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Abstract

A critical aspect in the design of power electronics packages is the prediction of their
mechanical response under severe thermomechanical loads and the consequent structural
damage. For this purpose, finite element (FE) simulations are used to estimate the me-
chanical performance and reliability under operational conditions, typically alternate high
voltages/currents resulting in thermal gradients. When simulations are performed, it is
common practice to consider the as-received package to be in a stress-free state. Namely,
residual stresses and plastic deformation induced by the manufacturing processes are
neglected. In this study, an advanced FE modeling approach is proposed to assess the
structural consequences of the encapsulating resin curing, typical in the production of
silicon carbide (SiC)-based power electronics modules for electric vehicles. This work offers
a general modeling framework that can be further employed to simulate the effects of
thermal gradients induced by the production process on the effective shape and residual
stresses of the as-received package for other manufacturing stages, such as metal brazing,
soldering processes joining copper and SiC, and, to lower extents, the application of poly-
imide on top of passivation layers. The obtained results have been indirectly validated
with experimental data from literature.

Keywords: thermomechanical loads; interface delamination; plastic deformation; FEM

1. Introduction
Power electronics components play a key role in the energy transition, in particular in

the automotive sector [1], rail systems [2], and renewable energies [3]. Electronic modules
are typically made by combining different layers of dissimilar materials, mainly metallic,
polymers, and ceramic [4], all of which present different mechanical and thermal properties.
Under normal operative conditions, power modules undergo severe thermomechanical
loads induced by the large amount of electrical power [5]. Then, in these multi-laminar
systems, thermomechanical stresses, residual local plastic deformations, and warpage
phenomena arise [6,7], resulting in loss of performance and reduced lifetime. Indeed, the
mismatch of thermal expansion coefficients and mechanical properties can result in thermal
deformations, delamination, and, eventually, failure [8,9].
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Passive thermal cycling and active power cycling are the most widely used experimental
methods for testing the reliability of the modules [10]. Furthermore, finite element (FE) simu-
lations are largely used to predict performance and reliability under operative conditions [11].
However, in simulations it is common practice to assume that the module is in a stress-free state
at room temperature before applying external loads [11–13], neglecting the residual stresses and
plastic deformations induced by the manufacturing process. In reality, these have a significant
impact on reliability and lifetime. They can lead to warpage, delamination, or cracking, thereby
reducing structural and electrical performance. Proper characterization is therefore essential
to optimize processes and materials. In this regard, in [6] the initial state of the package at
room temperature, showing residual pre-stresses and pre-strains due to the production pro-
cesses, was modeled considering that the component was undeformed and unstressed at a
conventional “stress-free temperature”, different from room temperature. Then, the external
thermomechanical loads were superimposed on the approximate production-induced pre-
strains and pre-stresses. Similarly, Dudek et al. [9] modeled the delamination phenomenon in
power packages subjected to thermal cycles, assuming a stress-free condition at a temperature
of 175 ◦C. Zhu et al. [7] studied residual stresses and warpage in a bilaminar copper–glass
component. The authors experimentally measured the warpage induced by the production
process and calculated the residual stress based on the sample curvature. Struzziero et al. [14]
studied resin transfer, modeling curing effects on residual stresses and warpage of a resin–glass
fiber bilamina. They showed that processing time strongly influences residual stresses and
final shape and suggested engineering them through cure cycle design to counteract cooldown
stresses. Gschwandl et al. [15] studied residual stresses from the epoxy molding compound
encapsulating a D2PAK power package, modeling curing kinetics with the Prout–Tompkins
model and the Cure Hardening Instantaneous Linear Elastic (CHILE) approach [16,17]. In
CHILE, resin stiffness evolves from negligible (uncured) to increasing (curing) to plateau (fully
cured). Results in [15] link residual stresses and plastic deformation mainly to manufacturing
and thermal mismatch between resin and metallic parts.

This work presents an advanced FE modeling approach to assess manufacturing effects
(resin solidification, stiffness variation, adhesion) on a representative SiC-based power
module, similar to those analyzed in [6,15,18]. Epoxy resins evolve irreversibly during
curing as polymer chains crosslink [14,15]. The model includes elastoplastic nonlinear
behavior of the materials, often neglected, capturing resin property changes during molding
and their impact on stresses, plastic strains, and warpage of the package. Resin molding
may be taken as representative of other processes, such as Cu–SiC soldering or polyimide
deposition, where layered materials with different properties lead to residual stresses and
deformation. No specific experimental data is available due to the general representativity
of the package and industrial confidentiality. However, the obtained results have been
indirectly validated with experimental data from literature [19]. Moreover, the modeling
strategy (post-yield response, layer contact, mesh sensitivity) was already validated in a
previous work with less sensitive experimental data freely available [20].

Summarizing, the novelty of the present work lies in the innovative approach for
evaluating a representative step of the manufacturing process of power electronics packages,
namely the resin molding process, which includes the nonlinear behavior of materials and
an accurate simulation of the mechanical interaction between the encapsulating resin and
the underlying layers during the resin curing process.

The paper is organized as follows. Section 2 presents the main features of the power
electronic components. Section 3 describes the FE modeling approach used to simulate
thermal gradients during solidification, stiffness transition, and resin adhesion to package
components. Section 4 discusses numerical results on stress distributions, residual stresses,
plastic deformation, and warpage. Finally, Section 5 provides the summary and conclusions.
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2. SiC-Based Module and Modeling Process
2.1. SiC-Based Power Module

Silicon carbide (SiC) semiconductors are growing in popularity. In particular, SiC-
MOSFETs offer huge potential for power electronics due to their reduced conduction
and switching losses and ability to withstand higher junction temperatures. The main
components included in these systems are semiconductor dies made of SiC. By means of
solder alloys, the dies are attached and interconnected to the underlying copper–ceramic–
copper substrate, which forms an electrical circuitry on the top layer and provides a good
thermal exchange on the bottom layer. Finally, in order to insulate all the electronic devices
and protect the layers subjected to oxidative and corrosive phenomena, the entire system is
usually encapsulated within epoxy resin [21].

The modeled package is representative of a commercial SiC-based power module for
automotive applications [22].

However, it includes dimensional and shape modification with respect to the reference
packages for being comparable to experimental data from the literature and for preserving
the industrial confidentiality.

The multilaminar assembly considered in this study consists of different material
layers, all of which present different mechanical and thermal properties. The chosen con-
figuration (Figure 1a) is made of a copper-ceramic-copper Active Metal Brazed (AMB)
substrate in which a silicon nitride layer (Si3N4 or SiN briefly) is bonded to two copper
layers, solder layer (PbSnAg) that electrically connects the top copper layer of the AMB
substrate with the upper SiC layer, a double passivation layers formed by TEOS (tetraethyl
orthosilicate) and SiN deposited onto the SiC upper surface, a layer of polyimide accom-
modating for the thermomechanical solicitations [11], and finally a thermosetting resin
that encapsulates the whole multilaminar package. Slightly different configurations of
the targeted components can be found in [23]. The passivant layers, as TEOS, SiN, and
polyimide layers, present a frame shape as shown in Figure 1b. During the manufacturing
process, the inner empty space inside the three aforementioned layers is filled with resin,
indicated as internal resin in Figure 1b.

Figure 1. (a) Exploded isometric view of the central zone of the model; (b) detailed views of the
multilaminae assembly incorporating SiC, TEOS, SiN, polyimide, and resin. Only a quarter of the
assembly is considered thanks to the symmetries.
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2.2. Molding Process

Simulating the thermomechanical stresses, residual plastic deformation, and shape
changes (warpage) induced by the curing of the resin requires a more advanced modeling
approach than the simple adoption of a “stress free” temperature method.

Here the simulation strategy includes the definition of the molding temperature
history, the transition of the resin stiffness, and the adhesion between the resin and all
the surfaces in contact with it, together with other simulation details accounting for the
preliminary molding phase where the resin is fluid. Then, the proposed procedure enables
the simulation of the progressive mechanical interaction of resin and package under variable
temperature, from their initial state of mechanically uncoupled solid-fluid bodies free to
independently move–expand–deform, to their final state of fully coupled solids, which can
only move–expand–deform as a single non-homogeneous body.

The manufacturing stages prior to the resin molding are assumed to be complete, so
the AMB substrate supporting the soldered SiC die, and the three passivants of TEOS,
Si3N4, and polyimide are considered to be already a single semi-finished multi-layered
body. This partially assembled structure is also named “Copper-to-Poly” assembly for
brevity. In the molding process here considered, the resin is firstly preheated up to a
representative temperature of 50 ◦C to flow into the mold. The preheated resin, in the
state of a viscous fluid, is pressurized into the mold where it fills all the space and is
pushed against its mating surfaces, namely the upper copper layer of the AMB substrate,
the SiC on top of it, and the polyimide. The viscous resin starts to adhere to the above
surfaces while it is still fluid and has negligible stiffness/elastic modulus. As the mold is
full and pressurized, the temperature gradually increases up to 200 ◦C. Slightly above the
150 ◦C temperature of complete curing of the resin. A final cooling phase from 200 ◦C to
25 ◦C follows. Figure 2 shows the considered temperature cycle vs. time (the time scale is
arbitrary as no rate–effect are modeled). The simulation strategy (see arrows in Figure 2)
will be further clarified in the next section. During the heating phase, the whole assembly
goes through thermomechanical loadings of two interacting types.

Figure 2. Thermal gradient reproducing the molding cycle. Curing starts at 50 ◦C and ends at 150 ◦C.

The first type of thermomechanical load is due to the simple heating of the assem-
bly “Copper-to-Poly” during the pre-heating phase, until 50 ◦C, where such assembly
deforms and is stressed due to its own heterogeneous multi-layered nature, but its defor-
mation/stress states are not affected by the still-fluid resin.
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Then in the second heating phase beyond 50 ◦C, the curing resin progressively so-
lidifies and increases its elastic modulus, gradually introducing more and more intense
constraints to the deformation of the copper-to-poly assembly, until the temperature of
150 ◦C is reached. At 150 ◦C, the solidification is complete, and the assembly becomes
a single structural solid body. Beyond 150 ◦C, the resin stiffness does not change any
further. Then in the final part of the heating phase, from 150 ◦C to 200 ◦C, as well as in the
successive cooling phase down to 25 ◦C, the thermomechanical loading history is applied
to a “new-born” structural component which is already pre-loaded and pre-strained due to
the previous stages of the molding process.

It is worth noting that, in the FE simulation, the time scale shown in Figure 2 is
purely arbitrary, since a quasi-static implicit solver, free of any rate-dependent or transient
effects, was adopted. In particular, the evolution of the resin stiffness depends solely on the
imposed temperature, which is applied uniformly to the entire package volume without
any delay or spatial gradient.

3. Modeling Strategy
3.1. Mesh, Material and Boundary Conditions

Numerical simulations of the resin molding process are performed by the commercial
FE code MSC Marc®. Only a quarter of the assembly is modeled thanks to the symmetries.
A schematic representation of the meshed assembly is given in Figure 3. The resin volume
above the polyimide layer (External Resin in Figure 1b), the AMB substrate, and SiC
are modeled using full integration eight-node, isoparametric, hexahedral solid elements
(SE) (Hex 7 in Marc), while solder, passivants (TEOS, SiN, and polyimide), and internal
resin are modeled using solid shell elements (SSE) having eight-node brick topology and
shell formulation (Hex 185 in Marc). This modeling choice allows a better definition
of the contact between the different layers as well as a better discretization of the resin
mesh. The mathematical formulation of the solid shell element includes integration points
through the element thickness in order to capture the material response under bending
load. This element definition is particularly suitable in the case of solids in which the
in-plane dimensions are much greater compared to the through thickness one, but planar
quad-elements are not accurate enough or do not allow dual-face contact interactions.

Figure 3. Mesh adopted to discretize the electronic assembly.

A glued-type contact interaction is considered between each couple of neighboring
layers. Indeed, the imperfect bonding between layers in a power electronic package was
analyzed in [20], showing that no relevant changes in the stress–strain distributions occur as
far as the debonding area is limited to the realistic size of such manufacturing imperfections.
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Instead, the delamination–damage of similar packages, analyzed in [24], was found to
affect the stress–strain distributions within the package only after the onset of damage
evolution is triggered by stresses and plastic strains beyond certain thresholds. Therefore,
the glued-type bonding conditions simulated in the present work are suitable to deliver
realistic predictions until no damage evolution initiates and eventual bonding defects from
manufacturing start progressing.

Finally, a rigid plane with touching contact is modeled at the base of the module
in order to prevent its vertical rigid-body motion without constraining its deformation
displacements. The relative simplicity of the body’s geometry allows for manual meshing
(no auto-meshing), which guarantees controllable element aspect ratios (see also Figure 3).

The overall model counts 64,570 elements and 75,629 nodes. Table 1 compiles the
dimensions of each component as well as details on the mesh used for their discretization,
i.e., element type, number of elements, and minimum element size.

Table 1. Summary of dimensions of the layers constituting the assembly, denomination of element
formulation in Hexagon Marc 2023.4 software, and number of elements per layer. Note that SE and
SSE are used to indicate solid elements and solid shell elements, respectively.

AMB Copper Bottom AMB SiN AMB Copper Top Solder SiC TEOS SiN Poly. Internal
Resin

External
Resin

Length along x [mm] 20 20 20 2 2 2 2 2 1.5 5
Length along z [mm] 30 30 30 2 2 2 2 2 1.5 7.5
Thickness [mm] 0.24 0.48 0.48 0.5 0.2 2 × 10−3 1 × 10−3 6 × 10−3 9 × 10−9 5
Element
type [-]

SE
HEX-8

SE
HEX-8

SE
HEX-8

SSE
HEX-8

SE
HEX-8

SSE
HEX-8

SSE
HEX-8

SSE
HEX-8

SSE
HEX-8

SEE
HEX-8

N. Elements [-] 8112 16,224 16,224 400 500 200 200 200 48 8628
Avg. Element size
(x,z,y) [mm3 ]

0.5 × 0.2 × 0.12 0.5 × 0.2 × 0.12 0.5 × 0.2 × 0.12 0.2 × 0.2 × 0.0125 0.2 × 0.2 × 0.04 0.05 × 0.15 × 0.002 0.05 × 0.15 × 0.001 0.05 × 0.15 × 0.006 0.2 × 0.25 × 0.009 0.2 × 0.25 × 0.24

The meshing features adopted here (mesh sizes, subdivisions of layer thickness, aspect
ratios, and a model zones where to adopt refined/coarser meshes) complied with the
knowledge previously acquired in [20], where a global-local approach demonstrated the
suitability of the opportune global mesh to fairly reproduce the mechanical response of the
assembly beyond the disturbances of mesh sensitivity.

That paper showed that an appropriate mesh size, suitable for globally modeling the
whole package, can provide results to be used as boundary conditions for smaller-size
local models with ten times finer meshes, leading to successfully capturing discontinuities
and large stress–strain gradients in sub-volumes of interest within the package, without
extending the finer meshes all over the entire package and, so, limiting the computational
burden of the analysis.

The temperature history given in Figure 2 is uniformly imposed all over the entire
model. All materials are modeled as purely elastic bodies according to the data reported
in the literature [25–30], with the exception of copper, solder, and polyimide, which are
considered to be elastoplastic according to the representative hardening curves shown in
Figure 4. For the latter elastoplastic materials, the adopted model is the classic Von Mises
plasticity combined with isotropic hardening. Considering the plasticity of the materials
involved is a key innovative aspect of the present work, as it is commonly completely
neglected in the literature. Elastic constants, mass density, and coefficient of thermal
expansion for all materials, considered at room temperature, are listed in Table 2. These
characteristics are assumed temperature-independent, as commonly performeddone in
the literature [7]. However, this approximation may affect the results, but it does not
compromise the innovativeness of the proposed approach, as discussed below. Note that
each material in the package exhibits a different coefficient of thermal expansion (see
Table 2). Namely, each material will tend to deform differently during heating. As well
documented in the literature [8,9], such mismatch can generate shear stresses, promote
delamination, and ultimately lead to failure.
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Figure 4. Flow curves solder [29], polyimide [31] and copper [32].

Table 2. Elastic constants, mass density, and coefficient of thermal expansion for all materials
considered at ambient temperature. * The elastic modulus of the resin is considered variable with
temperature in the heating stage according to Figures 2 and 5 and constant in the cooling stage.
Resin’s volumetric contraction due to polymerization is here neglected.

Mass
Density

Young’s
Modulus

Poisson’s
Ratio

Thermal Expansion
Coefficient

[tonnes/mm3] [MPa] [-] [1/◦C]

Resin (cured) 1.21 × 10−9 25,000 * 0.34 1.20 × 10−5

Copper 8.96 × 10−9 125,000 0.3 1.75 × 10−5

Solder 6.54 × 10−9 5600 0.4 2.90 × 10−5

SiC 3.21 × 10−9 410,000 0.28 4.00 × 10−6

TEOS 1.04 × 10−9 59,000 0.25 1.00 × 10−6

SiN 3.17 × 10−9 300,000 0.29 3.40 × 10−6

Polyimide 1.15 × 10−9 3000 0.34 5.00 × 10−5

 
Figure 5. Schematic representation of the development of resin stiffness during a thermal cycle. The
thermal cycle is subdivided into three different simulations indicated by arrows. A zeroing of plastic
strain of the resin takes place at the end of the first simulation.

As concerns the resin, as previously mentioned, its mechanical behavior is strongly
linked to the initial curing and end curing temperatures [16,17] (see also Figure 2). Therefore,
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an advanced modeling strategy accounting for the variability of the resin stiffness is adopted
here and further described in detail.

3.2. Three-Stages Analysis for Resin Curing

The complex mechanical interaction of the copper-to-poly solid assembly with the
adhering resin subjected to fluid-solid phase change was approached by subdividing
the simulation of the whole molding process into three distinct analyses where the de-
formed/stressed model resulting from an analysis constitutes the input to the successive
one, according to Figure 5. This split of the analysis was necessary to insert modifications
to the model between an analysis and the successive one, reflecting the actual changes in
the physical state/features of the resin.

In the first analysis (Sim. 1 indicated by the green arrow in Figures 2 and 5) the
resin is assumed to be a purely elastic/perfectly plastic solid with negligible yield stress
and elastic modulus. Hence, in the first analysis, the modeled resin follows the thermal
deformation of the copper-to-poly assembly without opposing significant resistance, closely
mimicking what the fluid resin does in the real molding process. It is important to note
that in this simulation stage, the extremely low yield stress assigned to the resin allows us
to ensure that it only accumulates plastic strains almost without elastic strains. Such plastic
deformation is then zeroed at the end of the first analysis so that the strain history of the
resin during its fluid phase is reset.

It might be argued that the resin in Sim. 1 could be simply modeled as a purely
elastic material with extremely low stiffness, but preliminary simulations proved that this
approach generates large elastic strains that cannot be reset (the zeroing only acts on the
plastic strain component) and would remain “sleeping” (without inducing any relevant
stress) as far as the elastic modulus of the resin remains negligible in the fluid phase but
would “awake” (generating unrealistic very high stresses) as the elastic modulus of the
resin increases in the successive stages of the curing process simulation.

Therefore, the first stage of the modeling strategy proposed here allows us to reproduce
a fully realistic pre-heating phase with the resin modeled as a solid but mimicking the
structural interaction of a viscous fluid, in fact:

- At 50 ◦C the resin is completely stress-free while the “Copper-to-Poly” assembly is
not in a stress-free condition.

- the resin is stretched-deformed following the deformed shape of the “Copper-to-Poly”
assembly, but it is not generating any stress nor is it storing any elastic strain which
would generate unrealistic stresses in the successive simulation stages.

In the second simulation phase (Sim. 2 indicated by the yellow arrow in Figures 2 and 5),
the temperature is increased from 50 ◦C (curing-start temperature) to 200 ◦C. Now the
resin is simulated as purely elastic material (very high yield stress) with Young’s modulus
evolving according to the reference curve of Figure 5. Note that, in Sim. 2, the elastic
modulus evolves gradually together with the temperature, which triggers the progressive
build-up of possible relative deformation between different layers and, consequently, the
gradual continuous development of internal pre-stresses and pre-strains. The temperature
of 150 ◦C is assumed to be the curing-end temperature, at which the solidification of the
resin is completed, and its elasticity modulus reached the final value, maintained constant
for the rest of the simulation. At this stage the “birth” of the power electronics assembly in
its final form is completed, as no further changes in its physical properties can occur.

If the elastoplastic properties of copper, solder, and polyimide are properly taken
into account, then the newborn assembly model can predict permanent deformations and
residual stresses arising in the successive thermal load history, which includes a further
post-cure heating up to 200 ◦C and the successive cooling down to room temperature, in
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addition to those eventually cumulated already during the pre-heating stage up to 50 ◦C
and the curing stage up to 150 ◦C.

The further increase up to 200 ◦C reflects an actual practice to ensure that all the resin
volume is molded, also in peripheral/colder zones of the mold.

The third analysis finally simulates the cooling phase (Sim. 3, indicated by the blue
arrow in Figures 2 and 5), from 200 ◦C to 25 ◦C, where the assembly does not undergo
further changes in its mechanical properties while it can undergo further plastic straining.
Then, in Sim. 3, the elastic modulus of the resin is fixed to its constant value reached at
150 ◦C, independently of the decreasing temperature imposed on the model. As a further
finesse, a temperature-dependent modulus might be implemented referring to the fully
solidified resin, but this modulus variability is orders of magnitude smaller than that of
the pre-to-post molding modulus and, therefore, is not considered here. Only irreversible
strains and stresses are accumulated by the assembly during Sim. 3, leading to its final state.

Regarding the volumetric contraction of the resin, it initiates while the resin is not yet
solidified; therefore, it has still negligible stiffness and is still unadhered to the package.
Under such circumstances the contraction of the resin is unconstrained; therefore, it has no
influence on the stress–strain state of the package itself. It is acknowledged that volumetric
contraction might still continue until the last stages of the polymerization, when the stiffness
of the resin is increasing and its adhesion to the package is progressively taking place, but
such a final part of the phenomenon just corresponds to a fraction of the total volumetric
contraction, and it is assumed to not change the generality of the outcomes discussed here.

4. Results and Discussion
The thermomechanical model presented in Section 2 allows us to reproduce the

interplaying changes in structural features and thermomechanical loading modes occurring
together during the solidification process of the resin. It is important to highlight that
the results shown do not have an experimental counterpart, as the model represents a
commercial device, and the related data are protected by industrial secrecy.

All interfaces taken in the exam are shown in Figure 6a. Stress state and residual
plastic strain are extracted along the paths indicated by the black dashed arrows.

The remarkable variability in the thickness of different layers typical of power modules
would require extremely fine mesh sizes for achieving detailed numerical results, at the
expense of the computational cost. Alternatively, a global-local modeling approach can
offer a solution here [18]. Therefore, the results reported here are representative of the
overall trend of the interlaminar stress–state and plastic strain.

Figure 6b gives a schematic representation of all considered stress components, where
the plane of the interfaces and of the whole assembly is xz. The blue arrows, representing
one stress σ22 and two shear stresses τ21, τ23, refer to the interface between two neighboring
layers. Namely, they are the common stress components identical in both the materials of
the interface at hand. These stress components are the main ones responsible for the onset of
possible interlaminar damage. Moreover, in the case of symmetric assembly, the two shear
stress components along the considered path are identical (in absolute value). On the other
hand, the remaining stress components, two normal stresses σ11 and σ33, and one shear
stress τ13, act on the specific material and exhibit different values for the two materials,
being discontinuous at each interface. Namely, they differ depending on the properties
of each considered material, below and above the interface, according to the mechanical
properties of the material itself. These stress components are not responsible for the loss
of adhesion and interlaminar failure. On the other hand, they are associated with the
possible onset of damage in the bulk materials, just below or above the considered interface.
Noteworthy, the symmetry of the package makes the two normal stress components along



Energies 2025, 18, 5364 10 of 22

the considered paths equal to each other, i.e., σ11 = σ33. In the next sections, all stress
components are quantified along all paths at the maximum temperature and at the end
of the cooling phase, namely at 200 ◦C to 25 ◦C, respectively. Next, the residual plastic
deformation at 25 ◦C on copper, solder, and polyimide is quantified and discussed. Finally,
the onset of out-of-plane displacement (warpage) at 200 ◦C as well as at the end of the
production process (residual warpage) is presented.

Figure 6. (a) Schematic representations of paths (lengths in mm) considered for the two interfaces
and (b) representation of normal and shear stress tensor components: blue arrows indicate the stress
components shared by two neighboring layers, while the black ones indicate the stress components
acting just below the interface and, thus, acting on a specific material.

4.1. Stresses at Different Interfaces at the Peak Temperature

Figure 7 shows all stress components along all paths at each single interface (see also
Figure 6) at the peak temperature of 200 ◦C. Each row refers to a specific interface, while
each column refers to the evolution of different stress components. Namely, the first column
shows the common stresses at the specified interface (σ22, σ21, σ23 blue arrows in Figure 6b).
The second column gives the stress acting on the material below the interface, and the third
column gives the stresses above the interface (σ11, σ33, σ13 black arrows in Figure 6b).

In order to provide the complete overview of the stresses on the critical zones of the
whole assembly, common scales are adopted in the plots of Figure 7, highlighting the
positions and orders of magnitude of stress peaks at the expense of the detailed values in
less-stressed zones. The most stressed layer at 200 ◦C is the SiC, as the die is the stiffest
component of the stack. However, the stress magnitudes of each layer should be compared
to the limit stresses or other failure-related properties of the corresponding materials in
order to discuss their effectiveness in promoting the risk of failure.

Additionally, for better readability, maximum, average, and minimum stresses for each
interface are summarized in Figure 8. Note that the stress–state at 200 ◦C is representative of
the most critical condition that the targeted assembly undergoes during the manufacturing
process, i.e., maximum thermal expansion giving rise to high values of stresses. The
predicted maximum (in absolute value) stresses at each interface are further discussed and
compared to values of maximum tensile/flexural stress/strength, or, when possible, stress
at fracture, from the literature.
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Figure 7. Stress distributions at all interfaces along the paths given in Figure 6 at the peak temperature,
T = 200 ◦C.

In [32], the authors reported tensile stress–strain curves for copper sheets produced via
different processes, namely without any annealing, with annealing and free cooling, and
with annealing attached to ceramic during cooling. This last configuration was employed
to produce a combined copper-ceramic material similar to the one considered in this study.
In the case of copper without any annealing, the uniform and fracture stress are both close
to about 330 MPa (almost flat stress–strain curve). In the second case, the free-annealed
material presents lower fracture stress of about 250 MPa but larger ductility (almost 30% of
uniaxial deformation). The last copper given in [32], similar to the one used in power
electronic applications, presents lower fracture stress and ductility, about 155 MPa and
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slightly above 15%, respectively. In the FE simulation, the greatest tensile stress is found at
Interface 1, and, in particular, at the copper–solder interface, i.e., σ11 = −42 MPa. In [33],
the authors investigated the mechanical properties of Sn-Pb-based solder joints used for
electronics components. They reported a failure stress in tension between 60 and 80 MPa,
while in the FE model, the maximum stress found at the solder interface is σ11 = −38 MPa.
Similarly, according to the data given in [29], the ultimate tensile strength is 52 MPa. Even
though the ultimate tensile strength does not directly give an indication of the failure
stress, it suggests that also at the maximum temperature, the material still remains in
the uniform deformation regime and no stress/strain localization takes place. It must
be noticed that the material showing the greatest maximum (in absolute value) stress is
the SiC. Particularly, the Interfaces 2 solder-SiC and 3 SiC-resin (maximum tensile stress
on SiC σ11 = 70 MPa and 100 MPa, respectively) might be the most critical ones for the
reliability and lifetime of the considered power electronic component. According to the
work of [34], the alpha-SiC tensile strength at room temperature was found to vary between
180 and about 270 MPa. On the other hand, the flexural strength obtained testing the
material in four-point and three-point bending at room temperature was reported to vary
between about 330 and 400 MPa. The comparison between the experimental data reported
in [34] and FE results puts into evidence that the manufacturing process itself might trigger
the onset of damage in the SiC layer at the solder-SiC interface, and therefore, induce a
consequent loss of performance of the whole component. To the authors’ knowledge, no
mechanical properties of the TEOS are available in the literature, and no reference data
are available for comparison with FE results. However, it is worth reporting a moderate
maximum tensile stress from FE, σ11 = 47 MPa, and almost negligible shear stress. Several
studies focused on the mechanical behavior of SiN (Si3N4) during dynamic cycles (fatigue),
as well as performing creep experiments [35]. Concerning its quasi-static behavior at room
temperature, in [36], the authors reported a tensile strength varying between 500 and
700 MPa. Note that in the FE simulation at the maximum temperature, this material
reaches a maximum stress σ11 = 82 MPa. In [37], the authors compared the flexural
strength of several types of polyimide, reporting values varying between 65 and about
80 MPa. At the maximum temperature, the maximum normal stress acting on polyimide
was found σ11 = −36 MPa, while the shear stress τ13 is negligible. However, at the
Interface 6 (polyimide–resin), a maximum common shear stress τ12 = 10 MPa is found.
For the resin, according to data from the literature [27], the ultimate tensile strength can
vary between 14 and 300 MPa depending on the production process. In [38], the authors
investigated the tensile strength of epoxy resin in uniaxial tension. The authors reported
values of maximum stress ranging between 30 and 45 MPa. As it is visible from the plot in
Figure 8 (Interface 6 polyimide–resin), the maximum compressive stress acting on the resin
is σ11 = −30 MPa. On the other hand, the maximum common shear stress is τ12 = 10 MPa
(responsible for the eventual onset of interlayer delamination). Despite the high variability
of the resin mechanical properties depending on the specific production parameters, i.e.,
temperature and pressure, FE results put into evidence that Interface 6 can be identified as a
critical interface for the onset of interlaminar failure. It is important to bring to the readers’
attention that the experimental characterization of the interface fracture performance (with
respect to mode I and mode II) requires challenging experimental campaigns. Indeed, each
interface might behave differently depending on the two joint materials, as well as on the
manufacturing joining technology. In this regard, despite the difficulty to experimentally
validate and compare the obtained results, FE simulation represents a powerful tool to
perform first-order analysis on the interlaminar stress distribution, which can be used to
select and improve the joining operation.
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Figure 8. Minimum, average and maximum stresses along all considered interfaces at the peak
temperature, T = 200 ◦C.

4.2. Residual Stresses and Plastic Deformation at the End of Cooling

Figure 9 shows all the stress components along all paths at each single interface (see
also Figure 6) at the end of cooling, T = 25 ◦C. Additionally, for better readability, maximum,
average, and minimum stresses for each interface are summarized in Figure 10.

Both figures are representative of the stress distribution at each layer at the end of
the manufacturing process and clearly show that the final component presents significant
residual stresses. It is worth bringing to the reader’s attention that in the case of relia-
bility analysis including fatigue life and thermomechanical numerical and experimental
investigation, power electronic components, such as the one presented in this study, are
commonly considered undeformed and unloaded. On the contrary, FE results highlight
that, due to the elastoplastic behavior of the materials inside the multilaminar component,
the manufacturing heating–cooling cycle is not reversable, and in addition, it gives rise
to residual stresses. By comparing the graphs of the stress distribution at the interfaces at
200 and at post-cooling 25 ◦C, it is possible to notice that most of the stress components
change their sign. For instance, at the maximum temperature, the copper is mainly sub-
jected to compressive stresses, while at 25 ◦C it is subjected to tensile stress. Similarly, the
resin is subjected to compressive stresses at 200 ◦C, while it is almost stress-free at 25 ◦C.

It is important to underline that, at each interface, during the heating, the layers with
higher CTE tend to be compressed and those with lower CTE tend to be stretched, as the
mutual competitive interaction between both layers causes the former expansion to be
reduced and the latter to be increased. Permanent deformations of plastic layers further
interact with this general response.

It is clear that without properly modeling the elastoplastic response of copper, solder,
and polyimide layers, the above mechanism leading to the deformed shape and the residual
stresses induced by the resin molding over the entire assembly cannot be predicted.
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Figure 9. Stress distributions at all interfaces along the paths given in Figure 6 at the end of cooling,
T = 25 ◦C.

Additionally, comparing the scales of the stress distributions at 200 ◦C and 25 ◦C, it
can be seen that higher stresses are achieved at the peak temperature.
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The transition from 200 to 25 ◦C results in the overall inversion of the sign of the
stress components. If, on one hand, the second simulation stage ending at 200 ◦C provides
useful insight on the stress states that can eventually lead to the onset of interlaminar
damage, FE results from the third simulation stage ending at post-cooling 25 ◦C evidence
that, at the end of the manufacturing process, the component is far from being in the initial
undeformed, stress-free condition.

Figure 10. Minimum, average and maximum stresses along all considered interfaces at the end of
cooling, T = 25 ◦C.

Therefore, both permanent strains and residual stresses from the production process
should be correctly assessed and taken into account as a starting configuration when
the reliability of the power module subjected to successive thermal cycling (e.g., passive
cycling for reliability qualification or active cycling representative of operating conditions)
is investigated.

As previously mentioned, the molding process also results in the accumulation of
plastic deformation in the material layers where plasticity is considered. Figure 11 shows
the accumulated plastic deformation at 200 and 25 ◦C at Interface 1 (copper–solder), Inter-
face 2 (solder-SiC). In particular, in Figure 11a, the equivalent accumulated plastic strain is
considered in the nodes belonging to copper. The equivalent plastic strain accumulated at
the solder nodes was negligible.

During cooling, the copper accumulates plastic strain. On the other hand, no plastic
deformation occurs in the polyimide, irrespective of the considered interface.

At the end of the manufacturing process, the plastic strain of the copper glued below
the solder presents a horizonal plateau at about 0.007 (0.7%). A comparable value of plastic
strain is found at the top surface of the solder (Interface 2). Here the maximum plastic
strain is about 0.065 (0.65%). The difference in plastic deformation between the lower side
(Interface 1) and the upper side (Interface 2) in the solder can be related to the different
thermal expansion between copper, solder, and SiC. Indeed, the coefficient of thermal
expansion of the solder is 1.65 times higher than that of the copper, while it is 7.25 times
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higher than that of the SiC. The remarkable difference in terms of thermal expansion at
Interface 2 results in the accumulation of more plastic deformation.

Figure 11. Plastic strain distributions plotted at the end of heating and cooling phase, extracted at
two interfaces: Interface 1 Copper-Solder (a); Interface 2 solder-SiC (b).

The numerical evidence of residual plastic deformation in power electronic packages
induced by the production process is a new finding to the author’s knowledge. Indeed,
very often, when numerical simulations aiming at assessing the life performance and
reliability of power electronic components are performed, the initial state of the material
after manufacturing is either neglected or is just approximately simulated by way of the
“stress-free temperature” concept, which may eventually deliver the overall warpage of the
power module but cannot accurately predict the spatial distributions of stresses and strains.

However, the numerical results reported here clearly show that the thermomechanical
interactions between the different material layers during the solidification process play an
important role in the onset of residual stress as well as residual plastic deformation. It must
be noticed that, even if the reported values of plastic strain can appear small to the reader,
they can dramatically affect the overall life performance of the package. Indeed, together
with the stress state discussed in the previous section, the plastic deformation represents a
key parameter lying at the origin of the possible onset of failure phenomena such as the
loss of adhesion and consequent delamination [9,39,40].

4.3. Insights into the Resin Permanent Straining Before Solidification

The equivalent plastic strain accumulated by the resin at the interfaces with the
SiC, polyimide, and copper along the x direction is given in Figure 12. Particularly, the
distribution of total equivalent plastic strain before zeroing of plastic strain (T = 49 ◦C)
along the reference path is shown in Figure 12a. Before zeroing of plastic strain (Sim. 1),
the maximum plastic strain of about 0.1% is found at the external corner of the resin–
polyimide interface (indicated with the point A in Figure 12). It is worth mentioning
that the accumulated plastic strain does not have any specific physical meaning during
Sim. 1. Indeed, before curing, the resin still behaves as a viscous material. On the other
hand, the accumulation of plastic deformation is a direct consequence of the modeling
choice. Figure 12b shows that, thanks to its purely plastic response with negligible yield
stress, the resin in Sim. 1 complies with the displacements of the deforming assembly
by cumulating plastic strains at very low yield together with negligible elastic strains,
then opposing negligible resistance (developing no internal stresses). At the end of the
Sim. 1, as the resin starts curing at 50 ◦C, the cumulated plastic strains are zeroed, while
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the elastic ones are already negligible thanks to the very low yield stress. This ensures that
no unrealistic stresses are going to be developed in the next simulation phases, when the
resin solidification causes the elastic modulus to increase. Therefore, Sim. 1 approximates
the mechanical response of the actual resin in its state of a heated, slightly viscous fluid,
sticking onto the assembly and moving together with its expansion. The zeroing of plastic
strains at 50 ◦C (end of Sim. 1) sets the current configuration of the resin alone as its
stress-free configuration, ready to start solidifying, as it really occurs in the physical
phenomena. In the successive phases, Sim. 2 and Sim. 3. The resin is purely elastic, with,
respectively, temperature-dependent modulus (Sim. 2) and constant modulus (Sim. 3);
therefore, no plastic strain is accumulated anymore, again reflecting the physics of the real
molding phenomena.

 
Figure 12. (a) Total equivalent plastic strain along x at the interfaces resin–SiC, resin–polyimide, and
resin–copper before zeroing of plastic strain (T = 49 ◦C). (b) History plot of total equivalent plastic
strain, total elastic strain, and Mises stress at the resin location (A) of maximum plastic deformation
before zeroing of the plastic strain. (c) Scheme of the assembly and identification of the analyzed
resin location.

4.4. Warpage

Reliability studies on power electronic components usually include the assessment
of the package warpage, namely, the out-of-plane displacement of the component, under
different thermomechanical gradients reproducing the working conditions. The ideal condi-
tion of zero warpage corresponds to perfectly flat package, meaning that all components do
not present any shape variations after the application of the thermomechanical cycles, either
due to the technological processes for their production, to the passive cycles imposed for
their qualification, or to the active cycling of their operational life. However, experimental
work and numerical simulations [10–12] put into evidence that thermomechanical loads in
all the above conditions often result in the component warpage. This phenomenon must
be mitigated since it can result in imperfect connection between different layers during
the package assembling or in the degradation and anticipated failure of the electrical and
thermal performance of the component during its operational life. The warpage of the
targeted component is discussed here, analyzing the out-of-plane displacement at the top
side of the resin at the peak temperature of 200 ◦C as well as at 25 ◦C after the resin molding
procedure is completed. Figure 13 shows that the solidification process can result in a
remarkable warpage at the top surface of the resin capsule.
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Figure 13. Contour plots out-of-plane displacement Uy at the (a) peak temperature and (b) at the end
of the cooling stage at the top surface of the resin (orange plane in (c)).

At 200 ◦C, the greatest positive out-of-plane displacement is found at the center of the
component (“crying” shape of the assembly). This configuration is maintained after the
cooling phase down to 25 ◦C although warpage values are lower.

The warpage of the device is further discussed by analyzing the distributions of
out-plane displacement along two paths, respectively, parallel to the x-axis and the z-
axis, both passing by the center of the assembly plan view, at the mid-plane level of
the AMB (see Figure 14). Interestingly, at both 200 ◦C and at 25 ◦C, the out-of-plane
displacement along both paths follows the same trend, suggesting an almost symmetrical
deformation. This result further indicates a cry-type shape after the manufacturing step of
resin molding, provided that in this work the AMB is assumed to be flat at the beginning of
the resin molding.

The above simulations put into evidence that the shape variation induced by the
manufacturing cannot be neglected and that the initial state of the material after the
production process must be taken into account. This finding highlights that the assumption
of undeformed assembly as a reference starting configuration in the reliability assessment
of power modules [11–13] is approximated.

Similar analyses carried out in sequences for the multiple steps of the manufacturing
process (e.g., taking into account the pre-warpage of the AMB due to its own production
issues) might then lead to accurate predictions of the real final shape of the whole power
electronic package and of its internal pre-stresses.

The warpage predictions provided in Figures 13 and 14 refer to a representative
commercial SiC-based power module for automotive applications, with no direct corre-
spondence to any actual device. Therefore, a compatibility check for such predictions is
provided here by comparing them against experimental data from literature for similar
devices, as shown below.

The proposed modeling approach delivers a “crying” warpage of approximately
430 µm at the end of the heating phase (T = 200 ◦C) and a smaller crying warpage around
200 µm (Figure 13) at the end of the curing cycle (T = 25 ◦C). Therefore, the cooling phase
caused a “relative-smiling” warpage of around 230 µm.

Forndran et al. [19] provided the experimental warpage of a commercial power module
with composition and geometry comparable to those of the present work (AMB substrate
with die and encapsulating resin, size roughly 60 × 50 mm). Those authors referred to
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a resin-curing thermal cycle (25–175–25 ◦C). At 175 ◦C, i.e., after the heating phase, the
package is considered stress-free and flat. Then, at 25 ◦C, after both the heating and cooling
phases, a smiling warpage of 200 µm is reported from experiments and simulations.

Figure 14. Path plots of the out-of-plane displacement at the middle section of the AMB along the
x-axis (a) and z-axis (b).

Consequently the present work agrees with the results from [19] in predicting that the
cooling stage in the resin molding process (respectively, from 200 to 25 ◦C and from 175 to
25 ◦C) induces a warpage close to 200 µm in the smiling verse (e.g., smiling if starting from
a flat shape, reducing the crying magnitude if starting from pronounced crying shape).

The residual stresses arising from the production process are expected to affect the
durability of power electronics by interacting with the mechanical response to the operating
thermomechanical loads, including nonlinear phenomena like plastic straining and time-
dependent phenomena such as creep [41], mostly affecting the solder. Then, the damage-
delamination models for correctly predicting the structural integrity of power electronics
should take into account such interactions. Therefore, the evaluation of residual stresses
and permanent strains proposed here for the resin molding is a preliminary step for the
future development of modeling procedures aimed at simulating such interactions.

5. Conclusions
This study presents an advanced FE modeling approach to evaluate the mechanical

response of SiC-based multilaminar semi-finished assemblies, as part of power electronic
packages commonly used in electric vehicles, subjected to the influence of a representative
step of their manufacturing process.

The novelty of the present work lies in the innovative approach to model the phase
changes in the resin molding, describing the progressive stiffening of the resin while
its adhesion to the package takes place, including the elastoplastic nonlinear behavior
of materials (commonly neglected in the literature) and an accurate simulation of the
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mechanical interaction between the encapsulant resin and the underlying layers during the
resin curing process.

The warpage predicted by this modeling approach proved to be compatible with
experimental results from literature. Moreover, the modeling strategy (post-yield response,
layer contact, mesh sensitivity) was already validated in a previous work with less sensitive
available experimental data from similar packages.

The resin molding process was simulated by analyzing the mechanical response of the
whole assembly, accounting for resin solidification through varying its plastic and elastic
properties and its adhesion to the mating surfaces of the package.

The transition from fluid to solid and the change in resin stiffness occurring while the
adhesion to the package takes place were shown to generate significant internal stresses, plastic
strains, and to induce the final deformed shape of the power electronics assembly. Residual
stresses at material interfaces reveal that manufacturing directly triggers a preload field,
potentially accelerating mechanical failures and performance degradation under operational
thermomechanical loads. Then, resin molding influences the final shape and quality of the
module, as surface non-planarity can severely undermine subsequent production, installation,
and connection steps in assembling complex power electronics modules. Therefore, this study
confirmed that assuming a stress-free state in the as-received package can be inaccurate and
that also the improved ‘stress-free temperature approach’ is insufficient to capture the details
and phenomena addressed by the proposed simulation strategy.

The computational cost of this procedure is as low as that of common elastoplastic
analyses simulating sequences of two or three loading conditions. For a finite element
model with around 65,000 elements and nonlinear, finite-plasticity analyses of 180 steps,
the duration of a complete run on a current consumer laptop is around 1 h.

The procedure proposed here could be of practical application in industry for the
design of power electronics in order to predict the warpage and the residual stresses within
the package at the end of the production process. This would deliver an effective non-zero
stress starting condition at room temperature of the just-produced package, to which we
superimpose the operating thermomechanical loads for achieving the effective stress–strain
conditions such packages undergo during their life.

Resin molding is considered here as it causes large changes in the mechanical stiffness
of the package with respect to other technological production steps such as soldering,
passivation, etc. However, the rationale of the proposed procedure can also be adopted
for predicting the deformations and residual stresses from other production steps involv-
ing the transition from two or more independent fluid or solid layers to mechanically
coupled solid bodies under variable temperatures. Given such a general character of the
proposed approach, the package size-shape, the material properties, and the tempera-
ture histories adopted can be considered to be representative of a class of products and
production processes.
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