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Abstract 
 

Epoxy resins filled with dielectric mineral particles are frequently used as insulating materials in power industry ap-
plications. Due to their excellent dielectric properties and relatively good thermal performance (resistance, ageing and 
conductivity) their usability is common and extensive. However, processing of epoxy resin based products is quite diffi-
cult, and often results in quality problems or even cracks. Normally, for such as complex products, manufacturing-
induced residual stresses cannot be totally avoided, but numerical simulations may provide good estimation of their level. 

This paper deals with mechanical problems of power industry products and explains the methodology for numerical 
modeling of failure in silica filled epoxy systems subjected to severe temperature gradients. The exemplary product cast 
of Huntsman’s CY228 epoxy system was simulated using commercial ABAQUS software package. Special subroutines 
describing progress of polymerization, exothermic effects of the reaction, as well as viscoelastic-driven stress relaxation 
process were implemented into general purpose FEM code. In addition, the model describing probability of epoxy crack-
ing was proposed, calibrated and introduced into the software package. This approach allowed modeling the authentic 
phenomena taking place during real production processes, and studying the influence of design and manufacturing pa-
rameters on product quality. The outcome of numerical analysis was compared with the results of strain-gauge measure-
ments, showing good agreement. As a result the optimal settings of curing and post-curing operations could be evaluated, 
driving to minimal cast product distortion and low probability of failure. 
 
Key words: epoxy resin, viscoelastic material, residual stress, failure probability 

 

 
 

1. INTRODUCTION 

Epoxy resins filled with mineral particles such as 
silica and alumina are well known and extensively 
used as insulating materials in power product appli-
cations. They are relatively cheap and easy to proc-
ess, and their dielectric, thermal and mechanical 
properties are appropriate to maintain their function-
ality in different electrical devices. Generally, proc-
essing of epoxy resin based products is comprised of 
three main stages: mold filling, curing and post-
curing. The sequential nature of the reactive molding 
process causes the products to be exposed to various 
environments and temperature changes during all 
manufacturing stages. These severe thermo-

mechanical conditions (thermal gradients in the ma-
terial, chemical shrinkage of the resin, and variation 
of material properties driven by  exothermal polym-
erization process) influence mechanical performance 
of particle filled epoxy systems, which finally may 
suffer due to limited resistance to material cracking 
(Weitsman, 1979; Ashcroft et al., 2006). Such 
a behavior can be observed, for example, in a prod-
uct having metallic terminals (inserts) embedded in 
epoxy encapsulation. Described system is dimen-
sionally defined at the early stage of manufacturing 
process when, at elevated temperature (usually near 
glass transition temperature, Tg), epoxy resin solidi-
fies around the metallic inserts immersed within. At 
the certain point of resin’s polymerization, its di-
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mensions are fixed till the temperature starts to 
change. If temperature is lower than reference (so-
lidification state), difference in coefficients of ther-
mal expansion (CTE) of metal and resin generates 
thermal strains within the product body. Since free 
deformation is often not possible (metal and resin 
are joined together preventing natural, stress-free 
shrinkage) potential energy is accumulated within 
the product. There are only two ways of managing 
this energy: (1) either it must be released, what 
manifests in cracking (new surfaces are generated), 
or (2) it must be distributed within the body - assum-
ing that generated stresses will not exceed the level 
of material strength. 

In the structures containing small radii or sharp 
corners these thermally-driven residual stresses can 
reach really high values resulting in failure during 
the manufacturing process. Even if the components 
survive manufacturing process, the value of residual 
stresses appearing in the structure is significant and 
the failure can only be postponed. Subsequent con-
tribution to the temperature gradient (e.g. winter 
conditions) may develop the damage and complete 
drop in functionality of the device. 

The estimation of residual stresses caused by the 
thermal gradients and mismatch between two mate-
rials having significantly different CTEs is analyti-
cally possible only for simple geometries like disks 
or cylinders, where Lame’s Theory can be applied. 
This approach however works well only for elastic 
materials having the properties independent on the 
temperature and time. As the thermo-mechanical 
behavior of epoxy resins is distinctly time-
dependent, it is necessary to characterize their prop-
erties with the use of viscoelastic material model 
(Ferry, 1980). 

This paper describes the methodology of accu-
rate evaluation of the residual stresses in epoxy-
silica solid insulating composites. The methodology 
uses FEM analysis and viscoelastic modeling of 
epoxy materials for prediction of failure caused by 
mismatch of CTEs in the structure. 

2. MATERIAL MODEL 

2.1. Kinetics of curing 
 
Polymerization kinetics of the material under 

study can be described by Kamal’s model (Kamal & 
Sourour, 1973): 

  nmT
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where: α – degree of curing, t – time, T – tempera-
ture, A1, E1, A2, E2, m, n – material constants. The 
degree of curing, α, a common manufacturing pa-
rameter describing the progress of polymerization, is 
often defined by equation: 
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where: H(t) – heat generated by the exothermal 
cross-linking reaction up to time t, HU – ultimate 
heat of reaction. 
 
2.2. Viscoelastic model of thermo-rheological 

simple material 
 
The viscoelastic properties of the material can be 

measured in long-lasting creep or relaxation tests, 
but for practical reasons, it is more convenient to 
measure the modulus of thermosetting material as a 
function of temperature and frequency (instead of 
time). The storage G’() and loss moduli G”(), as 
well as the stress relaxation modulus G(t), can be 
approximated by a sum of Maxwell elements 
(ABAQUS, 2008): 
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where G0 is the value of the instantaneous modulus 
for the material (what corresponds to the glassy state 
for polymers), t is time, and  is the radian fre-
quency. Factors i and gi describe ith relaxation time 
and relaxation factor for ith time, respectively. Long-
term modulus G∞ as t → ∞ (or rubbery state) can be 
expressed as follows: 

 
][ 


 

N
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The constitutive behavior of viscoelastic mate-
rial can be illustrated by considering a relaxation test 
in which a strain  is suddenly applied to a specimen 
and then held constant for a long time. The begin-
ning of the experiment is taken as zero time, so that 
responding shear stress (t) is: 

 )()()()( tGdssstGt
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Table 2. Prony series representation for CY-228 system. 

i gi 

3.16E-14 0.07169 

3.16E-13 0.04585 

3.16E-11 0.00697 

3.16E-10 0.08540 

3.16E-08 0.19158 

3.16E-06 0.14466 

3.16E-05 0.06654 

3.16E-04 0.11455 

3.16E-03 0.09886 

3.16E-02 0.10532 

3.16E-01 0.03790 

3.16E+00 0.01628 

 
The other parameters describing polymerization 

kinetics (equations 1-2), time-temperature superposi-
tion (equation 8), as well as failure probability 
(equation 9) for CY-228 system are provided in 
table 3 (Nowak et al., 2009). 
 

Table 3. Parameters of curing kinetics, WLF,  and cracking 
models for CY-228 system. 

A1 [1/s] 2.293E+9 

A2 [1/s] 1.163E+5 

E1 [K] 11654 

E2 [K] 7182 

m 0.438 

n 1.118 

HU [J/kg] 103340 

Tref [°C] 80 

C1 [1/°C] 14.1 

C2 [°C] 69.6 

 3.4 

 82 

 
3.3. Analysis procedure 

 
The performed simulations reflected normal 

manufacturing process conditions during  polymeri-
zation and post-curing process managed in the tun-
nel oven. The low-temperature cycling test was also 
simulated in the following step of analysis. The 
FEM results were expressed in the form of probabil-
ity of failure distribution and compared to the strain 
gauge measurements. The commercial FEM code 

was extended about user-defined subroutines to 
cover all the phenomena described in Chapter 2. 

 
3.3.1. Kinetics of curing 

 
Simulation of curing process was performed to 

find out the solidification point of the resin where, at 
certain temperature, the mutual dimensions of both 
insert and resin are fixed and balanced. This analysis 
was carried out using CFD software package and 
temperature at the point when 65% of curing oc-
curred was taken as a solidification point. The tem-
perature distribution in the cured resin body was also 
taken as an initial conditions for further FEM analy-
sis aiming the post-curing behavior. 

 
3.3.2. Post-curing behavior and Temperature 

cycling test 
 
Post-curing behavior was examined using tran-

sient analysis, and visco-elastic behavior of the resin 
system was studied to evaluate the level of residual 
stresses in the sample subjected to heating. During 
post-curing process the analyzed model was exposed 
to thermal load, according to recommendations pro-
vided by resin supplier. The product was kept in 
elevated temperature of 110oC for a few hours, al-
lowing for stress relaxation process, and next was 
cooled to room conditions. Finally, the thermal test-
ing in sub-ambient temperatures was modeled. The 
complete profile for combined post-curing and tem-
perature cycling tests is shown in figure 3.  

 

 
Fig. 3. Profile of thermal loading used in post-curing and tem-
perature cycling tests 

As the result of post-curing step analysis, the 
values of residual stresses developing during thermal 
loading were obtained.  
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3.3.3. Probability of failure  
 
In this study, Weibull probability function (equa-

tion 9), was coded into the FEM system, allowing to 
visualize contours of product failure likelihood. This 
is the most effective and useful method to express 
the outcome of structural analysis, since the manu-
facturer can have the direct estimation of production 
yield and scrap ratio. Based on this information, 
further optimization of manufacturing process set-
tings or design changes is easily possible.  

5. RESULTS AND DISCUSSION 

5.1. Curing phase 
 
Based on performed calculations, which in-

cluded heat delivered to the system as well as the 
exothermal nature of curing process itself, the tem-
perature at the resin-metal interface for 65% degree 
of curing was noticed to be around 95oC, and stated 
as the reference value for further analysis, figure 4. 

 
Fig. 4. Temperature distribution [ºC] of the analyzed system for 
65% degree of curing (two perpendicular cross-sections of the 
model are shown only) 

5.2. Post-curing behavior 
 
Since structural analysis of post-curing process 

assumed visco-elastic modeling of resin system, as 
described in chapters 2.2 and 3.2, the stress relaxa-
tion effects could be covered. The analysis of results 
indicates possibility of residual stress development 
in the pairs of resin-metal where both materials un-
der thermal loadings significantly differ in values of 
thermal expansion coefficients. Thermally-induced 
stresses can reach significant values, and for the 
system with metallic insert having 1mm radius, they 
were reported to be as high 65 MPa, figure 5.  

 
Fig. 5. Distribution of von Mises stress in epoxy resin based 
system at the end of post-curing process (temp. 20°C) (metal 
insert not shown for clarity) 

Such accumulation of high residual stresses re-
sults in overdosed decrease in fatigue strength and 
even a single exposure to sub-ambient temperature 
leads to the unexpected failure. FEM analysis indi-
cated that the residual stresses appear in the system 
slightly below glass transition temperature, Tg 
(around 50-70oC). They cannot be fully relaxed in 
limited time, since this process is effective only well 
above Tg. In real industrial application condition, 
where post-curing process is stopped at certain time, 
the stresses remain in the structure and are very dan-
gerous for durability of poor-designed products. 

 
5.3. Temperature cycling test and probability of 

failure 
 
The results of temperature cycling test simula-

tions confirm that below certain temperature the 
effectiveness of post-curing and relaxation is really 
limited and subsequent drop of temperature of the 
product below zero can result in catastrophic failure. 
These results were verified in the cold climatic 
chamber by strain gauges measurements, where 
local strains and deformation fields were monitored. 
Severe deformations at small radii R1 and R2 were 
observed during the experiment. The first fracture of 
samples during thermal loading was reported just 
shortly after passing through -20oC. 

The measurement results were collected in the 
form of cumulative damage diagram, figure 6a. 
 
 
 
 
 
 
 

 



 

C
O

M
P
U

T
E
R
 M

E
T
H

O
D

S
 I
N

 M
A

T
E
R
IA

L
S
 S

C
IE

N
C

E
 

IN

F
R
lo

r
th
p
F
p

5

f
s
t
a
s
c
s
s
th
f

6

in
g

NFO

Fig.
R2 r
oad

rela
he 

pera
FEA
plot

5.4.

firm
sam
em

are 
shap
crac
sens
sors
he 

figu

6. 

ng 
gres

P
t

[%
]

ORMA

 6. 
radi
d – r

Pro
atio

nu
atu
A p
tted
 

. 
 
Bo

med
mple
mper

pre
pe 
ckin
sor
s lo
me

ure 

CO

Va
ha

ss o

2

4

6

8

10

Pe
rc

en
ta

ge
 [%

]

ATYK

a) C
ii; b
resu

oba
onsh
umb
ure. 
pac
d, f

Str

oth
d hi
es o
ratu
ese
of

ng 
r. T
oca
etal
7b

ON

ario
ave 
of 

0

20

40

60

80

00

KA W

Cum
b) F
ult of

abi
hip
ber 

Th
cka
figu

rai

: si
igh
out
ure

ente
f cu

of
Two
ated
l in

b. 

NCL

ous
be
pol

-1

Pe

R1 

W TE

mula
Failu
of FE

lity
p be

of
he 
age 
ure 

in g

imu
h lik
t of
e cy
ed i
urv
f sa
o c
d in
nse

LU

s as
een 
lym

10

erce

@ 

ECHN

ative
ure p
EM

y of
etw
f sa
rel
so
6b

gau

ula
kel
f ten
ycli
in f
ve 
amp
curv
n h
ert. 

UDI

spe
co

mer

enta

-60

NOL

e da
pro

M ana

f fa
ween
amp
atio

o th
b. 

uge

ation
liho
n h
ing
figu
is 
ple
ves
hoo

Th

ING

cts
ove
riza

-20

ge o

0°C

LOG

ama
obab
alys

ailu
n t
ple
ons
hat 

es v

n a
ood
hav
g te
ure
eas

e an
s in
op d
he e

G R

 of
red
atio

Te

of cra
(

II M

age 
bility
sis 

ure 
he 
s w
ship

fa

veri

and
d of
ing
sts

e 7a
sy 
nd 
n fi
dire
exe

RE

f ep
d in
on p

-30

empe

ack-f
for R

MATE

a) 

 
b) 

dia
ty fo

wa
lev

whi
p w
ailu

ific

d m
f pr
g R
. Th
a. C
to 
fo

igur
ecti
emp

EMA

pox
n th
pro

eratu

free
R1 an

ERIA

agra
or R

as e
vel 
ich 
was
ure 

cati

mea
rod

R1 r
he 
Cha

no
llow
re 
ion
pla

AR

xy 
his 
oce

-40

ure [°

e sam
nd R2

AŁÓW

am f
R1 s

esti
of
fa

s in
dis

ion

asur
duc
radi
typ

arac
otic
win
7a 

n on
ary 

RK

res
art
ss, 

0

°C]

mple
2 rad

W 

for s
samp

ima
f re
ailed
nco
stri

n 

rem
t to
ius 
pica
cte
ce 
ng 
rep

n o
cra

KS 

sin 
ticl
vi

-5

es vs
dii)

sam
ple 

ated
esid
d a
rpo
ibu

men
o cr
bro

al s
erist

an
fai

pre
opp
ack

beh
e, i
sco

50

s. Tem

mple
at -

d b
dua
at c
orat
utio

nt r
rac
oke
stra
tic 
d r
ilur
esen
pos
ks a

hav
inc
o-el

mpe

es w
-60°

base
l st

cert
ted
n c

resu
ckin
e du
ain 
dro
refl
re 
nt t
ite 
are 

vio
clud
last

-60

eratu

with 
°C t

ed o
tres
tain

d in
cou

ults
ng. 
urin
rea
op 

flec
of 
two
sid
sh

r m
ding
tic 

ure

R1 
ther

on 
ss a
n te
nto 
uld 

s c
Ei

ng 
adin
in 
ts 
str

o s
des

how

mod
g p
str

R1

R2

–

 

 
and

rma

the
and
em-
the
be

on-
ight
the
ngs
the
the

rain
sen-
s of
w in

del-
pro-
ress

1

2

– 1

d 
al 

e 
d 
-
e 
e 

-
t 
e 
s 
e 
e 
n 
-
f 
n 

-
-
s 

1066 – 

re
v
d
fa
p
w

F
cy
cr

u
c
ti
g
c
a
sh
fr
o
ti
u
re
d
c
p
p
c
se

elax
vant
duce
actu

prod
with

Fig. 
ycli
rack

ure 
aus
ion

grad
ant

addi
har
rac

of in
ical

ucts
efle

duri
ycl

poss
proc
ont
een

xat
t n
ed 
urin
duc
h st
 

7. a
ing 
ks a

Ba
of 

sed
n. H
dien
t st
itio
rp 
tur
nse
lly 
s. S
ects
ing 
ling
sibl
ces
tex
n as

tion
num
int
ng 

ct w
trai

a) E
test

appe

ased
f ep
d m
Hig
nts 
tres
ona
cor

re. I
ert’

im
Sin
s t

cu
g te
le 
s, a

xt, t
s a 

n a
mer
to F

p
was
in g

Exem
t - i
eari

d o
pox

main
h d
ac

ss l
ally
rne
It w
s g

mpr
ce 
the 
urin
ests
mo

allo
the 
top

as w
rica
FE
roc
s s
gau

mpl
in h
ing 

n t
xy 
nly 
diff
cros
leve
, s

ers)
was
geom
rov

the
be

ng,
s, a
odi
ow
ap

pic 

wel
al m
M 
ces
sim
uge 

lary
hoop
dur

the 
bas
by

fere
ss t
el, 
som
) ex
s sh
me
e t
e p
eha
, p
auth
ific
ing

ppli
of 

ll a
mo
so
s 

mula
me

y str
p di
ring

wo
sed

y te
enc
the
up

me 
xist
how
etry
the 
pro
avio
post
hor
cati
g to
cat

f a n

as s
odel
ftw
of 

ated
eas

rain
irec

g the

ork
d p
nsi

ces 
e w
p to

st
t, t
wn,
y (e

pe
opos
or 
t-cu
r wi
ons
o re
tion
nex

stoc
ls 

ware
an

d a
ure

 ga
ction
e tes

k it 
rod
ile 
in 

wall 
o ab
tres
the
, th

e.g.
erce
sed
of 
urin
ill 
s o
edu
n o
xt st

cha
we
e p
n e
and
eme

a) 

 
b) 

uge
n, c
st. 

can
duc
stre
C
th

bou
ss 
e ov
hat 
 fro
ent
d m

re
ng 
wo
of 
uce
f st
tud

asti
ere 
pack
exe

d re
ent

e rea
close

n b
cts 
ess
TE
ick
ut 5
con
ver
ev
om
tage
met
esin

pr
ork 

de
e th
tres

dy. 

ic c
pr

kag
emp
esul
ts. 

adin
e to

be c
wi

ses 
Es, 
kne
50 
nce
rloa
en 

m R
e o
thod
n sy
roc
on

esig
he f
ss r
 

cra
rop
ge. 
pla
lts 

ngs 
o R1

con
ith 
in 
as 
ss 
MP

entr
ade
sm
1 t
of c
dol
yst
ess

n an
gn 
fail
reli

cki
ose
Th

ary 
we

dur
1 ra

nclu
me
tan
we
gen
Pa 
rato

ed 
mall

o R
cra
log
tem
ses 
naly
an

lure
ive 

ing
ed 
he 

ep
ere

ring
adiu

ude
eta
nge
ell 
ner
(at

ors
ma
l m
R2)
ack-
y s

m c
an

ysis
nd 
e r
ho

. T
an
rea
pox

e co

g tem
us; b

ed t
l in

enti
as 

rate
t -5
s (
ater

mod
) m
-fre
suf

com
nd 
s o
pro
ate

oles

The
nd 
al m
xy-
om

mpe
b) T

tha
nse
ial d

th
e si
50o

suc
rial

dific
may 

ee 
ffic
mpo

th
f fu
odu

e. In
s is

e re
int

man
bas

mpar

erat
Typ

at fa
erts
dir

herm
ign
C).
ch 
l m
cati
dr
pro
ien

one
herm
furth
ucti
n t

s fo

ele-
tro-
nu-
sed
red

 

 
ture
ical

ail-
s is
ec-

mal
ifi-
. If
as

may
ion
ras-
od-
ntly
ents
mal
her
ion
this
ore-

-
-
-
d 
d 

e 
l 

-
s 
-
l 
-
f 
s 
y 
n 
-
-
y 
s 
l 
r 
n 
s 
-



C
O

M
P
U

T
E
R
 M

E
T
H

O
D

S
 I
N

 M
A

T
E
R
IA

L
S
 S

C
IE

N
C

E
 

 INFORMATYKA W TECHNOLOGII MATERIAŁÓW 

– 107 – 

REFERENCES 

ABAQUS Analysis. Version 6.8, 2008, User’s Manual. Volume 
III, Dassault Systémes. 

Ashcroft, I.A., Yu, Y., Swallowe, G., 2006, An experimental 
investigation of residual stresses in an epoxy-steel lami-
nate, Int. Journal of Adhesion and Adhesives, 26, 7, 511-
519. 

Ferry, J. D., 1980, Viscoelastic Properties of Polymers, John 
Wiley and Sons., New York. 

Kamal, M. R., Sourour S., 1973, Kinetics and thermal charac-
terization of thermoset cure, Polymer Engineering & 
Science, Volume 13, Issue 1, 59–64.  

Nowak, T., Kmita, G., Sekula, R., 2009, Numerical and experi-
mental analysis of thermal-induced residual stresses in 
epoxy resin based products, Proc. 8th Int. Congress on 
Thermal Stresses, University of Illinois, Urbana-
Champaign. 

Nowak, T., Sekula, R., Saj, P., Kasza, K., 2006, Influence of 
postcuring conditions on the processing characteristic of 
epoxy resin, Adv. in Polymer Tech., 25, 1, 51-62. 

Weitsman, Y., 1979, Residual thermal stresses due to cool-down 
of epoxy-resin composites,  Journal of Applied Mechan-
ics, 46, 3, 563-567. 

Williams, M.L.; Landell, R.F.; Ferry, J.D., 1955, The Tempera-
ture Dependence of Relaxation Mechanisms in Amor-
phous Polymers and Other Glass-forming Liquids, J. 
Am. Chem Soc. 77, 3701-3707. 

 
 

MODELOWANIE NAPRĘŻEŃ RESZTKOWYCH 
W KOMPONENTACH ODLEWANYCH Z ŻYWICY 

EPOKSYDOWEJ 

Streszczenie 
 
Żywica wypełniona cząstkami krzemionki jest w urządze-

niach elektrycznych powszechnie stosowanym materiałem 
izolacyjnym, spełniającym nierzadko również funkcje konstruk-
cyjne. Wynika to z bardzo dobrych właściwości dielektrycznych 
tego typu kompozytów, dobrych właściwości mechanicznych 
oraz ich powszechnej dostępności i stosunkowo łatwej techno-
logii otrzymywania. Częstym problemem związanym z zasto-
sowaniem tych materiałów są jednak przypadki zniszczenia 
aparatów zainicjowane na granicy faz metal-osnowa, a wywoła-
ne przez naprężenia resztkowe powstające już podczas schła-
dzania po procesie odlewania żywicy. Prezentowana praca 
dotyczy oceny i modelowania naprężeń resztkowych przy uży-
ciu metody elementów skończonych, z uwzględnieniem lepko-
sprężystych właściwości materiału polimerowego. W artykule 
przedstawiono podstawowe modele zjawisk towarzyszących 
procesowi produkcyjnemu elementów z żywicy epoksydowej 
z napełniaczem mineralnym, a więc kinetykę sieciowania żywi-
cy wraz z reakcją egzotermiczną, zjawisko relaksacji naprężeń 
w materiale lepko-sprężystym, a także opis  prawdopodobień-
stwa rozwoju pęknięcia w wyrobie. Zaproponowane podejście 
pozwoliło wyjaśnić termo-mechaniczne zachowanie się wyrobu 
w procesie produkcyjnym i wskazać na naprężenia obwodowe 
występujące w pobliżu karbu jako główne źródło zniszczenia 
podczas testów niskotemperaturowych. Zaproponowano zmiany 
konstrukcyjne mające na celu ograniczenia prawdopodobień-
stwa pękania wyrobów podczas testów. 
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