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Abstract
Moulding compounds used for encapsulating

electronics typically occupy a large portion of package
volume and are most exposed to the external environment.
Under harsh conditions such as high temperature,
humidity, and mechanical vibrations, constituent
materials of electronic components degrade, resulting
in a change in their thermal, mechanical, electrical,
and chemical behaviour. High-temperature ageing of
electronic packages causes the oxidation of epoxy
moulding compounds (EMC), forming a layer exhibiting
significantly different thermomechanical properties. This
reflects in the modified mechanical behaviour of the
entire package, which accelerates certain failure modes
and affects component reliability. Thus, it is crucial to
consider gradual degenerative changes in EMC for a
more accurate estimation of the component lifetime.

This paper proposes a three-step modelling approach
to replicate thermo-chemical changes in package encap-
sulation. A parametric geometry of a test package was
incorporated with the ageing stage-dependent changes in
thermomechanical properties of the oxidized layer. The
mechanical behaviour of oxidized EMC at multiple stages
of thermal ageing (at 150 ◦C for up to 3000 hours) was
first experimentally characterized and then validated using
warpage measurements on thermally aged test packages
and Finite Element (FE) simulations. Lastly, a trend-
based interpolation of material model parameters for in-
termediate stages of ageing was followed, and a contin-
uously updated degradation model (physics-based Digital
Twin) was achieved. The proposed model is capable of
reproducing degraded stages of the test package under
thermal ageing along with its modified thermomechanical
behaviour. Its limitations and significance in the domain of
health monitoring of microelectronics are also discussed.

1. Introduction

Epoxy-based thermosets, commonly known as mould-
ing compounds, are widely used for packaging electronic
circuits due to their desirable mechanical and chemical
properties [1–3]. The encapsulating material is exposed
to ambient conditions, which makes it most susceptible to
degradation over time. Owing to its volume-share as high

as 75% [4] within a typical electronic package, encapsu-
lation tends to govern the overall mechanical behaviour
of the package. Thus, degenerative changes in moulding
compounds can significantly affect component lifetime.

Electronic components in certain applications need to
withstand harsh environments. For example, the Auto-
motive Electronic Council (AEC) standards define qual-
ification tests involving temperature variation between
−40 ◦C and 125 ◦C, mechanical vibrations with a peak
acceleration of 50 g, and humid environments up to 85 %
RH [5]. Among various environmental loads, exposure to
high temperature is one of the biggest contributing factors
to component degradation and eventual failures [6].

Thermal ageing is primarily reflected in the oxidation
of epoxy moulding compound (EMC) through its contact
with atmospheric oxygen, forming a layer of oxidized
material up to a certain depth from the exposed surface. It
has been established with Fourier Transform Infrared (FT-
IR) spectroscopy measurements that the ageing process
changes the material chemically [7, 8]. Moreover, the
changes in thermomechanical properties of thermally aged
EMC specimens have also been reported [9, 10].

Figure 1 shows the cross sections of thermally aged
EMC specimens observed under a fluorescence micro-
scope. Within a single specimen, the two different colours
(refer to stage 3) indicate two distinct ‘states’ of EMC –
pristine and oxidized; whereas the colour gradient (refer to
stage 1) shows the gradual transformation from oxidized
to pristine state. The difference in the colour composition

Stage 1

Oxidized
Layer

Gradient

Pristine
EMC

Stage 2 Stage 3

Surfaces exposed to air

Figure 1. Cross sections of three different ‘stages’ of partially-oxidized
EMC specimens observed under a fluorescence microscope.
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of the oxidized layers across three different specimens
highlights different ‘stages’ of EMC oxidation. As thermal
ageing progresses, the oxidation layer grows in thickness,
and the outer layer of EMC becomes more and more
oxidized [11].

In general, the growth of oxidation thickness is time and
temperature dependent [12]. At higher temperatures, the
oxidation layer grows faster, resulting in a darker layer
that is easier to distinguish. At lower temperatures, the
oxidation layer grows slower, and a prominent gradient
from pristine to oxidized state is observed. The tem-
perature dependence of the ageing process is presented
in references [10, 13, 14], where the cross sections of
thermally aged EMC specimens indicate that the same
storage time at different ageing temperatures results in
different stages of EMC oxidation.

In the current work, we focus on the time dependence
of the ageing process at 150 ◦C. Therefore, different
ageing stages correlate to different storage times. Figure
2 illustrates different stages of EMC oxidation obtained
by ageing bar-shaped specimens of EMC at a constant
temperature. Note the gradual increase in thickness and the
change in colour of the oxidized layer. The latter indicates
changes in material properties.

1000 hours500 hours 2000 hours

Figure 2. Schematic representation of the oxidized EMC layer at the
cross sections of isothermally aged bar-shaped EMC specimens.

In the case of a thermally aged electronic package, the
outer layer of EMC is oxidized. This outer shell exhibits
modified thermomechanical properties and changes the
mechanical behaviour of the entire package. This can
accelerate certain failure modes, such as delamination
along the EMC-die interface, cracks in the bulk of EMC
[7], and fatigue failure of solder joints [15]. Thus, quan-
tifying gradual degenerative changes within EMC (here,
determining the current stage of EMC oxidation) becomes
crucial. This can be addressed by two aspects of a ther-
mally aged stage – the thickness of the oxidized layer and
its thermomechanical properties at the current stage.

This paper presents a methodology to prepare an ex-
perimentally validated model for predicting the progress
of EMC oxidation in an electronic package due to High-
Temperature Storage (HTS). It consists of three steps –
(1) modelling the degradation mechanism, (2) modelling
a parametric geometry of the Device Under Test (DUT),
and (3) modelling the ageing-stage-dependent material be-
haviour. Finally, an approach for trend-based interpolation
of thermomechanical properties for the intermediate stages
of oxidized EMC is proposed to obtain a continuously
updated package-degradation model.

2. Modelling Degradation Mechanism
EMC oxidation is a combination of two processes – the

diffusion of oxygen into the free volume of the polymer
network and the chemical reaction of oxygen with the
resin. In the case of thermal ageing at a constant temper-
ature, the thickness of the resulting oxidation layer defines
a particular ageing stage. Thus, the Thickness of the
Oxidation Layer (TOL) was experimentally measured as a
function of storage time (t). Bar-shaped EMC specimens
(80 mm × 10 mm × 4 mm) were thermally aged for up to
3000 hours at 150 ◦C, which is above the glass transition
temperature (Tg) of the selected EMC. The aged (partially-
oxidized) specimens were cross-sectioned and observed
under a fluorescence microscope with UV illumination.
TOL was measured at multiple locations within each
specimen, and the mean value was recorded. Figure 3
shows the measured data in red.

0

20

40

60

80

100

120

140

160

0 1000 2000 3000 4000

TO
L 

(µ
m

)

Ageing Time (h)

Thickness of Oxidation Layer (TOL)

Experiment TOL

Model TOL

Figure 3. Experimentally measured TOL data fitted to the oxidation
layer growth model d = d0 +d1 tn, where n = 0.5, d0 = 8.7132µm, and
d1 = 2.1053µm.

The oxidation process is also referred to as Diffusion
Limited Oxidation (DLO) because the oxidized layer
acts as a barrier for further diffusion of the atmospheric
oxygen. Thus, EMC oxidation is often modelled as a
diffusion-dominant process with a direct proportionality
to the square root of time [11], i.e. d ∝

√
t, where d is the

TOL. The above relation was considered the basis for the
oxidation growth model.

The proposed degradation model takes the form of the
equation (1), where d0, d1, and n are fitting parameters.

d = d0 +d1 tn (1)

Instead of directly using the square root of time, a slightly
more flexible version with n∈ (0,1) was used as a starting
point. A non-zero value of the parameter d0 reflects
the oxidation thickness (≈ 9 µm) at t = 0 due to the
processes like Post Mould Cure (PMC) prior to the ageing
experiment.
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A standard curve fitting procedure was followed to
determine the parameter values (d0 = 8.7132µm, d1 =
2.1053µm, and n = 0.5). Interestingly, the value deduced
for the parameter n is exactly equal to 0.5. The oxidation
growth model fitted to the experimental data is indicated in
Figure 3, along with some additional TOL values (marked
blue) calculated using the finalized model.

3. Modelling Parametric Geometry

The second step is to prepare a geometric model of
the Device Under Test (DUT) such that it can be updated
to reflect the current degradation state. A Quad-Flat No-
leads (QFN) package with a flip-chip construction (i.e.,
die-substrate interconnects using copper pillars with solder
caps) was chosen as the DUT. Initially, the geometry of
a non-aged package was constructed with some select
simplifications.

The package substrate has a total of five layers (three
metallization layers and two intermediate layers for copper
vias), each of which was modelled as individual homo-
geneous layers. Layer-wise equivalent material properties
were calculated using the volume-based weighted average
of the (linear elastic temperature dependent) mechanical
properties of the copper and utilized polymer. Moreover,
the copper pillars and solder caps in the flip-chip con-
struction were modelled in detail as cylindrical structures.
The EMC encapsulates only the die and die-substrate in-
terconnects (including underfill) and rests on the substrate
(does not encapsulate the substrate).

To reflect the growth of the oxidation layer within EMC,
a single parameter was defined to represent the current
value of TOL. It was assumed that the oxidation layer
grows uniformly in directions perpendicular to all exposed
surfaces of EMC, which is a good representation of reality.
The required computational effort was reduced by using
a quarter geometry. Figure 4 indicates the core-shell style
geometry of a thermally aged package.

Parameterized 
Oxide Layer

Pristine EMC
Silicon Die

Flipchip
Interconnects
(Cu Pillars)

Substrate Layers Solder 
Bump

Figure 4. Quarter geometry of a thermally aged DUT indicating its
sub-layers including a parameterized layer for oxidized EMC.

A parametric setting was utilized along with an au-
tomation routine to update the geometric model with the
TOL for different stages of EMC oxidation. Appropriate
settings were applied to maintain the mesh quality for
all stages of ageing at 150 ◦C for up to 3 years. At any
given ageing stage, corresponding material properties of
the oxidized EMC (discussed in the following section)
were assigned to the oxidized layer.

4. Modelling Thermomechanical Properties of EMC
at Several Oxidation Stages

To determine the change in thermomechanical proper-
ties of the oxidized EMC due to ageing, an approach of
using partially-oxidized EMC specimens for experimental
characterization followed by an analytical solution to
calculate the effective properties of the oxidized layer was
pursued.

Two sets of bar-shaped EMC specimens were thermally
aged at 150 ◦C for 0 h, 500 h, 1000 h, 1500 h, 2000 h,
2500 h, and 3000 h. For each ageing stage, the modulus of
elasticity (E) was characterized using a single-frequency
Dynamic Mechanical Analysis (DMA) at 1 Hz on the
first set of aged specimens (80 mm × 10 mm × 4 mm);
whereas the Coefficient of Thermal Expansion (CTE)
and the shift in the glass transition temperature were
characterized using Thermal-Mechanical Analysis (TMA)
on the second set of thermally aged specimens (15 mm ×
4 mm × 3 mm). In this way, the experimental data of lin-
ear elastic temperature-dependent material properties for
the pristine (0 h aged specimens) and different partially-
oxidized EMC specimens were gathered.

Elastic Modulus of Oxidized EMC

The elastic properties of the oxidized layer at each age-
ing configuration were derived from the experimental data
using the flexural equation extended for multi-material
composite beams [7]. In this case, the cross-section of
a partially-oxidized beam specimen consists of a ‘core’
pristine layer (thickness hpr) sandwiched between two
‘shell’ oxidized layers (thickness hox each). The analytical
calculation considers the oxidation layer only on the top
and bottom of the pristine layer. Thus, the total beam
thickness is h = hpr +2hox.

Equating the bending moment at a cross-section of an
equivalent homogeneous beam with that of a composite
beam and applying strain-continuity (and discontinuous
stress) across different layers within the cross-section, the
relation between effective elastic properties and that of
individual layers boils down to the equation (2), where
Eeff, Epr, Eox are moduli of elasticity, and Ieff, Ipr, Iox
are the corresponding area moment of inertia, for the
effective beam (partially-oxidized specimen), ‘core’ of
the composite beam (pristine EMC), and ‘shell’ of the
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composite beam (oxidized EMC), respectively.

Eeff Ieff = Epr Ipr +Eox Iox (2)

=⇒ Eeff h3 = Epr hpr
3 +Eox (h3 −hpr

3) (3)

Due to the common width, the equation (2) gets further
simplified to the equation (3), based on which the values
for Eox at different ageing stages were evaluated using the
linear elasticity data of Epr and Eeff.

A mathematical model of the form given in the equa-
tion (4) was fitted to the elasticity curves to model the
dependency on temperature (T ); where f ∈ (0,1), r, and s
are fitting parameters; T ox

g is glass transition temperature;
Eox

g is glassy modulus; Eox
r is the rubbery modulus of the

oxidized EMC at a particular ageing-stage.

Eox(T ) = Eox
r +Eox

g f exp

[
−10

−
(

T ox
g −T+s

r

)]
(4)

Standard curve fitting techniques were utilized to obtain
the values of the fitting parameters f , r, and s at different
ageing stages. For the pristine EMC, their values are
f = 0.938, r = 41.847, and s = 16.044; whereas for all
oxidized stages, they are f = 0.725, r = 63.354, and
s = 11.803. Figure 5 shows the fit of the finalized material
model to the experimentally evaluated Eox data.
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Figure 5. Linear elastic temperature-dependent material model fitted to
the experimentally evaluated elasticity data of the oxidized EMC layer
at three stages of thermal ageing at 150 ◦C.

The elasticity curves for the oxidized EMC at any
oxidation stage can now be obtained by determining
the values of material-model parameters T ox

g , Eox
g , and

Eox
r . Thus, the parameterization of the material model is

an important step in introducing continuity in different
oxidation stages, more of which is described later in
Section 6.

CTE and Tg of Oxidized EMC

Evaluating the CTE (α) of the oxidized EMC from
partially-oxidized EMC specimens is not straightforward.

The TMA test generally focuses on measuring only the
change in the (dimension along the) length, while a
bonded bi-material strip also shows a bending deformation
due to a CTE mismatch between layers. Thus, the CTE
calculation for a multi-material system requires more
complex equations, including the moduli of elasticity of
the involved layers. The relation between the thermal
expansion-induced curvature of a bi-material strip and the
properties (E and α) of its constituting materials is derived
in the reference [16].

However, the partially-oxidized EMC specimens used
here are symmetrically oxidized (from both the upper
and lower surfaces of the beam). They, therefore, are not
expected to show bending due to the CTE mismatch. Thus,
available values of αpr and αeff from the TMA test results
were utilized to calculate αox at different ageing stages
using a volume-based weighted average as indicated in
the equation (5), which has also been used in the previous
publication [7].

hαeff = hpr αpr +(h−hpr)αox (5)

The Tg is typically determined from the thermal strain
vs temperature curves obtained from a TMA test. But
in this case, the Tg obtained from the TMA test would
correspond to the whole partially-oxidized EMC specimen
(T eff

g ) and not to the oxidized layer. Thus, the T ox
g of

each oxidized stage was derived from the evaluated elastic
modulus values (Eox vs T ) based on the DMA results.

In this way, the linear elastic thermomechanical be-
havioural model was obtained for the oxidized EMC at
different stages of thermal ageing. Note that the above
procedure provides initial estimates of the αox and T ox

g
values, which need to be updated with an experimental
validation using the DUT.

5. Experimental Validation of Behavioural Model

Experiments were designed around thermally aged
DUT specimens to validate the behavioural model. The
packages were stored at 150 ◦C for several ageing intervals
up to 3000 h. Then, the warpage of aged DUTs was
measured at various temperatures between 25 ◦C (room
temperature) and 260 ◦C at a heating rate of 60 K/min.
In this context, the warpage indicates the out-of-plane
deformation (along the Z-direction) measured on the top
surface (XY plane) of the package.

A finite element simulation was set up on the para-
metric geometry of the DUT to reflect the experimental
load conditions. A diagonal path was defined along the
top surface of the package, and the warpage along that
path was extracted from the FE results. Figure 6 shows
the warpage evaluation path in the simulation and the
experimental setting. The largest (in magnitude) out-of-
plane deformation value along the diagonal path was
recorded as the maximum warpage (Deformation Z) at
several temperature values.
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Warpage Path

Simulation

Experiment

Quarter 
Geometry

Figure 6. Experimental validation of the material model using warpage
measurements along a diagonal path on the top surface of a thermally
aged package. [Note: the spatial plot corresponds to the out-of-plane
deformation at 100 ◦C of a package at the ageing stage of 1000 h.]

The warpage during a temperature variation primarily
originates from the CTE-mismatch (α) among different
layers of the package, which is also linked with the glass
transition of EMC. Since the utilized values of αox and T ox

g
were estimated based on the analytical approach described
in Section 4, the initial simulation-based results showed a
noticeable mismatch with the experimental trends. Thus,
the two parameters αox and T ox

g should be revised within
an acceptable range.

Another reason for this mismatch is the curing shrink-
age of EMC after the moulding process (and during PMC),
which contributes to some additional warpage of the
package. To reflect the shrinkage into the FE simulation,
the stress-free reference temperature of just the EMC
material (Te) can be assigned a value higher than the
rest of the package. As a starting point, the stress-free
reference temperature (Tref) of 180 ◦C was assigned to all
components of the geometry, including the EMC. This
was then rectified by setting the Te for pristine EMC to
190 ◦C.

Moreover, it has been reported that during thermo-
oxidative changes, EMC undergoes additional shrinkage
[17]. This was taken into account by setting the Te of the
oxidized EMC layer to an even higher value (> 190 ◦C)
than that of the pristine EMC. This was independently
done for each oxidized stage of EMC.

In this way, the material model parameters T ox
e , T ox

g ,
and αox

2 (CTE after the glass transition) were updated over
multiple iterations of FE simulations until a good match
was found with experimental results. Figure 7 shows the
experimentally measured maximum warpage against the
simulation-based results based on the final validated model
at three different ageing stages.
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Figure 7. Maximum warpage data obtained from experimental mea-
surements and corresponding FE simulations using the validated material
models at three stages of thermal ageing – 0 h, 1000 h, and 2000 h.

6. A Continuously Updated Model (Digital Twin)

Validated material models can simulate the package
behaviour at only a select number of ageing stages. There
are practical limitations to the number of such ageing
stages for which the entire cycle of experimental and
simulation-based study can be carried out. Therefore, it
makes sense to interpolate the material behaviour for the
intermediate ‘unknown’ stages based on the (validated
material models at the) ‘known’ stages of ageing. This
would essentially formulate a continuous material model
for all stages of the oxidized EMC.

For this study, the continuity within EMC-oxidation
stages was achieved by defining values for the material
model parameters (such as αox, T ox

g , T ox
e , Eox

g , Eox
r ) at

intermediate ageing stages (here, the ageing time t). How-
ever, they cannot simply be linearly interpolated between
two known stages. Each parameter shows a unique trend,
especially in the early stages of ageing (from 0 h to
1000 h). This needs to be carefully considered for every
material model parameter.

Overall, thermomechanical changes in the oxidized
EMC tend to saturate beyond 2500–3000 h of ageing.
Most material model parameters show a trend of rapid
initial growth, slow increase, and saturation. But these
three phases don’t necessarily appear at the same ageing
time for every parameter. Thus, additional information was
sourced from the literature regarding the glass transition,
shrinkage, and other parameters, and accordingly, their
intermediate values were defined.

For example, experimental trends of EMC shrinkage
during oxidation in references [14, 18] indicate a very
sharp initial growth within about 100 h of ageing followed
by a near-constant saturation value. To reflect this shrink-
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age trend, additional data points for T ox
e were created.

Figure 8 shows the development of T ox
e as a function

of ageing time. Red markers indicate values from the
validated material models; the trend-based intermediate
values are marked in blue.
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line is only indicative of continuity). T ox
e is the reference temperature of

the oxidized EMC to account for the oxidation-induced shrinkage.

Elasticity-related material parameters (Eox
g and Eox

r )
showed different trends. The glassy modulus stays nearly
the same up to 1000 h of ageing but later shows a linear
growth up to 3000 h. On the other hand, the rubbery
modulus shows a more or less linear trend until 3000 h.
Figure 9 shows Eox

r as a function of ageing time, including
the results evaluated from experimental characterization at
different ageing stages.
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The shift in the elasticity curves for partially-oxidized
EMC specimens tends to slow down and eventually sat-

urate after a particular ageing time. Since this change
is essentially due to the changes in the oxidized layer,
elasticity curves of the oxidized EMC were assumed to be
constant after the 3000 h ageing stage. Figure 10 shows
the linear elastic temperature-dependent elasticity model
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Figure 10. Temperature-dependent elastic modulus of the oxidized EMC
at several stages of ageing.

(storage modulus) for the oxidized EMC, including several
intermediate stages between 0 h and 1000 h.

In this way, a continuous material model was developed,
which reflects gradual changes in the thermomechanical
behaviour of the oxidized EMC. Combining this with
the degradation model (Section 2) and package geometry
(Section 3), a continuously updated package-degradation
model (i.e., a physics-based Digital Twin) is achieved.

7. Summary and Conclusion
This study presents a three-step procedure for modelling

thermal ageing-induced EMC oxidation in a flip-chip QFN
package and the corresponding changes in the thermo-
mechanical behaviour. First, the growth of the oxidation
layer was measured using thermally aged (150 ◦C) EMC
specimens and a diffusion-dominant mathematical model
was fitted to the data. Second, a parametric geome-
try of the DUT was prepared to reflect the oxidation
layer growth at ageing stages up to 3 years. Finally, a
systematic procedure was followed to characterize the
thermomechanical properties of partially-oxidized EMC
specimens experimentally and then to analytically deduce
the equivalent properties of only the oxidized layer at
multiple stages of ageing. Obtained behavioural models
were validated and updated by comparing FE simulation
results with warpage experiments. The continuity in the
behavioural model was achieved by defining material
model parameters (α, Tg, Te, Eg, Er) as functions of
ageing-time (t), considering their individual trends.

A continuously updated package-degradation model (in
other words, a physics-based Digital Twin) consists of an
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oxidation growth model, a parametric DUT geometry, and
a continuous behavioural model. Knowing the duration
of exposure to high-temperature (150 ◦C), the Digital
Twin can be updated to represent the current condition
of a thermally aged DUT package more accurately. The
updated model can then be utilized for a Finite Element
Analysis (FEA) to predict the likeliness of failure modes
associated with the changed mechanical behaviour of
the package in the current state of degradation. Digital
Twin-based lifetime prediction is a key component of the
modern implementation of the Prognostics and Health
Management (PHM) framework, especially for mission-
critical electronics.

The current model has its own set of limitations and
can be significantly improved by including a few more
validated ageing stages between 0 h and 1000 h. The
presented methodology can be extended to include a
viscoelastic behavioural model instead of a linear elastic
one for the (oxidized) EMC. Future work is planned to
carry out a simulation-based study to investigate the effect
of oxidation growth on the room-temperature warpage and
EMC-die interface stresses in the context of delamination.
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