσdis is the yield strength increment and ρ is the total dislocation 
density. Therefore, the yield strength increments in Z1, Z2, and Z3 are 
285 MPa, 314 MPa, and 646 MPa, respectively. When considering only 
the influence of SSDs, the yield strength increments are 196 MPa, 251 
MPa, and 620 MPa, respectively, which align more closely with the yield 
points observed on the stress–strain curve. It can be inferred that in the 
pressureless sintering region, both SSDs and GNDs significantly affect 
the micro-mechanical properties, where SSDs contribute approximately 
69 %. However, in the pressure-assisted sintering region, SSDs exhibit a 
higher contribution to the micro-mechanical properties. Specifically, 
SSDs account for 80 % and 96 % in Z2 and Z3 regions, respectively. This 
indicates that the increase in strength and hardness of the die attach in 
the pressure-assisted sintering region primarily originates from the in
crease in SSDs. Therefore, SSDs are the dominant factor leading to the 
strengthening of the micro-mechanical properties.

In conclusion, dislocation density, particularly SSD, is the primary 
strengthening mechanism in sintered layers. Thus, increasing the SSD 
density in the sintered layer offers a promising approach to enhancing 
the mechanical properties of pressure-sintered materials.

4.4. Interconnect mechanism and strengthening mechanism of SiC 
sintered layer

Fig. 16 illustrates the interconnection and strengthening mechanisms 
of the SiC sintering layer. Before the sintering experiment, the organic 

Fig. 16. Schematic diagram of interconnect and strengthening mechanisms in the sintered layer of SiC die.
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components of the nano-silver paste are subjected to high-temperature 
drying, which results in the complete evaporation of the organic mate
rial and leaves only the nano-silver particles. Under the combined in
fluence of temperature and pressure in the sintering device, the silver 
particles begin to make contact and undergo necking. During this pro
cess, GNDs accumulate at high densities around defects such as twin 
boundaries, HAGBs, and pores. Dislocations within the interior of the 
grain begin to align in an orderly arrangement and form sub-grain 
boundaries, as indicated by the green line in Fig. 16. With further 
application of pressure and temperature, the pores gradually heal 
through dynamic recrystallization. The sub-grain boundaries within the 
grains increase in misorientation under the influence of thermo- 
mechanical coupling. When the misorientation reaches approximately 
15◦, HAGBs are formed, which represents the misorientation mechanism 
of CDRX, as shown in the yellow grains in Fig. 16. As pressure increases, 
dislocations accumulate near the original grain boundaries and undergo 
slip and climb, which causes the initially smooth boundaries to gradu
ally protrude. As plastic deformation progresses, the protruding regions 
experience lattice rotation, resulting in increased misorientation and the 
formation of dynamically recrystallized grains. This corresponds to the 
lattice rotation mechanism of CDRX, as indicated by the green grains in 
Fig. 16. High-density dislocations accumulate near the grain boundaries 
and become activated during the plastic deformation process. This 
phenomenon leads to the nucleation of fine recrystallized grains at the 
boundaries of the original large grains, resulting in the formation of fine 
“necklace-like” structured grains, as illustrated by the blue grains in 
Fig. 16. Furthermore, as the degree of recrystallization increases, GNDs 
near the grain boundaries (shown in blue) gradually diminish. The sig
nificant increase in SSD (shown in white) within the grains, driven by 
continuous and homogeneous plastic deformation, plays an increasingly 
important role in the dislocation strengthening of the sintered layers.

5. Conclusions

In this paper, the non-homogeneity of microstructure and micro
mechanical properties in different areas of the SiC sintered layer is 
mainly investigated to explore the interconnect and strengthening 
mechanisms. The main conclusions are as follows. 

1. In the SiC sintered layers, the porosity in the Z1 is approximately 
18.14 %, significantly higher than the values of 5.14 % and 3.69 % 
observed in the Z2 and Z3, respectively. The pressure has minimal 
impact on the grain size, which remains around 400 ± 50 nm. 
Additionally, there is no evident preferred orientation among the 
grains.

2. The primary interconnect mechanism of the SiC sintered layer is 
dynamic recovery and recrystallization, predominantly character
ized by CDRX, whereas the evidence of DDRX has also been 
observed. Compared to the 71.7 % in the Z1, the volume fraction of 
recrystallized grain in the Z2 and Z3 is significantly higher, 
approximately 91.3 % and 89.6 %, respectively.

3. The transformation of the P–h curve into a stress–strain curve is 
applied to nano-silver sintered layers through mathematical 
modeling to obtain micro-mechanical properties. The hardness in the 
pressure-assisted region is approximately three times higher than in 
the non-pressurized region. The hardness near the SiC side is 
generally about 6 % lower than that near the AMB side. The hardness 
on the left side of the pressure-assisted sintering layer is the lowest 
overall and differs by approximately 21 % from the highest hardness 
observed in other regions. Additionally, the yield strength in the Z1 is 
about 124.6 MPa, which is lower than in the Z2 at 264.6 MPa and in 
the Z3 at 636.5 MPa. The ratio of hardness to yield strength is 
approximately 2.9, which is consistent with the Tabor relationship.

4. The increase in yield strength due to grain refinement is relatively 
minor, with a maximum difference of only about 4 MPa. The gradual 
disappearance of the Cube texture and the formation of the Copper 

texture contribute to improved micromechanical properties in 
localized regions, while the overall distribution of Schmid factors has 
minimal impact. Nanoindentation is applied to calculate SSD density 
for the nano-silver sintered layer through mathematical modeling for 
the first time, and it is found that SSD density, rather than GND 
density, is the most significant contributor to the enhancement of the 
sintered layer, providing an optimization direction for improving 
micromechanical properties of pressureless silver sintering.
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