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Abstract 

After undergoing a manufacturing process, materials may exhibit internal stresses 
referred to as residual stresses. In steel-composite hybrid structures, residual stresses 
are typically formed due to the unequal thermal behaviour of the steel and composite. 
Thus, knowledge of the residual stress state is important in the assessment of the 
external-internal loading in steel-composite hybrid structures. 
 
This thesis primarily focuses on estimating the criticality of the residual stress state 
in a paper machine roll structure consisting of a steel cylinder and glass fibre rein-
forced epoxy composite surface layers. Of special interest is evaluating the bond be-
tween the cylinder and surface layers with different surface layer edge geometries by 
studying stress and crack tip loading levels. A secondary aim is to provide an exten-
sive overview of the physical background of residual stress formation and special 
characteristics of residual stress numerical simulations and related material model-
ling. 
 
Numerical simulation models introduced in this study were employed to evaluate the 
residual stress state and its effects in the roll structure. The scope of the simulations 
was limited to thermal residual stresses during the cool-down phase. The emerging 
stress state was not found to be critical as regards the cohesive strength of surface 
layers. However, the bond between the cylinder and associated surface layer was 
evaluated as being critical in the event of an initial flaw. Thus, a crack in the bond 
edge may grow due to the loading induced by the residual stresses. Cylinder rotation 
was found to have no significant effect on the crack tip loading and a nip effect was 
shown not to increase the crack tip loading criticality near the nip contact area. Ex-
perimental methods could prove useful in creating more precise material models and 
improving simulation accuracy. In addition, the obtained simulation results for re-
sidual stress levels and crack tip loading could be validated experimentally. 
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Tiivistelmä 

Jäännösjännitykset ovat valmistusprosessin yhteydessä syntyviä materiaalin sisäisiä 
jännityksiä. Teräs-komposiitti-hybridirakenteissa jäännösjännityksiä muodostuu 
tyypillisesti materiaalien erilaisen lämpölaajenemisen johdosta. Jäännösjännitysten 
arviointi on välttämätöntä, jos teräs-komposiittirakenteiden kokonaiskuormittumi-
nen halutaan arvioida tarkasti. 
 
Tämän diplomityön päätavoitteena oli arvioida jäännösjännitysten kriittisyyttä pape-
rikoneen telarakenteessa, joka koostuu lasikuidulla vahvistetusta epoksikomposiitti-
pinnoitteesta ja terässylinteristä. Erityisesti komposiittikerrosten ja terässylinterin 
välistä liitosta haluttiin arvioida erilaisilla pinnoitteen reunageometrioilla tarkaste-
lemalla jännitystasoja sekä mahdollisen särön kärjen kuormittumistasoja. Työn toi-
sena tavoitteena oli tarjota laaja yleiskatsaus jäännösjännitysten muodostumisen 
fysikaalisiin perusteisiin ja jäännösjännitysten numeerisen simuloinnin sekä siihen 
liittyvän materiaalien mallintamisen erityispiirteisiin. 
 
Tässä diplomityössä esitellään numeerisia simulaatiomalleja, joita käytettiin arvioi-
maan jäännösjännitysten tilaa ja vaikutuksia telarakenteessa. Simuloinnit rajattiin 
lämpöjäännösjännityksien analysointiin valmistuksen jäähtymisvaiheessa. Tulosten 
mukaan syntyvä jäännösjännitystila ei ollut kriittinen pinnoitteen lujuuden kannalta. 
Sylinterin ja pinnoitteen liitoksessa olevan mahdollisen särön kärjen energiatasot 
olivat kuitenkin tietyillä reunasärön pituuksilla kriittisiä. Liitoksen reunaan syntyvä 
särö saattaa siis kasvaa jäännösjännityskuormituksen johdosta. Sylinterin pyörimisen 
vaikutuksen todettiin olevan merkityksetön särön kärjen kuormittumisen kannalta ja 
nippivaikutuksen ei todettu kasvattavan särön kärjen kuormittumistason kriittisyyttä 
lähellä kontaktialuetta. Jatkossa voitaisiin luoda tarkempia materiaalimalleja paran-
tamaan simulaatioiden tarkkuutta. Lisäksi saadut simulointitulokset jäännösjänni-
tystasoista voitaisiin vahvistaa kokeellisesti. 
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Nomenclature

Abbreviations

CHILE Cure-hardening instantaneously linear-elastic
CME Coefficient of moisture expansion
CPO Cool-down phase only
CTE Coefficient of thermal expansion
CVE Coefficient of volumetric expansion
ECC Entire cure cycle
FEM Finite element method
RPM Rounds per minute
SERR Strain energy release rate
VCCT Virtual crack closure technique
VE Viscoelastic

List of Symbols

α Degree of cure
αT Shift factor
β Total volumetric shrinkage
ε Strain
κ Thermal conductivity
λω Discrete stress relaxation time
ν Poisson’s ratio
ξ Reduced times
ρ Density
σ Stress
τ Time integration variable, shear stress
ψ Crack tip loading mode mixity
ω Angular velocity
A Area, epoxy system constant
c Specific heat capacity
Cp Specific heat
e Internal energy per unit mass
E Young’s modulus
E ′ Instantaneous elastic modulus
∆E Activation energy
F Centripetal force
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G Shear modulus, strain energy release rate
H Cure reaction heat generation
K Cure evolution constant, stress intensity factor
m Mass
P Balancing forces
q Heat flux vector
Q Instantaneous heat generation
r Heat supply rate, radius from rotational axis
R Universal gas constant
t Thickness, time
t′ Time integration variable
T Temperature
V Volume
Wω Weight factor
x Coordinates

Subscripts and superscripts

θ, r, x, y, z Coordinate direction
∞ Fully relaxed
0 Room temperature, initial value
I, II, III Fracture mode
c Composite, critical
f Final
g Glass transition
i, j Index / tensor components
P Balancing force
R Total
ref Reference value
s Chemical
tc Thermochemical
T Total value, top, thermal
u Unrelaxed modulus
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1 Introduction

Formation of residual stresses is a manufacturing process related problem area
that has received increasing attention during past decades. This type of stress
is an internal stress formed during the manufacturing process of a structure due
to the unequal properties of the material system constituents. These stresses are
typical in composite structures and in steel-composite hybrid structures. It is
imperative to know the residual stress formation in these structures in order to
accurately assess the total loading due to external and internal loads. Furthermore,
the residual stress magnitudes arising may influence the service life and usability
of these structures. Therefore, a significant effort has been directed to evaluate
the emerging residual stress state using experimental and computational methods.
However, additional studies are needed to further improve the understanding of
the factors behind residual stress formation and the influence of residual stresses
in real-life structures, such as paper machine rolls.

The main object of this thesis is to determine the criticality and parametric
sensitivity of the residual stress state after the manufacturing process in a paper
machine roll structure. The roll structure is a steel-composite hybrid structure
which consists of a steel cylinder with glass fibre reinforced epoxy surface layers.
In addition, the loading of the bond between the cylinder and surface layers is
investigated with different material parameters, surface edge parameters and after
adding cylinder rotation and the nip effect. The loading state of the bond is
evaluated based on the residual stresses and crack tip loading. A secondary aim
is to extensively present the physical background of residual stresses, as well as
special characteristics of residual stress numerical simulations and related material
modelling.

This study introduces numerical finite element simulation models, which can
be applied to evaluate the residual stress state and bond line loading in the roll
structure. The scope of the simulations is limited only to linear thermal stresses
forming during the cool-down phase of the manufacturing process. Linear-elastic
temperature-independent material models are used in the simulations.

The remaining part of this thesis is divided into six chapters. Chapter 2
presents the physical background of residual stress formation in fibre-reinforced
epoxy composite materials and steel-composite hybrid material systems. The es-
sential parameters of stress formation are also introduced. Chapter 3 describes
typical material models for epoxy resin and composite materials in residual stress
studies. Chapter 4 introduces the special characteristics of finite element method
simulations of residual stress formation and shows residual stress simulation re-
sults for two cylinder structures. Chapters 5 and 6 form the computational part
of this thesis presenting and discussing the created simulation models and results
obtained. Chapter 7 presents conclusions and propositions for future research.
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2 Residual stresses

Stresses in a material system can be categorised into stresses due to external loads
and residual stresses. Residual stresses are internal stresses formed during the
manufacturing process of the material system. These stresses can be further di-
vided into the stresses arising from unequal shrinkage or expansion of the materials
and into the stresses arising from local plastic or viscoelastic deformations. Re-
sidual stresses caused by unequal shrinkage or expansion can be further divided
into thermal stresses, hygroscopic stresses and curing stresses. [1] This stress clas-
sification is presented in Figure 2.1.

Figure 2.1: Stresses in a material system can be classified into stresses due to
external loads and residual stresses. Latter can be divided into two groups according
to the cause: unequal shrinkage (expansion) or plasticity (viscoelasticity). Thermal
stresses, hygroscopic stresses and curing stresses are due to the unequal shrinkage
(expansion). [1]

Gradients in temperature or moisture content in a homogeneous material can
cause unequal and restrained volume changes, causing thermal and hygroscopic
residual stresses. For heterogeneous material systems, for example composites,
this phenomenon can occur also without gradients due to different expansion co-
efficients of the constituent materials. [1] Composite materials are typically made
of polymer matrix and reinforcing fibres of glass or carbon. The matrix and fibre
materials have typically significantly different coefficients of thermal expansion
(CTE) and coefficients of moisture expansion (CME). Thermal expansion coeffi-
cients are usually unequal also in hybrid material systems, where e.g. steel and
composite constituents are joined together.

In addition to aforementioned stresses induced by different expansion, also
chemical shrinkage and non-uniform curing during composite manufacturing pro-
cess cause residual stresses, named as curing residual stresses. The polymer matrix
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material typically undergoes chemical shrinkage during the polymerization reac-
tion of curing. This volume change is restrained after the reinforcing fibres have
bonded to the matrix and curing residual stresses are formed. Non-uniform cur-
ing is present for example during the manufacture of thick composite parts, as the
surfaces have already cured when the centre plies are still curing. This prevents
unconstrained shrinkage and causes curing residual stresses. [2]

The three main sources of unequal shrinkage and expansion causing resid-
ual stresses are thus differences in temperature, changes in moisture content and
chemical reactions. These lead to thermal residual stresses, hygroscopic residual
stresses and curing residual stresses, respectively. [1]

2.1 Thermal residual stresses

Thermal residual stresses in composites and hybrid material systems are formed
due to the different thermal expansion (or contraction) of the constituent mate-
rials when the structure undergoes a temperature change. The residual stresses
forming during the cool-down stage of the manufacturing process of composites
are typically significant and should be included in a stress analysis. [1]

As a material is heated, the internal energy of the material increases and thus
the average motion of the material particles increases and the particles maintain
larger average separation. This will lead to an increase in the material volume.
If the deformation of a material is unrestrained (free), no stresses are formed.
However, when two dissimilar materials are joined together, as in composites or
hybrid material systems, free deformation is prevented and stresses are formed
under a temperature change. Deformations are also restrained when a composite
part is manufactured inside a mould, as interactions between the mould and the
composite part restrain free shrinkage and expansion. Thermal residual stresses
can also be formed inside a homogeneous material if a temperature gradient, i.e.
a non-uniform distribution of temperature, exists.

The effect of different coefficients of thermal expansion inside a material system
can be studied with a simple example including two homogeneous solid materials,
marked as 1 and 2, under a temperature change ∆T . Temperature change ∆T
is the difference between the examined temperature and reference temperature.
Now ∆T > 0, describing an increase in the temperature. The thermal expansion
coefficients for the materials are CTE1 and CTE2. Now CTE1 and CTE2 are
positive and in addition CTE1 > CTE2. Let us assume that material 2 has
significantly larger thickness than the material 1, t2 � t1, as shown in Figure 2.2
(a), and that bending effect is negligible. Material Young’s moduli, denoted as
E1 and E2, are unequal and materials are perfectly bonded together. Thus, the
strain after the temperature change in the x-direction, εx, is constant through the
thickness (y-coordinate direction), as shown in Figure 2.2 (b). If the materials
would not be bonded, material 1 would expand more in the x-coordinate direction
than material 2 due to the CTE-mismatch. However, as the materials are joined
together, this free expansion is prevented, and deformations in the thin layer of
material 1 are equal to the deformations in material 2. Thus, after the temperature
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change material 2 is still practically stress-free, whereas material 1 experiences a
negative stress (compression) in the x-direction. Assuming Hooke’s law the stress
σx in material 1 is:

σx,1 = −∆T · (CTE2 − CTE1) · E1. (2.1)

A stress discontinuity exists at the interface between these two materials, as ma-
terial 1 is under compression and material 2 is practically stress-free. The stress
state is presented in Figure 2.2 (c).

Figure 2.2: (a) Schematic example of two perfectly bonded homogeneous ma-
terials with different coefficients of thermal expansion (CTE) and significantly
different thicknesses (t) under a temperature increase ∆T . (b) The strain (εx) is
continuous through the thickness direction. (c) However, there exists a disconti-
nuity in the stress distribution (σx) through the thickness, as material 1 is under
compression and material 2 is practically stress-free.

In reality, materials go through deformations. Let us now assume that thick-
nesses are equal, t1 = t2. If the system is otherwise similar to the previously
presented, bending will occur, as shown in Figure 2.3 (a). The bending will cause
variation in strain and stress values through the material thickness. Again, the
strain component in the x-coordinate direction (εx) is continuous through the in-
terface, as the materials are joined together, see Figure 2.3 (b). The Euler beam
theory can be applied to connect the deformation (strain) and the residual stress
state. The stress state is discontinuous, as schematically presented in Figure 2.3
(c), because material 1 is under compression and material 2 under tension.
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Figure 2.3: (a) Example of two homogeneous materials with different coeffi-
cients of thermal expansion (CTE) and same thicknesses (t) under a temperature
increase ∆T . (b) The strain (εx) is continuous through the thickness direction.
(c) However, there exists a clear discontinuity in the stress (σx) through the thick-
ness, as material 1 near the interface is under compression and material 2 under
tension. In addition, the strain (εx) and stress (σx) change linearly through the
thickness since bending is present.

In fibre-matrix composites, the matrix material has typically significantly larger
thermal expansion coefficient compared to the fibre material. Due to this, the
(free) volumetric shrinkage in the matrix material is larger than in the fibre, if a
temperature decrease for an unbonded system during the manufacturing process
is examined. However, as the matrix and fibre are bonded together, the larger
deformation of matrix is restrained by the stiffer fibre, and compressive thermal
residual stresses are formed in the longitudinal direction of the fibre. Vice versa,
tensional thermal residual stresses are formed in the longitudinal direction of the
matrix. [2–5] This behaviour for bonded and unbonded systems is presented in
Figure 2.4. The residual thermal stresses in the fibre direction are considerably
greater than in the transversal direction, because fibres significantly restrain the
free movement of matrix in the longitudinal fibre direction but not so much in the
transversal direction. [6]

The magnitude of thermal residual stresses depends on the temperature change
magnitude ∆T and difference between thermal expansion coefficients of the ma-
terials (and the magnitude of temperature gradient, if present). The temperature
change refers to the difference between the so-called zero-stress temperature (or
reference temperature) and the temperature of examination. The zero-stress tem-
perature is the temperature, where the stress-free material constituents are bonded
together. If only thermal residual stresses are considered, this zero-stress temper-
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Figure 2.4: Behaviour of a single fibre and matrix material block in bonded
and unbonded cases under a temperature decrease causing material shrinkage. In
the bonded case tensional stresses are formed in matrix and compressive stresses
are formed in the fibre, as shown with arrow heads. In the unbonded case no
stresses are formed as volumetric changes are not restrained. Modified from the
reference [7].

ature for composites is usually close to the maximum temperature during the cure
process. Cure process maximum temperature inside a composite consists of the
external process temperature added with a possible internal temperature rise due
to the exothermic resin cure reaction [8]. Cure process temperatures for compos-
ites with epoxy resins can be relatively high, between 115 ◦C and 250 ◦C [9, 10].
Thereby, a typical service temperature of 20 ◦C leads to a temperature difference
∆T = 95–230 ◦C. However, some epoxy systems are cured in a room tempera-
ture, in which case the temperature difference becomes much smaller, since the
exothermic curing reaction is the main source of the temperature difference.

The thermal expansion coefficient for a fully cured epoxy polymer can be at
least ten times larger than for a glass fibre. For example, the thermal expan-
sion coefficient for an epoxy resin system Araldite LY5052/Hardener HY5052 is
71 · 10−61/◦C [11] whereas for pure E-glass fibre the value is 4.9 · 10−61/◦C [12].
The fibres dominate composite ply expansion behaviour in the longitudinal di-
rection and the resin in the transverse direction. For a ply with Hexcel 7781-
127 E-glass fibres with fibre volume fraction of 49% and epoxy system Araldite
LY5052/Hardener HY5052 the thermal expansion coefficient in the longitudinal
direction is 7.2·10−61/◦C and in the transverse direction 50.7·10−61/◦C [13]. Com-
posite laminate values are dependent on ply CTE values and ply orientations. In
hybrid material systems composites and metal layers are often bonded together.
Metals can be considered as isotropic materials, and for example CTE for AISI
302 steel is 11 · 10−61/◦C [14].

Temperature gradients in a material during the cure will cause unequal so-
lidification of the matrix and gradients after the cure will cause unequal thermal
expansion or contraction. Especially during manufacturing of thick laminates,
temperature gradients may become significant. The effects of these gradients are
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studied with curing residual stresses (Chapter 2.3), as they are closely related to
matrix cure process.

The fibre material properties remain approximately constant over a typical
composite structure manufacture and operation temperature range. This is true
also for steel and many other metal alloys. For a fully cured thermoset poly-
mer matrix, material properties change significantly when temperature is changed
around the glass transition temperature, Tg. Glass transition temperature is the
temperature where the polymer matrix transforms from glassy, solid material into
rubbery material, as temperature is increased. The volumetric change of ther-
moset polymer matrix around Tg is presented on left in Figure 2.5. The coefficient
of volumetric expansion (CVE) changes significantly around Tg, but has approxi-
mately constant value before and after the transition, as presented in the middle
in Figure 2.5. Polymer stiffness decreases significantly after the glass transition,
as presented for shear modulus G on right in Figure 2.5. [15]

Figure 2.5: Change in thermoset polymer matrix properties as a function of
temperature around Tg. On the left, the volumetric change is shown. In the middle
the significant change in the coefficient of volumetric expansion (CVE) around
Tg is shown. On the right, shear modulus (G) is shown to change around Tg,
indicating polymer stiffness change. Modified from the reference [15].

2.2 Hygroscopic residual stresses

Hygroscopic residual stresses are formed due to the unequal expansion of the ma-
terial system constituents as moisture is absorbed, analogous situation compared
to the thermal residual stresses formation. However, effects of hygroscopic stresses
should be studied more cautiously, as moisture equilibrium is reached much slower
than temperature equilibrium. Thus, moisture gradients can be present more likely
compared to temperature gradients. Considering the material properties, it has
been noted that the modulus of the elasticity for a polymer matrix material usually
decreases as moisture is absorbed. [1]

Hygroscopic absorption is generally rather slow and no significant amount of
moisture is absorbed in the typical manufacturing and service environments. Thus,
hygroscopic residual stresses are usually neglected. Exceptions are structures used
in very moist conditions for a long time.
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2.3 Curing residual stresses

Curing shrinkage is defined as the volume change (decrease) of a composite part
during the cure. Depending on the manufacturing method, curing shrinkage may
consist of chemical shrinkage of the resin, resin flow out of the composite part
and/or compaction of the reinforcing fibres under a cure cycle pressure. Resin
curing is a process where monomers or prepolymers form polymers (polymeriza-
tion) and later these polymers link to each other (cross-linking), forming a solid
matrix material with a smaller volume. This resin volume decrease during the cure
is called chemical shrinkage. [16] Reinforcing fibres restrain the volume changes
especially after the matrix has bonded with fibres and in some cases also the in-
teraction between mould surface and part causes deformation constraints. Curing
residual stresses are formed due to these restrains.

2.3.1 Physical background of curing

Large polymers are formed from monomers in the polymerization process during
the cure process. Thermoset epoxy polymers undergo a step-wise polymerization
process, where polymers can be formed from prepolymers (monomers or systems
of monomers with intermediate molecular weight) with the help of a curing agent
to catalyst the process in a room temperature or in an elevated temperature. The
situation before the start of the cure reaction including prepolymer and curing
agent is presented in Figure 2.6 (A). The molecular size of the components increase
during the curing process as molecules first form chains and then grow linearly
through branching, as shown in Figure 2.6 (B). Formed molecular chains further
cross-link with each other. Figure 2.6 (C) shows gelation (gel point), which is the
moment when the first continuous three-dimensional molecular network is formed.
Eventually full cure is reached, cross-linking ends and material has vitrified, as
presented in Figure 2.6 (D). [17, 18]

Figure 2.6: A step-wise polymerization cure reaction. A: prepolymers and curing
agent before the reaction starts. B: The cure reaction has started and molecular
size is increasing as molecules form chains and grow through branching. C: First
continuous molecular network is created, denoted as gelation or gel point. D: Cure
process has ended as cross-linking has stopped and material has vitrified. [19]

In the initial part of the curing process, uncured resin behaves as a viscous fluid.
The monomer molecules can be described as separate chemical entities, which each
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take a unit volume, as shown in Figure 2.7 on the left. The size of this unit volume
is governed by Van der Waals volume and the thermal energy of the molecule. [20]
After polymerization the previously separate monomers are constrained together
into tightly packed polymers, as thermal energy storage degrees of freedom are
reduced, as shown in Figure 2.7 on the right. In addition, the bonds between
molecules are transformed from Van der Waals bonds into shorter but stronger
covalent bonds. The resin volume decreases, denoted as chemical shrinkage. [8,
17, 21]

Figure 2.7: On the left: liquid monomer molecules before curing process, occu-
pying separate effective volumes. On the right: Tightly packed monomers forming
polymers with shorter covalent bonds, decreasing the resin volume. As a result,
chemical shrinkage is observed. [17]

Volumetric changes during epoxy resin curing process are schematically pre-
sented in Figure 2.8, taking into account thermal expansion/shrinkage and chem-
ical shrinkage. First, the resin volume increases due to thermal expansion when
temperature is increased from reference (room) temperature T0 to the curing tem-
perature Tcure (stage a–b). No chemical shrinkage occurs during this stage, because
curing has not started. The volume decreases due to the chemical shrinkage when
a constant cure temperature Tcure is reached (stage b–c). After resin has cured,
the temperature is decreased towards reference temperature and resin volume de-
creases due to this temperature decrease. The thermal expansion coefficient of the
epoxy changes (decreases) significantly around the glass transition temperature Tg
(point d), as previously presented in Figure 2.5. Finally, when the reference (room)
temperature is reached again, an external shrinkage in the resin volume can be
observed (volume difference between points a and e). However, the volumetric
shrinkage between points a and e does not equal the total chemical shrinkage
(change between b and c), as the resin thermal expansion behaviour has changed
during the cure process. [22]
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Figure 2.8: Volumetric changes of epoxy resin during the cure process. First,
volume increases as temperature is increased (a–b). Then, due to the chemical
shrinkage during curing the resin volume decreases (b–c). After resin has cured,
temperature is decreased and also volume decreases (c–d). At the glass transition
temperature Tg the resin CTE value changes significantly (d). Resin volume de-
creases as temperature is further decreased (d–e). The difference in the final and
initial resin volume (points a and e) does not equal the total chemical shrinkage
due to property changes during the cure process. Modified from the reference [22].

The magnitude of the chemical shrinkage depends on the material, but for
example the following values have been reported: epoxy resins 1–6.9% [23], un-
saturated polyester resins 6–9% and urethane methacrylates 10–12.5% [21]. The
shrinkage in a unidirectional composite ply is restricted by the non-reacting fibres,
and due to this the shrinkage strain in the transverse direction is larger than in the
longitudinal direction. Curing residual stresses are formed due to these restric-
tions. To counteract the shrinkage, thermoplastic polymers or inorganic fillers
may be added. These additives either do not react during curing, holding their
original volume, or they expand due to the exothermic process. [21]

The evolution of the curing process is often described with a parameter called
degree of cure, α. The degree of cure is defined as [24]:

α =
H

HR

(2.2)

where H is the heat generated up to the time t and HR is the total amount of heat
generated during the whole reaction (up to the total time tf ). H and HR can be
further defined as [24]:

H =

∫ t

0

dQ

dt
dt and HR =

∫ tf

0

dQ

dt
dt (2.3)
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where dQ/dt is the heat generation rate of the reaction and t is the time. In
the beginning of the cure, the process is controlled by the chemical reactivity of
the functional groups, but after gelation the diffusion of these groups inside the
polymer network starts to control the process [25].

Typical autoclave cure cycle for a composite part with epoxy resin is presented
in Figure 2.9. In Figure 2.9, the autoclave temperature, composite part tempera-
ture, resin instantaneous glass transition temperature and resin degree of cure are
presented as a function of time. The cure cycle can be divided into three phases,
denoted as I, II and III. During the phase I, resin behaves as viscous fluid, it is
unable to support shear loads and due to this internal stresses are not formed.
During the phase II, after gelation but before vitrification, resin behaviour is vis-
coelastic. Some of the stresses formed during this phase relax, but this phase is
important concerning the final residual stress state. During the phase III, after
vitrification, resin behaviour can be described elastic. [8]

Figure 2.9 shows that the composite part temperature follows autoclave tem-
perature with a small lag. The exothermic cure reaction evolves rapidly in the
beginning of the second temperature hold period and the part temperature rises
over the autoclave temperature. Gelation occurs at the point A, at a certain de-
gree of cure. Vitrification happens later at the point B, when the instantaneous
glass transition temperature of the resin reaches the part temperature. The de-
gree of cure does not change significantly after vitrification. As the cure process
proceeds, the elastic modulus and viscosity of the resin material increase. The
autoclave temperature is decreased in the end of the cycle as the composite part
is wanted to cool-down to room temperature. Typically a pressure is also ap-
plied through the autoclave cycle — its magnitude depends on the materials and
manufacturing method in question. [8]

2.3.2 Generalized effects of curing residual stresses

Cure shrinkage strains increase with the degree of cure and residual stresses in a
fibre-reinforced composite accumulate as the transition from liquid to glassy state
proceeds. This is due to the interaction between fibres and the resin: Resin is
not adhered to the fibres in the beginning of the cure process. No significant
stresses are typically formed as cure shrinkage happens in matrix at this stage. [6]
As the cure process proceeds, resin adheres to the fibres and the load due to the
curing shrinkage is transferred to the fibres. Thus, especially the events after
the gel point, when matrix is adhered to the fibres, greatly affect residual stress
development. [26, 27]

Significant stress relaxation happens during the curing process, as matrix
changes from liquid to solid state. Stress relaxation means that the formed stresses
may relieve in partly cured matrix under a high temperature as some of the matrix
is still in liquid form and deformation is not restrained. Due to this, ignoring the
stress relaxation during the curing will lead to too large curing stress estimates.
The amount of stress relaxation is hard to determine. Thus, two methods have
been created for assessing the emerging curing stress state: it can be assumed that
the relaxation stops after certain degree of cure (gelation) or it can be assumed
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Figure 2.9: Typical autoclave cure process of a composite part with epoxy resin.
Autoclave temperature, part temperature, resin instantaneous glass transition tem-
perature and resin degree of cure are presented as a function of time. Resin proper-
ties can be divided into three phases during the process: in phase I resin is viscous
liquid, in phase II viscoelastic and in phase III elastic solid. Autoclave tempera-
ture profile has two holding steps, and part temperature follows the same profile
with a small lag. Due to the exothermic cure process the part temperature rises
momentarily higher than the autoclave temperature. Glass transition temperature
evolves during the process, and vitrification happens when glass transition tem-
perature equals to the part temperature (point B). Gelation happens earlier at a
certain degree of cure (point A). Modified from the reference [8].

that the forming curing stresses are negligible compared to other forms of residual
stresses and to stresses due to external loads. [1] Studies done with bi-material
strip specimens have shown that the thermal residual stresses in the room temper-
ature after cool-down have been notably larger than the curing residual stresses
[14, 28]. However, a study for a cross-ply laminate with a lay-up [04/904] showed,
that curing residual stresses were notable compared to the thermal residual stresses
formed during the cool-down phase, and should not be ignored in analysis [29].
Thus it may be proposed, that the proportional magnitude of curing stresses is
case-dependent, and no general conclusion of the negligibility can be done.

Yu et al. [1] investigated the stress-free temperature of bi-material strips after
curing by heating the strip again from the service temperature towards curing
temperature and by observing when deformations vanish. They found out that
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the stress-free temperature was slightly higher than the initial curing tempera-
ture, indicating that reheating slightly increased the degree of cure. Curing re-
sidual stresses and the increase in degree of cure after reheating can be included
in thermal residual stress analyses by using this experimentally defined stress-free
temperature as the curing temperature when determining the temperature differ-
ence. [1] Post-curing may cause additional curing residual stresses due to further
shrinkage and loss of volatiles or moisture [6].

In thick laminates, it is likely that temperature and also degree of cure gra-
dients are present. As the temperature is brought outside the laminate and the
thermal conduction of the materials is comparatively low, areas near the surfaces
of laminates have higher temperature than inside the laminate. Consequently, the
top and bottom parts of the composite cure and solidify before the centre area.
When the centre area starts to cure and shrink, solid outer layers restrain the
shrinkage, and compressive curing residual stresses are formed in the outer layers
and tensile curing residual stresses in the inner layers. Often the distribution of
these stresses through the thickness of the laminate is parabolic, as presented in
Figure 2.10. [30, 31]

Figure 2.10: Formation of chemical residual stresses in a thick laminate, as
the outer layers of the laminate cure before the inner layers. Thus, solid outer
layers prevent the shrinkage of the inner layers as they shrink during the cure.
As a result, compressive curing residual stresses are formed in the outer plies and
tensile curing residual stresses in the inner plies. [32]

Above, mainly factors related to chemical shrinkage and chemical residual
stresses have been studied. Resin flow effects, compaction and part-tool inter-
action also induce curing residual stresses. Resin flow during initial stages of the
cure process can cause composite part to deform and shrink, as excess resin flows
out from the part. In addition, this causes non-uniform distribution in the fibre
volume fraction and thus also in material properties, which leads to uneven thermal
and shrinkage strains causing residual stresses. [8] Compaction effect is typically
non-uniform in the part thickness direction, contributing most on the outer lay-
ers. Thus, top plies become thin and bottom plies thick. Part dimensions change
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and lead to residual stresses. [16] Curing residual stresses due to part-tool interac-
tion are formed through the following process: The tool has a different, typically
larger coefficient of thermal expansion than the fibres. As temperature ramps and
pressure are applied during the cure process, a shear interaction is formed in the
interface of the fibre tows and the tool. Due to the CTE-mismatch, the fibre tows
located near the tool surface become in tension, as the tool expands more than
the fibres and the shear interaction prevents the free movement of the fibre tows.
This phenomenon takes place in early parts of the cure cycle, when resin has not
cured and it has a low modulus of elasticity. Tensile stress distribution is formed
and “locked in” to the part as the curing proceeds. [33]
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3 Continuum material models

Material constituents in a steel-composite hybrid material system with glass-fibre
reinforced epoxy behave completely differently during the cure process. Epoxy
behaviour is highly viscoelastic and rheologically complex throughout the cure
process and the material properties change significantly as a function of the degree
of cure and temperature. For steel and reinforcing fibres the material parameters
stay relatively constant during the entire cure process including the cool-down
phase. Thus, interest is in modelling the epoxy behaviour, and composite material
values can be derived with micromechanical models.

Different types of models are needed to describe the whole cure process. A
thermo-chemical process model is needed if temperature distributions inside the
composite part during the exothermic cure process are wanted to assess accurately.
Constitutive mechanical models define material behaviour and mechanism behind
stress formation. Both relatively simple elastic constitutive models and complex
viscoelastic constitutive models have been developed and utilised in the residual
stress analyses of composite materials. More complex material models offer more
accurate results with the cost of heavier computational load and need for broader
material characterization. [34] Models that combine both viscoelastic and purely
elastic characteristics (e.g. CHILE, cure-hardening instantaneously linear-elastic
model) have also been presented. These yield accurate results with good computa-
tional efficiency and without the need for extensive material characterization [35].
In orded to utilize the process and constitutive models, adequate characterization
for epoxy and composite material properties are also needed.

3.1 Curing composite thermo-chemical process

model

The curing process of a composite includes both local heat generation of the curing
resin and heat conduction due to external surfaces or along fibres. The thermo-
chemical process model can be derived from the local form of the first law of
thermodynamics (conservation of energy) [23]:

ρ
de

dt
= − ∂qi

∂xi
+ ρr + σij

d

dt
εij in V (i, j = 1, 2, 3) (3.1)

where e is the internal energy per unit mass, ρ is the current mass density of
the composite, qi are the components of the heat flux vector, r is the rate of
heat supply per unit mass, σij are the stress tensor components and εij are the
infinitesimal strain tensor components, xi are the coordinates, t is the time and
V is the examined volume. Now, the mechanical work rate, i.e. the last term of
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Equation (3.1) can be assumed negligible and the internal energy to be dependant
of temperature with relation e = cT , where c is the specific heat capacity of the
composite material and T temperature. According to the Fourier law of heat
conduction, the heat flux vector qi and temperature gradient ∂T/(∂xi) are related
through equation [23]:

qi = −κ ∂T
∂xi

(3.2)

where κ = κ(T, α) is the thermal conductivity of the composite depending on the
temperature T and the degree of cure α. With these assumptions, we can write
the thermo-chemical process model for curing composite as [23]:

ρc
dT

dt
=

∂

∂xi

(
κ(α, T )

∂T

∂xi

)
+ ρHR,c

∂α

∂t
(3.3)

where ρ is mass density of the composite, c is the specific heat capacity of the
composite, T is the temperature, t is the time, xi are the coordinates, κ is the
thermal conductivity of the composite, α is the degree of cure and HR,c is the total
heat generated by the cure reaction per mass unit for the whole composite. [23]
In Equation 3.3 the convective terms resulting from resin flow are excluded, due
to the extremely low flow rate and thus negligible contribution to the internal
convective heat transfer. [8] Equation 3.3 should be adopted especially with thick
specimens and when targeting the accurate modelling of temperature distribu-
tion throughout the part. In thin parts, the temperature distribution is rather
uniform everywhere and often a uniform process temperature inside the part is
approximated, neglecting epoxy exothermic curing. [36–38]

3.2 Curing composite constitutive mechanical

models

A proper constitutive model is needed in order to accurately describe the material
mechanical behaviour during cure, under temperature changes and degree of cure
evolution. Even though epoxy resin has been noted to behave in a viscoelastic
manner during the cure, also elastic constitutive models have been utilized due to
simpler mathematical modelling, material characterization and as in many cases
they still produce usable results [34]. This is true especially in cases when residual
stresses are mainly relaxed before cool-down due to a high-temperature hold pe-
riod. Elastic models have also been applied to study the stress state throughout
the whole cycle, but residual stresses are in this case often over-predicted, as no
stress relaxation is included in the analysis. [8] Cure-hardening instantaneously
linear-elastic (CHILE) models, where the elastic modulus of the resin material is
changed as a function of the instantaneous temperature and cure degree, have also
been found to give good results [35, 39].

Viscoelastic material behaviour can be described with the so-called Boltzmann
superposition principle [40]. For a one-dimensional case, the constitutive equation
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for stress under constant temperature and degree of cure for homogeneous vis-
coelastic material can be written in an integral form as [39]:

σ(t) =

∫ t

0

E(t− τ)
dε

dτ
dτ (3.4)

where σ is the stress, E is the relaxation modulus, ε is the mechanical strain, t is
the current time and τ is the time integration variable.

In order to account temperature change and degree of cure evolution, time-
temperature superposition method is typically applied. The base assumption is
that the effect of temperature and time in polymer materials are interchangeable,
meaning that behaviour of material at an increased temperature corresponds the
behaviour at the original temperature after a longer time. [39, 41, 42] The degree
of cure has been combined with temperature and time with the same assumption
[29], and thus in one-dimensional case the stress in linear-viscoelastic material can
be expressed as [29]:

σ(t) =

∫ t

0

E(α, T, t− τ)
d

dτ

(
εtotal(τ)− εtc(τ)

)
dτ (3.5)

where σ is the stress, E is the relaxation modulus, εtotal is the total strain, t is
the current time and τ is the time integration variable, α is the degree of cure,
T is the temperature and εtc is the so-called free thermochemical strain, which
combines the strains resulting both from thermal expansion due to temperature
changes and cure shrinkage as degree of cure changes. Further, by assuming that
the material can be described with thermorheologically simple behaviour, meaning
that material behaviour between different temperatures can be converted only with
a shift in time [42], the previous equation may be written as:

σ(t) =

∫ t

0

E [ξ(t)− ξ′(τ)]
d

dτ

(
εtotal(τ)− εtc(τ)

)
dτ (3.6)

where σ is the stress, E is the relaxation modulus, εtotal is the total strain, t is
the current time and τ is the time integration variable, εtc is the so-called free
thermochemical strain, and ξ(t) and ξ’ (τ) are the reduced times to combine time
with degree of cure and temperature. Reduced times can be defined as [39]:

ξ(t) =

∫ t

0

1

aT (α, T )
dt′ ; ξ′(τ) =

∫ τ

0

1

aT (α, T )
dt′ (3.7)

where t is the current time, aT is the shift factor for time-temperature superposi-
tion, α is the degree of cure, T is the temperature and t′ is another time integration
variable. For example for Hercules 3501-6 epoxy the shift factor function is of form
[43]:

log aT =

[
−1.4 exp

1

1− α
− 0.0712

]
(T − 30◦C) (3.8)

where α is the degree of cure and T is the current temperature.
Also cure-hardening instantaneously linear-elastic (CHILE) models have been

utilized to describe the material behaviour during the cure. These models are
based on the following assumptions:
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• The resin modulus can be assumed to be constant at each instant of time
during the cure cycle.

• This constant resin modulus value is a function of temperature and degree
of cure.

The modulus values are based on experiments. In the simplest form, only two
constant values of the modulus, one for the rubbery state and one for the glassy
state, can be defined [13, 44]. For more accurate results, modulus needs to be
defined with small enough time increments. The constitutive equation for these
models in one dimension can be expressed in the integral form as [35]:

σ(t) =

∫ t

0

E ′(T, α)
dε

dτ
dτ (3.9)

where σ is the stress, E ′ is the instantaneous elastic modulus as a function of
temperature T and degree of cure α obtained with testing, ε is the mechanical
strain, t is the current time and τ is the time integration variable.

3.3 Models for epoxy and composite material

properties

3.3.1 Degree of cure models

Different degree of cure models describing the evolution of curing have been de-
veloped, based on purely chemical reaction mechanics, purely on empirical data
or combining features of both, which are so-called semi-empirical models.

Typically degree of cure models express the reaction rate (time derivative of
degree of cure, dα

dt
) as a function of degree of cure and temperature. Often applied

semi-empirical model of this type for amine-cured autocatalytic epoxy systems, in
which the reaction products catalyse the ongoing reaction, is [8, 23]:

dα

dt
= (K1 +K2α

m)(1− α)n (3.10)

where α is the degree of cure, t is the time and m and n are experimentally
determined constants for the specific epoxy system. Parameters Ki are defined as
[8, 23]:

Ki = Ai exp
∆Ei
RT

(3.11)

where Ai is experimentally determined constant for the specific epoxy system, ∆Ei
is the activation energy, R is the universal gas constant and T is the temperature.
For non-autocatalytic reactions, an empirical model (which can be derived from
Equation 3.10 by assuming that K2 equals zero) is usually of form [8]:

dα

dt
= K1(1− α)n (3.12)
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where α is the degree of cure, t is the time, n is the experimentally determined con-
stant for a specific epoxy system and K1 is defined according to Equation (3.11).
Table 3.1 presents experimental parameters m,n,K1 and K2 for multiple different
epoxy systems and the total heat generated by the cure process HR [23].

Table 3.1: Curing equation parameters and the total heat generated by the cure
process HR for multiple different epoxy systems. For Epon 862 -epoxy hardener
systems different results are obtained in different studies. R is the universal gas
constant and T is the temperature. [23]

Material Hr [J/g] m n K1 and K2

Epon 862 and
341 0 0

K1 = 1.76 · 107 exp(−75000
RT

)/s

Epikure W K2 = 0

Epon 862 and
399 0.39 1.67

K1 = 0

Epikure W K2 = 6488 exp(−53326
RT

)/s

Epon 862 and
- 0 1

K1 = 3.62 · 1011 exp(−88500
RT

)/s

Epikure 9553 K2 = 0

Epon 815 and
384 0.25 1.7

K1 = 0

Epikure 3274 K2 = 4.185 exp(−55920
RT

)/s

The above expressions assume, that the degree of cure rate is controlled by the
kinetics of the molecular bond formation. This is typically a valid assumption in
the early stage of the cure, but at later stage the control mechanism shifts from
kinetics to diffusion as molecular mobility is restricted due to vitrification. To take
this into account, previously presented models can be combined. [8] For example,
the degree of cure rate for Hercules 3501-6 epoxy resin including vitrification effect
can be expressed as [24]:

dα

dt
=

{
(K1 +K2α)(1− α)(0.47− α) (α ≤ 0.3)
K3(1− α) (α ≥ 0.3)

(3.13)

where Ki are as presented in Equation (3.11), α is the degree of cure and t is the
time. Table 3.2 presents the cure kinetic constants for calculating the parameters
Ki for Hercules 3501-6 epoxy resin.

3.3.2 Epoxy modulus models

Sham et al. [45] studied experimentally material behavior of a glass slide (strip)
and different fully cured epoxy resins near the glass transition temperature. As a
result, they obtained flexural modulus values for the glass slide (strip) and different
types of epoxies as a function of temperature, which are presented in Figure 3.1.
It can be noted from Figure 3.1 that the epoxy modulus decreases rapidly after
the glass transition temperature has been reached. The flexural modulus for the
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Table 3.2: Cure kinetic constants for Hercules 3501-6 epoxy resin. [24]

Constant Value

A1 [min−1] 2.101 ·109

A2 [min−1] -2.014 ·109

A3 [min−1] 1.960 ·105

∆E1 [J/mol] 8.07 ·104

∆E2 [J/mol] 7.78 ·104

∆E3 [J/mol] 5.66 ·104

glass slide (strip) stays approximately constant during the studied temperature
range.

Figure 3.1: Experimentally measured flexural modulus values as a function of
temperature for different epoxies and glass. Epoxy flexural modulus values change
rapidly around the glass transition temperature (now approximately between 80–
140 ◦C). Before and after the glass transition temperature flexural modulus is
approximately constant. [45]

During the cure, the epoxy modulus value has been described with one or two
constant values, changing either instantaneously [13, 44] or linearly in between a
defined degree of cure range [26]. For Hercules 3501-6 resin the linear change has
been expressed with equation [26]:
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E(α) =


E0 (0 ≤ α ≤ 0.3)
E0 +KE(α− 0.3) (0.3 ≤ α ≤ 0.8)
Ef (0.8 ≤ α ≤ 1)

(3.14)

where E is the epoxy modulus, α is the degree of cure, E0 is the modulus of
uncured resin, KE is the parameter taking into account the effect of developing
degree of cure and Ef is the modulus of fully cured resin. These parameters for
Hercules 3501-6 resin are E0 = 5.0 GPa, Ef = 9.0 GPa, KE = 8.0GPa [23].

For viscoelastic material models the modulus (including stress relaxation) for a
thermorheologically simple material, taking into account the curing state, can be
approximated by M -number of Maxwell elements, often called as Prony-series [39]:

E(α, ξ) = E∞(α) + E∗(α)
M∑
ω=1

Wω(α) exp

(
−ξ(α, T )

λω(α)

)
(3.15)

where E is the epoxy modulus, α is the degree of cure, ξ is the reduced time defined
by Equation (3.7), E∗ = Eu (α)-E∞ (α) is a material constant, E∞ is the fully
relaxed modulus, Eu is the unrelaxed modulus, Wω are the weight factors, λω are
the discrete stress relaxation times and T is the temperature. [29, 39] It has been
assumed that Eu (α) and E∞ (α) are constant and independent of temperature
and degree of cure and that Wω is independent of degree of cure [43]. Thus, the
equation simplifies to the form:

E(α, ξ) = E∞ + E∗
M∑
ω=1

Wω exp

(
−ξ(α, T )

λω(α)

)
. (3.16)

Prony-series parameters defining the stress relaxation modulus in the viscoelastic
constitutive model for Hercules 3501-6 epoxy are as presented in Table 3.3.

Table 3.3: Prony series parameters for Hercules 3501-6 epoxy. Wω are the weight
factors and λω the discrete stress relaxation times. [43]

ω λω [min] Wω

1 29.2 0.059

2 2.92 ·103 0.066

3 1.82 ·105 0.083

4 1.10 ·107 0.112

5 2.83 ·108 0.154

6 7.94 ·109 0.262

7 1.95 ·1011 0.184

8 3.32 ·1012 0.049

9 4.92 ·1014 0.025
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3.3.3 Chemical shrinkage models

Chemical shrinkage evolution during the cure process has been studied experimen-
tally by Li et al. [22]. They found out that for the MY750 epoxy resin system
chemical shrinkage during curing could be defined with a bilinear model and that
the model was independent of the cure temperature. Figure 3.2 presents the ob-
tained shrinkage evolution. Total cure shrinkage of 6.9% was determined at the
100% degree of cure. This kind of bilinear shrinkage model has been applied also
in full cure cycle simulations.

Figure 3.2: Experimentally determined chemical shrinkage evolution as a func-
tion of degree of cure for the MY750 epoxy resin system. Chemical shrinkage
can be expressed with a bilinear model. Total chemical shrinkage of 6.9% was
obtained. [22]

Total chemical shrinkage values obtained experimentally for multiple epoxy
resin systems are presented in Table 3.4.

Table 3.4: Experimentally determined total chemical shrinkage values for differ-
ent epoxy systems. [23]

Epoxy system Chemical shrinkage

MY750 6.9%

DGEBA/MCDEA 4.5%

Epon 828/DEA > 1%

Bisphenol F 2.75% after gelation

Epikote 828/MNA/BDMA < 2%

Epon 862/Epikure 9553 2%
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Most simple chemical shrinkage models for epoxy assume that cure shrinkage
is equal in each direction and changes linearly with the degree of cure. This can
be presented with the equation [46]:

εsi = ( 3
√

1 + βα)− 1 (3.17)

where εsi is the chemical strain (shrinkage) in direction i, β is the total volumetric
shrinkage value and α is the degree of cure.

3.3.4 Coefficient of thermal expansion models

Sham et al. [45] studied experimentally changes in a bi-material strip dimensions
as a function of temperature. The thermal expansion coefficient for neat epoxy
was found to be adequately described with two constant values, above and below
the glass transition temperature value (see also Figure 2.5). The same step-change
approach was used by Svanberg et al. [13], who used an experimentally defined
ratio of these values. For example, Araldite LY5052/Hardener HY5052 epoxy
system CTE above Tg was found to be 2.5 times the CTE below Tg [47]. System’s
CTE value below Tg is 71 · 10−6/◦C [11].

Rabearison et al. [10] used the rule of mixture for resin and matrix weighted
by the degree of cure to define the material properties during the cure. CTE was
defined with the equation:

CTE(t) = [1− α(t)] · CTE0 + α(t) · CTEf (t, Tg) (3.18)

where CTE0 is the CTE for the uncured part of epoxy resin and CTEf is the CTE
for fully cured epoxy resin, t is the time, α is the degree of cure and Tg is the glass
transition temperature. The CTE for fully cured resin is changing as a function
of temperature. For the LY556 epoxy system glass transition temperature for a
fully cured matrix is Tg = 136 ◦C and CTE values are:

• CTE0 = 500 · 10−61/◦C for a vitrified matrix (T < Tg)

• CTEf = 450 · 10−61/◦C for a vitrified matrix (T < Tg)

• CTEf = 450 · 10−6 + 4.1 · 10−6(T − Tg)1/◦C for a rubbery matrix (T > Tg).

Jumbo et al. [14] used a constant CTE value, measured using a dilatometer, for the
thermal expansion coefficient of epoxy resin in a residual stress analysis. Only the
cool-down phase of bi-material strips was analysed, and temperature was under
the glass transition temperature. Constant CTE values have also been used for
the whole cure cycle.

3.3.5 Specific heat capacity models and thermal conduc-
tivity models

Material specific heat capacity c and thermal conductivity κ are needed when the
whole cure cycle is simulated with a thermo-chemical model of curing composite. A
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strong discontinuity for specific heat capacity has been observed experimentally at
the vitrification point for uncured AS4/8552 carbon fibre/epoxy composite. Values
before and after vitrification stay approximately the same. For cured composite
the behaviour was found to be linear as a function of temperature. Figure 3.3
presentes this behaviour. [8]

Figure 3.3: Experimentally determined specific heat capacity as a function of
temperature for cured and uncured resin (composite). [8]

Constant but orthotropic values or rule of mixtures values have been used for
resin conductivity [10]:

κ(α, T ) = (1− α) · κ(0, T ) + ακ(1, T ) (3.19)

where κ(0, T ) and κ(1, T ) are the temperature dependent thermal conductivities
of uncured resin and fully cured matrix, α is the degree of cure and T is the
temperature.

3.3.6 Interface interaction models

The interface between fibres and epoxy can be modelled with a shear layer. The
epoxy behaviour during the cure process can be divided into two parts: before the
gel point the behaviour is as viscous liquid, and after the gel point behaviour is
rubber-like. During the first part, chemical shrinkage does not form any interaction
as no adhesion has been formed between fibres and matrix. Over the second part
the adhesion in the interface of these two components opposes the slippage of the
epoxy on the fibre. This resisting shear stress τ can be modelled to increase with
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the degree of cure near the gel point, and described as:

τ =


τ0 (0 ≤ α ≤ 0.3)
τ0 +Kτ (α− 0.3) (0.3 ≤ α ≤ 0.8)
τf (0.8 ≤ α ≤ 1)

(3.20)

where τ0 is the initial resisting shear stress value, Kτ is a parameter taking into
account shear stress evolution with the degree of cure evolution, α is the degree
of cure and τf is the final value of the resisting shear stress. For the T800 carbon
fibre and Hercules 3501-6 epoxy resin interface these parameters are τ0=0 MPa,
τf= 100 MPa and Kτ = 2 τf . [26]

For the interface between a tool and a composite part, resisting shear stress
values have been noted to change during the cure. For example, between an
aluminium mould treated with a release agent and the Hexcel AS4/8552 carbon-
fibre-epoxy prepreg the resisting shear stress values of 0.006 MPa before and 0.06
MPa after the gel point have been observed. [33]
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4 Finite element simulations of re-
sidual stress formation

In general, most finite element analysis methods used for analysing specific part
manufacture processes are constructed on the macroscopic scale. This means that
homogenised composite properties can be calculated using micromechanical mod-
elling of fibres and matrix. However, models describing the interaction between
single fibres and resin have also been utilised in order to study micro-scale be-
haviour. [34] A finite element model by Nishikawa et al. [26] was used to describe
the curing and adhesion behaviour of a specimen with a single carbon fibre and
an epoxy droplet.

The simulation of the residual stress formation during the whole cure process
is complicated and computationally time-consuming, as the material behaviour
of resin during the process is highly viscoelastic and rheologically complex. Vis-
coelastic and rheologically complex material models are highly dependent of time,
temperature and degree of cure. Finite element simulations of residual stresses
taking into account only the unequal thermal contraction of material system con-
stituents during the cool-down phase of the process is the simplest method to
study residual stresses [14], and has been the most common analysis method [34].
This method is based on the assumption that the part is free of stresses before
the cool-down due to the stress relaxation behaviour of a highly viscoelastic ma-
terial at cure temperature, and that significant residual stresses start to develop
during the cool-down phase. Often elastic constitutive models are used in these
cool-down phase simulations. Depending on analysis dimensions, part shape, geo-
metrical restrictions and manufacturing process parameters, simulations with this
assumption have sometimes offered applicable results. [34] However, it has also
been stated that the assumption is questionable: the stress-free temperature is
usually elevated above the cure temperature and fully relaxed modulus is not
negligibly small due to the reinforcing fibres in the resin, leading to only partial
stress relaxation. Thus, in some cases three-dimensional analysis of the full cure
cycle with viscoelastic constitutive equation is needed to capture all the important
mechanisms that produce residual stresses during the process. [36]

Maybe the most extensive incorporation of these different mechanisms pro-
ducing residual stresses is made in a study by Tavakol et al. [16], where included
are cure kinetics (also exothermic curing), nonlinear orthotropic chemical cure
shrinkage, uniform through-thickness compaction, uniform orthotropic resin flow,
changes in nonlinear orthotropic thermal and mechanical material properties due
to curing, nonlinear mechanical and thermal contact at tool-part interface and
different nonlinear orthotropic thermal expansion coefficient changes during and
after the cure [16].
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The process flow chart for this simulation is presented in Figure 4.1. In the start
of simulation, the needed initial values are temperature, degree of cure and stress
in the material. Cure kinetics model is then used to obtain cure rate which tells
the heat flux due to the exothermal curing. Specific heat and thermal conductiv-
ity are approximated and the thermal analysis is done by taking into account the
heat transfer due to the heat flux from curing and thermal contact between part
and tool. Thermal analysis gives the temperature and degree of cure for the time
increment analysed. Then, the mechanical properties of the materials are approx-
imated, and used for mechanical analysis part including modules for calculation of
cure shrinkage, thermal strain, mechanical contact and mechanical strains. Resin
chemical shrinkage, resin flow and compaction behaviour are included in the cure
shrinkage analysis, whereas strain due to the temperature change and change of
CTE with respect of temperature and degree of cure are calculated in the thermal
strain analysis. Tool-part mechanical interaction is taken into account in mechani-
cal contact analysis and mechanical strains are approximated in the fourth module
of the mechanical analysis. The strains and distortions in the part are obtained as
the output of the mechanical analysis. These steps are repeated until the wanted
process time is simulated. [16]

4.1 Dimensional context

Residual stress simulations have been done both with two-dimensional and three-
dimensional models for the whole cure cycle as well as for the cool-down phase
alone. Two-dimensional models are used in order to make simulations computa-
tionally faster. Using a two-dimensional analysis involves some kind of simplifi-
cations in order to describe the real three-dimensional problem only in two di-
mensions. The typical approximations assume plane-strain or plane-stress state.
In plane-strain state there is no strain in one main material direction, whereas
in plane-stress state the stress component in one main material direction and the
shear stress components related to this direction are zero. A generalised plane-
strain state is an extension to the plane-strain state, allowing uniform straining in
the out-of-plane direction.

The suitability of different simplifications is case-dependent, as shown in the
study by Jumbo et al. [14], where different simulation cases were compared. Two
bi-material strips, made of epoxy adhesive FM300-2 and AISI 312 steel (high
length-to-width ratio) and epoxy adhesive FM73 and 1050-H18 aluminium (low
length-to-width ratio), were studied under a temperature change describing the
cool-down phase of epoxy cure process. As a result, it was found out that plane-
stress state was accurate predicting the deflection and stresses in a specimen with
a high length-to-width ratio, but that the results were not as accurate with a
low length-to-width ratio. Plane-strain state derived more accurate results with
the latter type of specimens. In addition, a generalised plane-strain state and
a three-dimensional model were used. Especially three-dimensional simulations
provided accurate results. Table 4.1 describes the differences in deflection, when
temperature dependant material properties and geometrical nonlinearity are in-
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Figure 4.1: Finite element residual stress simulation flow chart for the whole
cure cycle. Presented simulation method takes into account cure kinetics, chemical
cure shrinkage, compaction, resin flow, non-linear thermal and mechanical mate-
rial property changes, mechanical and tool-part interface and thermal expansion
coefficient changes during and after the cure. [16]

cluded in the analysis and an experimentally determined value can be used as a
reference. In addition to previous results, it has been shown that in some cases
two-dimensional finite element analysis can be misleading, as it does not fully
express the real three-dimensional stress field, e.g. close to the free edges of the
material body [48, 49].
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Table 4.1: Displacements in two different bi-material strips with two-dimensional
and three-dimensional finite element simulations and experimentally. FM300-2 /
AISI 312 steel specimen had high length-to-width ratio and FM73 / 1050-H18
aluminium specimen low length-to-width ratio. [14]

Displacement [mm]

Method
FM300-2 adhesive FM73 adhesive and

and AISI 312 steel 1050-H18 aluminium

Experimental 29.93 39.09

Plane-strain model 41.52 41.56

Generalised plane-strain model 40.80 40.57

Plane-stress model 30.00 33.13

3D solid model 27.15 39.75

3D shell model 30.20 38.99

4.2 Boundary conditions and interfaces

The mechanical interface between a composite part and a tool or between hybrid
material system constituents has been defined according to the simulation case.
Typically the interface interaction is defined as a coupled interaction, meaning
that no movement between the components is allowed. However, in some cases
movement (slipping) is allowed between parts in specific directions with special
conditions, for example when cure-dependent shear stress value is exceeded be-
tween part and tool. When no movement is allowed, a hard, non-penetrating
behaviour in the normal direction and non-sliding behaviour in the tangential di-
rection of the surfaces is assigned. This kind of contact between the constituents
can be assumed when the focus is on simulating the cool-down phase after the
matrix has cured [14]. Using the elastic shear layer enables to alter the amount of
shifted stress between the part and the tool.

The cool-down phase residual stresses can be simulated with linear thermal ex-
pansion by preventing only the rigid body motion of the object (free deformation)
and by applying a constant temperature difference ∆T throughout the model.
This describes situation of free uniform cooling, when no thermal gradients or
mechanical constraints are present.

When simulating the full cure cycle, a typical temperature boundary condition
is to apply the changing cure cycle temperature (autoclave process temperature
or experimentally measured temperature) for the part boundaries to describe the
mould/autoclave temperature. If the mould is included in the simulation, the cure
cycle temperature is applied to the mould, and adequate heat transfer interfaces
are defined for heat conduction from the mould to the part. Heat transfer through
convection between the mould or composite part and autoclave environment can be
simulated with a convective interface. The heat generation due to the exothermic
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cure process can be simulated, but often a simplifying assumption of a uniform
cure cycle temperature throughout the part is made especially with thin parts. To
describe the manufacturing process accurately, also the cure cycle pressure can be
applied to the part surfaces as a pressure boundary condition.

4.3 Example cases from literature

Formation and magnitude of residual stresses in cylindrical composites have been
studied with different laminate lay-ups and constitutive models (elastic and visco-
elastic), by concidering the effect of mandrel or liner inside the cylinder and by
simulating only the cool-down phase or the whole cure cycle. [36, 37] All of these
are found to affect the obtained estimate of residual stress values.

4.3.1 Effect of composite lay-up and constitutive models

Hwang et al. [38] studied hollow composite-aluminium hybrid cylinders made from
AS4/3501-6 carbon fibre epoxy prepreg composite with 6061-T6 aluminium liner
inside the composite cylinder. Material properties for these materials are pre-
sented in Table 4.2. Elastic and viscoelastic constitutive models and different
composite lay-ups were used in finite element simulations. The used viscoelastic
material model equations including the shift factor for AS4/3501-6 prepreg are
those presented in Section 3.2. The applied epoxy modulus model and parame-
ters are those presented in Section 3.3.2. The cylinder geometry, dimensions and
used coordinate system are shown in Figure 4.2. Finite element simulation model
consisted of 4-node isoparametric ring elements.

Table 4.2: Material properties for AS4 fibre, 3501-6 epoxy resin and 6061-T6
aluminium. [36, 38].

Material property
AS4 3501-6 6061-T6

graphite fibre epoxy matrix aluminium

E1 [GPa] 207.0 3.2 69.5

E2 = E3 [GPa] 20.7 3.2 -

G12 = G13 [GPa] 27.6 1.19 -

G23 [GPa] 6.89 1.19 -

ν12 = ν13 [-] 0.2 0.35 0.3

ν23 [-] 0.3 0.35 0.3

CTE1 [10−6/◦C] -0.9 57.6 23.6

CTE2 = CTE3 [10−6/◦C] 7.2 57.6 -

εs1 = εs2 = εs3 [-] 0 -0.01695 0
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Figure 4.2: Dimensions of the hollow composite-aluminium hybrid cylinder made
from AS4/3501-6 carbon-fibre epoxy prepreg with aluminium liner inside the cylin-
der. Composite layer consists of different lay-ups. [38]

The studied composite material lay-ups were [(15/-15)2s/904], [(30/-30)2s/904]
and [(45/-45)3s/904], where 0-direction is the longitudinal direction of the cylinder
and 90-direction is the hoop direction of the cylinder. Viscoelastic constitutive
model and simulation of the full cure cycle including cool-down phase was used and
compared with an elastic constitutive model and simulation of the cool-down phase
alone. Resin heat generation during the cure was not considered, temperature at
cylinder boundaries was defined to correspond the cure cycle temperature. Linear
resin chemical shrinkage was also included in the analysis, corresponding to the
total volumetric shrinkage of 5%. The studied cure cycle and corresponding degree
of cure evolution for AS4/3501-6 prepreg are presented in Figure 4.3. The cure
cycle consisted of hold periods at temperature of 115 ◦C for 60 minutes and at
temperature of 177 ◦C for 120 minutes, temperature increase periods between
the hold periods and a cool-down phase from 177 ◦C to 25 ◦C, resulting in total
temperature change ∆T = −152 ◦C. Epoxy cure evolution was modelled according
to equations presented in Section 3.3.1 for the 3501-6 epoxy.

Cylinder ends were allowed to move freely. Hoop residual stresses with different
lay-ups and with viscoelastic analysis of entire cure cycle and elastic analysis of
the cool-down phase alone through the thickness of the tube are presented in
Figure 4.4. From Figure 4.4 the stress discontinuities can be observed in the
interfaces of aluminium liner and first composite layers (at wall thickness 0.4) and
between varying directed and 90◦ plies (wall thickness 0.8).

Figure 4.4 shows that elastic cool-down phase model over-predicts the residual
stress state with all analysed lay-ups compared to the corresponding viscoelastic
models simulating the whole cure cycle. The same behaviour was also noted
in the longitudinal and radial residual stress components with different lay-ups.
Differences between stess components obtained with the elastic cool-down phase
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Figure 4.3: Cure cycle temperature and degree of cure evolution for AS4/3501-6
carbon fibre epoxy prepreg. The temperature change during the cool-down phase is
∆T = −152 ◦C. [38]

Figure 4.4: Hoop residual stresses for composite cylinder with aluminium liner
inside with different AS4/3501-6 prepreg composite lay-ups. In elastic models only
cool-down phase of the manufacturing cycle was studied whereas for viscoelastic
models the whole cure cycle was studied. Elastic cool-down phase analyses over-
predict the residual stress state with every lay-up compared to the viscoelastic full
cure-cycle models, as elastic cool-down phase models neglect stress relaxation and
chemical shrinkage. [38]
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model and viscoelastic full cure cycle model are presented in Table 4.3. It should
be noted that for the radial stresses the actual stress values were only between
0 and -1.0 MPa, even though percentual differences were noted to be large. For
longitudinal and hoop stresses the values varied between 0 and 300 MPa. Based
on these results it can be said that for the studied case the use of viscoelastic
stress models is necessary, if accurate results are wanted with all lay-ups. [38]

Table 4.3: Differences from the stress analysis for elastic models for cool-down
phase alone and viscoelastic models for the whole cure cycle with different lay-
ups. Elastic cool-down phase simulations predicted larger stresses with all lay-ups.
The actual stress values for longitudinal and hoop stresses vary between 0 and 300
MPa, whereas for radial stresses only between 0 and -1.0 MPa. [38]

Difference between viscoelastic and elastic analyses

Lay-up Hoop stress Longitudinal stress Radial stress

[(15/-15)2s/904] 80% 29% 110%

[(30/-30)2s/904] 20% 11% 50%

[(45/-45)3s/904] 10% 10% 20%

Kim et al. [37] have also studied residual stress formation in filament wound
composite cylinders using a viscoelastic constitutive model with the entire cure
cycle, with cool-down phase alone and using an elastic constitutive model with
cool-down phase alone. As the composite was considered thin, uniform tempera-
ture distribution throughout the cylinder corresponding the cure cycle tempera-
ture was assumed, and resin heat generation was neglected. The studied cure cycle
was similar to the previously presented: hold periods at temperature of 115 ◦C
for 60 minutes and at temperature of 177 ◦C for 120 minutes and a cool-down
phase resulting in total temperature change of ∆T = −152 ◦C (see figure 4.3).
Also similar model for the degree of cure of the 3501-6 epoxy resin was used (see
Section 3.3.1). A cross-ply [0/90]T laminate, where 0-direction is the longitudi-
nal direction and 90-direction is the hoop direction and subscript T denotes top
location, from AS4/3501-6 carbon fibre/epoxy resin prepreg was simulated to be
manufactured on an aluminium mandrel. Material properties for the AS4/3501-6
carbon fibre epoxy resin prepreg were as previously presented (see Table 4.2). For
separation of the components after curing, a thin Teflon film was used between
composite and mandrel. The behaviour due to the film was modelled between
composite and mandrel, allowing slipping in the longitudinal (z-axis) direction.
In addition, if the radial stress became positive during the analysis, separation
was simulated. Used material properties for the aluminium mandrel and Teflon
film are presented in Table 4.4. Due to the axisymmetry, only a cross-section in
the rz-plane of the cylinder was modelled, as presented in Figure 4.5, with total
number of 400 isoparametric ring elements.

Stress results for analysis with the elastic model for cool-down phase alone
and for analysis with the viscoelastic models for different cases in radial (σr),
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Table 4.4: Aluminium mandrel and Teflon film material properties. [37]

Material property Aluminium mandrel Teflon film

E [GPa] 72.4 0.312

ν [-] 0.3 0.35

CTE [10−6/◦C] 23.6 23.6

Figure 4.5: Analysis area for axisymmetric cylinder with cross-ply composite
manufactured on mandrel. Thin teflon film separates composite and mandrel.
Only half of the cylinder cross section was modelled in the length direction due
to symmetry. [37]

longitudinal (σz) and hoop (σθ) directions in the middle of the cylinder in the
longitudinal direction are presented in Table 4.5. The presented radial stresses
are the maximum radial stresses, located approximately at the interface of 0◦/90◦

layers in the thickness direction. The presented longitudinal and hoop stresses are
calculated at the inner radius of the composite (in the analysis with mandrel this
is the interface between composite 0◦ layer and Teflon film).
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The obtained radial residual stresses are small compared to the longitudinal
and hoop stresses. For the cool-down phase alone, differences between simula-
tions with the elastic and viscoelastic models are approximately 20% for every
stress component. Simulations with the elastic model give larger values, following
the previously presented trend, as stress relaxation is not included. When the
whole cure cycle is taken into account and the viscoelastic constitutive model is
used, but mandrel restrictions and resin shrinkage are excluded, obtained residual
stress values are further smaller, differences to the cool-down residual stresses with
the elastic model being about 35%. Including resin shrinkage without mandrel,
obtained radial stress is larger, only 8.3% different from the elastic solution for
cool-down. Thus it can be said that cure shrinkage increases the total residual
stresses formed during the manufacturing process. Introducing the restrictive ef-
fect of the mandrel but ignoring shrinkage, differences increase between 35% and
50%, indicating how the use of mandrel actually decreases residual stresses com-
pared to the situation without mandrel. Finally, taking into account the whole
cure cycle with mandrel effects and cure shrinkage, obtained residual stress values
with viscoelastic constitutive model differ from 8.6% to 25% compared to results
analysing the cool-down phase only with an elastic constitutive model. [37]

Table 4.5: Residual stress results for a filament wound composite cylinder with
elastic (E) and viscoelastic (VE) models for cool-down phase only (CPO) and for
entire cure cycle (ECC). Stresses are calculated with and without resin chemi-
cal shrinkage and mandrel. Longitudinal stress (σz) and hoop stress (σθ) values
are maximum values obtained at the inner radius of the cylinder, whereas radial
stress (σr) is the maximum value obtained at the interface between 0◦ and 90◦

plies. “Diff.” indicates the percentual difference when stress values with viscoelas-
tic model are compared to the values with cool-down phase simulation using elastic
model. [37]

Case Mandrel /
Shrinkage

σθ
[MPa]

Diff.
[%]

σz
[MPa]

Diff.
[%]

σr
[MPa]

Diff.
[%]

E, CPO -/- 40.0 - -38.3 - 1.45 -

VE, CPO -/- 32.0 -20.0 -30.5 -20.4 1.15 -20.7

VE, ECC -/- 26.0 -35.0 -25.4 -33.7 0.94 -35.2

VE, ECC -/x - - - - 1.33 -8.3

VE, ECC x/- 20.3 -49.3 -25.0 -34.7 0.74 -49.0

VE, ECC x/x 30.0 -25.0 -35.0 -8.6 1.17 -19.3

Obtained differences for the simulation of the cool-down phase alone with elas-
tic constitutive model and full cure cycle simulation with viscoelastic model are
approximately around the same magnitude, 10–30%, than in the study by Hwan
et al. (see Table 4.3) with few exceptions. Differences result from unequal compos-
ite lay-ups, constraints between different material layers and mandrel/liner ma-
terial parameters. However, for every case the analysis of cool-down phase alone
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with elastic constitutive model gave larger residual stresses than the analysis of
the full cure cycle with a viscoelastic constitutive model.

CHILE models have shown to give accurate results in multiple comparison cases
when set against viscoelastic models. For example when comparing the residual
stress state after multiple cure cycles for pure Hercules 8551-7 resin, maximum
difference of 8% was found when results with a CHILE constitutive model were
compared to the solutions obtained with viscoelastic models. [35] However, no
comparison of viscoelastic and CHILE models for whole fibre reinforced composite
parts was found from the literature.

4.3.2 Residual stress formation during cure cycle

Hwang et al. [38] studied also the residual stress evolution during the cure cycle for
the presented AS4/3506-1 composite/aluminium liner hybrid cylinder with com-
posite lay-up of [(45/-45)3s/904] (see Figure 4.2). Simulations were done with the
previously presented simulation model using the viscoelastic constitutive model for
the whole cure cycle (see Figure 4.3). Figure 4.6 presents the evolution of residual
stresses during the curing and cool-down phase in the hoop direction as a function
of cylinder wall thickness. Residual stresses are presented during the first temper-
ature hold period (66 min, curve a), during the second temperature hold period
(180 min, curve b), at the start of the cool-down phase (240 min, curve c), during
the cool-down phase (280 min, curve d) and after the cool-down phase (300 min,
curve e). The maximum stress value in the composite layers is reached during

Figure 4.6: Hoop residual stress evolution during curing through the thickness
of aluminium liner (wall thickness 0–0.4) and composite cylinder (wall thickness
0.4–1.0) with lay-up [(45/-45)3s/904]. Final residual stress values are lower than
the maximum values during curing. In aluminium liner and top composite layers
(oriented in the 90-direction) final stress value is close to zero. [38]
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the second temperature hold period (curve b) and stays constant until the start
of the cool-down phase (curve c). During the second temperature hold period, at
180 minutes, the degree of cure reaches value 0.98 and evolves to 1.00 before the
start of the cool down phase. After this, the temperature starts to decrease from
the cure temperature and also stress values decrease (curves d and e). The final
residual stress values are smaller than these maximum values during curing: The
hoop stress in the outer layer plies has maximum value around 430 MPa during
cure (curves b and c) and after cool-down around 10 MPa (curve e). For inner
plies, the difference is only from 310 MPa to 250 MPa. Largest stress discontinuity
is in the interface of the aluminium liner and inner composite plies, at wall thick-
ness 0.4. Behaviour of other residual stress components was found to be similar:
largest stress values were obtained between times 180 minutes and 240 minutes
and final residual stress values were significantly smaller.

Kim et al. [37] studied the residual stress formation with the previously pre-
sented composite cylinder manufactured from AS4/3501-6 prepreg with a lay-up
[0/90]T on an aluminium mandrel (see Figure 4.5). Taking into account the man-
drel interaction and cure shrinkage, the evolution of residual stresses during the
curing and cool-down phase in the hoop direction is presented in Figure 4.7.

From Figure 4.7 it can be noted, how residual stresses may significantly evolve
and also change from compressive to tensile or vice versa during the full cure cycle.
For example, the hoop stress around relative thickness of 0.8 is during the cure
approximately 140 MPa, but after cool-down -20 MPa. Largest stresses in the
mandrel are formed in the hoop direction with the magnitude around -150 MPa
before the cool-down starts, but decrease close to zero after the cool-down phase.
Obtained results are in line with results presented by Hwang et al.: significantly
larger residual stresses may evolve during the cure process when compared to final
residual stresses after the cool-down phase. Reasons for this are restrictions from
the cylinder itself (espescially if layers oriented in the hoop direction are used) and
from the mandrel. Hoop-oriented fibres in the composite layers and the mandrel
restrict the epoxy expansion during the temperature increases and the chemical
shrinkage at the cure temperature and thus significant residual stresses are formed
during the cure. [37]
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Figure 4.7: Hoop residual stress development in a cylindrical composite with lay-
up [0/90] manufactured on an aluminium mandrel. (a): Stresses during curing.
(b): Stresses during the cool-down phase. Very large stresses may occur during the
cure before or during the cool-down compared to the final stress values. [37]
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5 Residual stress analysis of a roll
structure

Residual stress formation in a paper machine roll structure is studied in the fol-
lowing chapters. As no detailed information about resin material viscoelastic be-
haviour or cure reaction parameters are known, only thermal residual stresses due
to a temperature decrease in the cool-down phase of the manufacturing process
are studied with a linear-elastic constitutive model. The roll structure is made of a
steel cylinder coated with two glass fibre reinforced epoxy resin layers. In addition
to the global residual stresses, the loading in the bond between the cylinder and
bottom surface layer is studied with different surface layer edge geometries and
loading conditions: (1) after residual stresses, (2) with rotational inertia and (3)
in contact with another cylinder.

The total length of the steel cylinder is 15.4 metres and diameter is 0.8 metres.
In order to simplify the simulation models, the cylinder is modelled as a solid part.
The steel cylinder is coated with two layers of glass fibre composite: bottom layer,
wound on the top of cylinder, is 5 millimetres thick. Second layer, called top layer,
is 10 millimetres thick, and made of epoxy reinforced with non-woven glass fibre
fabric. Dimensions and layers of the roll structure, marked with 1 (cylinder), 2
(bottom layer) and 3 (top layer) are presented in Figure 5.1.

Figure 5.1: Roll structure dimensions and material layers. Cylinder is marked
with number 1, bottom surface layer with number 2 and top surface layer with
number 3. Dimensions are in millimetres.
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5.1 Analytical calculation

Longitudinal global thermal residual stresses in a simplified one dimensional roll
structure model are first studied analytically. These analytical results can be com-
pared with numerical results for validation purposes. Figure 5.2 on left presents a
roll structure consisting of three different materials: cylinder material is marked
with number 1, bottom layer material with number 2 and top layer material with
number 3. In the middle in Figure 5.2, free material deformations after a temper-
ature decrease ∆T < 0 are shown. In order to satisfy deformation compatibility
in the material interfaces, balancing forces P1, P2 and P3 are applied to mate-
rial layers, as presented in Figure 5.2 on right. Due to these balancing forces,
a longitudinal stress component exists in each layer. Applied temperature differ-
ence, structure dimensions and one-dimensional material parameters for analytical
calculation are presented in Table 5.1.

ΔT ΔT

Figure 5.2: One-dimensional simplified analysis model for longitudinal residual
stresses in a roll structure. Cylinder is marked with number 1, bottom surface layer
with number 2, top surface layer with number 3 and layer radius values with r.
1. Initial stress-free condition. 2. Free deformations when temperature decreases
and outer layers contract more than the cylinder due to larger CTE-values. 3.
Balancing forces P applied to layers to balance the deformations.

The free thermal strain after a temperature change in each layer can be ex-
pressed with equation:

εT,i = ∆T · CTEi (5.1)

where ∆T is the temperature change and CTEi is the one-dimensional thermal
expansion coefficient in the layer. The strain due to the balancing forces, using
Hooke’s law, can be expressed as:

εP,i =
Pi
AiEi

(5.2)

where Pi is the balancing force, Ai is the area of the layer cross-section and Ei is
the Young’s modulus. Cross-section areas for circular cross-sections are now:

A1 = πr21, A2 = π(r2 − r1)2, A3 = π(r3 − r2)2 (5.3)

where ri is the outer radius of each layer. The total strain in layer i is the sum of
thermal strain and balancing force strain:

εTotal,i = εT,i + εP,i. (5.4)
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Table 5.1: Parameters for one-dimensional analytical calculation.

Parameter Value

∆T [◦C] -100

CTE1 [10−6 1/◦C] 12 [50]

CTE2 [10−6 1/◦C] 25 [51]

CTE3 [10−6 1/◦C] 50 [51]

E1 [GPa] 200 [52]

E2 [GPa] 12 [51]

E3 [GPa] 5 [51]

r1 [m] 0.400

r2 [m] 0.405

r3 [m] 0.415

Strain compatibility can be used to solve the unknown balancing forces. The total
strains between the layers 1 and 2 and between the layers 2 and 3 are equal, and
in addition the balancing forces are in balance in the longitudinal direction:

εTotal,1 = εTotal,2
εTotal,2 = εTotal,3
P1 = P2 + P3

⇔


∆T · CTE1 + P1

A1E1
= ∆T · CTE2 + P2

A2E2

∆T · CTE1 + P2

A2E2
= ∆T · CTE3 + P3

A3E3

P1 = P2 + P3

. (5.5)

This equation group can be expressed in matrix format, where the balancing forces
can be solved from:


P1

P2

P3

 =

 −1
A1E1

−1
A2E2

0

0 1
A2E2

−1
A3E3

1 1 1

−1 ·


∆T · (CTE2 − CTE1)
∆T · (CTE3 − CTE2)

0

 . (5.6)

Longitudinal stress in each layer can be calculated by using stress-force relation
after knowing the balancing forces and layer areas:

σz,i =
Pi
Ai
. (5.7)

5.2 Numerical calculation

The residual stress formation during the cool-down phase of the manufacturing
process in the presented roll structure is simulated with Finite Element Method,
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using commercial FEM-code Abaqus Standard 6.13-3. Linear-elastic material be-
haviour and temperature-independent material parameters are used in the simu-
lations. Roll structure is assumed to be stress-free at the high cure temperature.
The used coordinate system is presented in Figure 5.3. In text, r-direction is
called radial direction, z-direction is called longitudinal (or axial) direction and
θ-direction is called circumferential (or hoop) direction.

Figure 5.3: Coordinate system used in the numerical simulations. Shown r-
direction is called radial direction, z-direction longitudinal (axial) direction and
θ-direction circumferential (hoop) direction.

Table 5.2 presents material property values including Young’s moduli, Pois-
son’s ratios, shear moduli and CTE values in different coordinate directions for
structural steel and used glass fibre reinforced epoxy layers. Structural steel is
isotropic material, whereas coating layers are orthotropic materials. Circumferen-
tial (θ) and longitudinal (z) directions form the orthotropic plane in the surface
layers.

Table 5.2: Material properties for structural steel cylinder and glass fibre/epoxy
composite surface layers.

Material property

Cylinder: Bottom layer: Top layer:

Structural
steel

Wound glass
fibre / epoxy

Glass fibre
fabric / epoxy

Eθ, Ez [GPa] 200 [52] 12 [51] 5 [51]

Er [GPa] - 3 [51] 3 [51]

νθz [-] 0.26 [52] 0.1 0.1

νθr, νrz [-] - 0.3 0.3

Gθz [GPa] - 2 2

Gθr, Grz [GPa] - 1.5 1.5

CTEθ, CTEz [10−6/◦C] 12 [50] 25 [51] 50 [51]

CTEr [10−6/◦C] - 70 [51] 50 [51]
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A uniform temperature decrease in the roll structure from a stress-free man-
ufacturing temperature of 150 ◦C to a service temperature of 50 ◦C is studied,
leading to a temperature change ∆T = -100 ◦C. During the manufacturing pro-
cess the roll structure is free to deform, and thus only the rigid body motion of
the structure is prevented in the simulations. Cylinder and surface layers are per-
fectly bonded together. Basic information about the used simulation models are
presented in this chapter. Appendix A presents further details about the models.

5.2.1 Case I: Global residual stresses

Three finite element models are created to simulate the residual stress formation
in the longitudinal direction. The stress distribution near the structure end dif-
fers from the stress state at a longer distance from the end due to the cylinder
and coating edge. An adequate distance for calculating global residual stress val-
ues, unaffected by the coating and cylinder edge, is studied with these models.
First model, denoted as “full model”, describes full three-dimensional geometry
of the roll structure. The second model, denoted as “1/8 model”, describes only
one eighth of the full geometry by using longitudinal and transverse direction
symmetry. The third model, denoted as “axisymmetric model”, describes only
one cross-section of the 1/8 model in a two-dimensional plane. Figure 5.4 shows
schematically the geometries of these models (a) and how in Abaqus a three-
dimensional axisymmetric model can be modelled in a two-dimensional plane,
which is then rotated around the symmetry axis (b). With the help of symmetry,
the same geometry can be presented with smaller amount of same-size elements,
decreasing the amount of unknown variables and thus making simulations faster.

Figures 5.5, 5.6 and 5.7 present the element meshes and boundary conditions
of the full model, 1/8 model and axisymmetric model, respectively.

Residual stresses with different longitudinal distances from the coating edge
are calculated in the middle of top layer, in the middle of bottom layer and in
the middle of half cylinder (r1/2). Based on these results, global residual stress
components in the circumferential (σθ), longitudinal (σz) and radial (σr) direction
are calculated in the constant stress area.

The global residual stress sensitivity to coating material CTE values and cylin-
der material is studied with the previously presented axisymmetric model (Fig-
ure 5.7). The maximum values of global residual stress components of the two
surface layers are calculated at the constant residual stress area using 50% and
150% values of original CTE for bottom and top layers. CTE values are changed
both simultaneously and individually for the top and bottom layers. Table 5.3
presents the original and modified CTE values for surface layers.

In addition to the different surface layer CTE values, global residual stresses
between structural steel cylinder and cast iron cylinder are compared. Table 5.4
shows the material properties of these two materials.
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Figure 5.4: a) Full model, 1/8 model and axisymmetric model used in the sim-
ulations. By using symmetry the number of unknown variables can be decreased
and simulations made faster. b) Axisymmetric modelling of a three-dimensional
model in a two-dimensional plane which is rotated around the symmetry axis [53].

Figure 5.5: Element mesh (above) and used boundary conditions (below) of the
full model describing the whole roll structure. Temperature difference ∆T is applied
to the model and only rigid body motion of the model is prevented by binding one
corner node.

5.2.2 Case II: Coating bond loading

The shear stress distribution at the bond of the cylinder and bottom surface layer
is studied with three different edge geometries: straight edge, chamfered edge with
45-degree angle and curved edge with radius of 17.5 mm, as shown in Figure 5.8.
Cylinder is marked with number 1, bottom surface layer with number 2 and top
surface layer with number 3, respectively. The edge area and bond shear stresses
are studied in order to estimate the applicability of the three edge geometries.
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Figure 5.6: Element mesh (above) and used symmetry boundary conditions (be-
low) of the 1/8 model describing one eighth of the full structure. Temperature
difference ∆T is applied to the model.

Figure 5.7: Element mesh (above) and used symmetry boundary conditions (be-
low) of the axisymmetric model describing one cross-section of the 1/8 model.
Temperature difference ∆T is applied to the model. Detail A shows the element
mesh in the surface layers.

Table 5.3: Original and modified surface layer CTE values for parametric study.

Bottom layer Top layer

CTEθ, CTEz CTEr CTEθ, CTEz, CTEr

50% of original [10−6/◦C] 12.5 35 25

Original value [10−6/◦C] 25 70 50

150% of original [10−6/◦C] 37.5 105 75
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Table 5.4: Structural steel and cast iron material properties.

Material parameter Structural Steel Cast Iron

E [GPa] 200 [52] 110 [54]

ν [-] 0.26 [52] 0.26 [54]

CTE [10−6/◦C] 12 [50] 11 [50]

Figure 5.8: Studied three different edge geometries: straight edge, chamfered edge
with 45-degree angle and curved edge with radius of 17.5 mm. Cylinder material is
marked with number 1, bottom surface layer with number 2 and top surface layer
with number 3.

Axisymmetric finite element models with presented edge geometries are used
for the simulations. 1.0 metres from the cylinder end is modelled, as the interest is
to study the behaviour near the coating edge and as comparable meshes as possible
are used. Figure 5.9 (a) shows the chamfered edge model boundary conditions
and used mesh. Shear stress values are defined from 0.1 mm distance until 50
mm distance from the edge, as there exists mesh-sensitive shear stress peak right
at the edge. In addition, the shear stress distributions at the region of coating
edge are calculated to qualitatively compare stress distributions with different edge
geometries.

Two types of cracks are studied in further analyses: edge and internal cracks
in the cylinder and bottom surface layer bond with different lengths. These cracks
simulate possible manufacturing defects or effects of bond corrosion, situations
where the bottom surface layer is not bonded with the steel cylinder. The two
crack types are shown in Figure 5.9 (b).

Crack tip loading

Stress intensity factor K is a parameter used to characterize the stress state near
a crack tip. For each material and fracture mode, there exists a critical stress
intensity factor, Kc, which can be determined experimentally. Crack propagates
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Figure 5.9: a) Chamfered edge geometry FE-model mesh and boundary condi-
tions. b) Edge and internal cracks in the cylinder and bottom surface layer bond
with exaggerated deformations near crack tips.

when the stress intensity factor K due to some loading state exceeds the material’s
critical stress intensity factor value Kc in the corresponding loading state. Energy-
based parameter for determining the loading state at the crack tip is called as strain
energy release rate (SERR) G, which can be calculated from the stress intensity
factor values. Similarly as with the stress intensity factors, crack grows when the
SERR value due to a loading in material exceeds the material’s critical SERR
value GC in the corresponding loading. The strain energy release rate can be
considered as a stored energy, which is released when the crack grows and critical
SERR value as the energy needed to create a new crack surface. In this study, the
loading state due to the residual stresses at a crack tip are estimated with total
strain energy release rate, GT . Total strain energy release rate can be calculated
with equation:

GT = GI +GII +GIII (5.8)

where GI is the crack opening mode SERR value, GII is the in-plane shear mode
SERR value and GIII is the out-of-plane shear mode SERR value. These three
modes are presented in Figure 5.10. In two-dimensional cases GIII = 0. The crit-
icality of the crack tip loading depends on the proportional magnitude of different
loading modes: experiments have shown that typically material’s GC value under
pure mode I loading is lower than under pure mode II loading. In mixed-mode
loading the criticality depends on the mode ratio.

Virtual crack closure technique (VCCT) is a method to define the energy re-
lease rate with different crack situations. VCCT is based on the assumption that
the energy released in the small crack extension process equals the work required
to close the crack into the original length. With this assumption, the components
of the strain energy release rate (GI , GII and GIII) can be computed with finite el-
ement simulations giving the nodal forces and displacements at the crack area. [56]
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Figure 5.10: Fracture modes. Mode I: Crack opening mode. II: In-plane shear
mode. Mode III: Out-of-plane shear mode. [55]

In this study, only SERR-values for an initial crack (due to a manufacturing defect)
are investigated, and crack propagation is prevented by using very high critical
SERR values for the investigated bond. Also other techniques besides VCCT exist
to evaluate strain energy release rate values, but VCCT was chosen due to the
computational efficiency of the approach [56] and straightforward implementation
in the Abaqus FEM-code.

First, the effect of initial crack size to the strain energy release rate value is
studied by comparing the three different edge geometries and by changing initial
crack length in the cylinder and bottom coating layer bond between 1–70 mm.
Previously presented axisymmetric finite element models are modified to employ
VCCT with different initial crack lengths. It should be noted that the initial crack
is continuous through the whole circumferential length of the bond.

Crack tip loading mode mixity ψ, presenting the relative magnitude between
the opening mode (GI) and the in-plane shear mode (GII) magnitude, can be
expressed as:

ψ = atan

(
GII

GI

)
. (5.9)

Parameter ψ gets the value 0◦ when only mode I loading is present, the value 45◦

when mode values are equal and reaches the value 90◦ when only mode II loading
is present. The mode mixity value is studied as a function of initial crack length
for different edge geometries.

For comparison of two- and three-dimensional crack cases and assessing the
magnitude of mode III loading, total strain energy release rate values and individ-
ual components are also calculated by using three-dimensional model. A model
with the same geometry as the axisymmetric model used for VCCT analyses is
created with three-dimensional continuum elements using different edge cracks
lengths.

Rotational inertia effect

The roll structure rotates in a paper machine with a high angular velocity, typically
300–600 rounds per minute (RPM), corresponding to the velocity of 31–63 radians
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per second. Due to the rotation, a centripetal force F affects to the structure:

F = mω2r (5.10)

where m is the mass of the rotating part, ω is the angular velocity and r is the
radius from the rotation axis. The mass of roll structure components can be
defined with the material density and volume. Typical density for structural steel
is 7850 kg/m3 [50] and for glass fibre reinforced epoxy 1750 kg/m3 [57].

Centripetal force changes the loading state at the crack tip compared to the
case where only residual stresses are present. This effect of rotational inertia to
SERR values is studied with edge and internal cracks. Two edge cracks of lengths
8 mm and 40 mm and an internal crack with length 200 mm at a distance 300 mm
from the coating edge are studied with angular velocities ranging from 0 to 2000
RPM (0–200 radians per second). The previously presented axisymmetric model
with chamfered edge is used in the analysis, with two modifications: rotational
body force is applied for the whole model and deformations at cylinder axis ends
are restricted to describe the situation when the roll structure is installed to a
paper machine. Mode mixity values are also calculated using the parameter ψ.
For comparison of two- and three-dimensional modelling methods, total strain
energy release rate values with a 40 mm crack are calculated also using previously
described three-dimensional model by applying different angular velocities.

Surface layer CTE effect

Strain energy release rate value sensitivity to different surface layer CTE values
is studied by changing the top and bottom layer CTEs to 50 % and 150 % of the
original value (see Table 5.3). 8 mm and 40 mm long edge cracks with chamfered
edge geometry were studied with the presented axisymmetric model with VCCT.

Nip effect

During the paper making process paper is compressed between two rolls. The effect
of this part of the process is studied by pressing second cylinder (nip cylinder)
against the roll structure (nip effect). The real paper making process is simplified
by excluding dynamic effects and the paper and felts between the rolls from the
simulations. The change in SERR values due to this nip effect in a roll structure
loaded with residual stresses (∆T = -100◦C) and rotational inertia (600 RPM) is
analysed. Half of three-dimensional roll structure end of length 2.2 metres and
equal length quarter of a steel cylinder (diameter 0.80 metres), pressed against the
roll structure, are modelled. Internal and edge cracks in roll structure with lengths
40 mm and 200 mm, respectively, are studied with chamfered edge geometry.
For both cases the cracked surface goes around the whole cylinder circumference.
SERR components and the total SERR value are computed around the cylinder
circumference at the crack tip.

Transformations of the roll structure axis ends are prevented during the press-
ing. Nip roll movement is allowed only to the pressing direction and the contact
between cylinders is defined ideal, i.e. frictionless behaviour in the tangential
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direction and “hard” contact in the normal direction of the surfaces. Typical
nip contact pressure is highly dependable on the nip type and position in the
paper machine. However, for these analyses contact pressure is assumed to be be-
tween 1.8–3.5 MPa [58]. Six different pressing pressures (10 kPa, 20 kPa, 30 kPa,
40 kPa, 50 kPa and 100 kPa), denoted as cases I-VI, are applied to the nip roll
upper surface to press the nip roll against the roll structure. The pressing pressure
producing the assumed contact pressure value in the roll structure is used in the
following analyses to calculate the SERR values at the crack tip and to compare
these to the values without the nip effect. Figure 5.11 shows the finite element
model mesh, boundary conditions and pressing direction used in the nip effect
simulations.

Figure 5.11: Finite element simulation model mesh and boundary conditions of
the three-dimensional roll structure and nip roll. Only half of the roll structure end
and one quarter of nip roll end are modelled with the help of symmetry. Pressure
is applied to the upper surface of the nip roll to cause the nip effect.
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6 Results and discussion

6.1 Global residual stresses

6.1.1 Analytical calculation results

Layer balancing forces in one-dimensional analytical calculation (see Figure 5.2)
are: 

P1

P2

P3

 =


−1
A1E1

−1
A2E2

0

0 1
A2E2

−1
A3E3

1 1 1


−1

·
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∆T · (CTE3 − CTE2)

0


=


−1
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−1
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0

0 −1
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·


100◦C · (25− 12) · 10−61/◦C
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Corresponding longitudinal residual stresses in different structure parts are:
σz,1

σz,2

σz,3

 =


P1

A1

P2

A2

P3

A3


=


−7194N
π·(0.4m)2

1225N
π·(0.405m−0.4m)2

5969N
π·(0.415m−0.405m)2

 ≈

−0.014

15.6

19.0

 MPa.

The cylinder stress (σz,1) is compressive and close to zero, whereas for bottom
(σz,2) and top (σz,3) surface layers the stresses are tensile and significantly larger.
CTE values for surface layers are larger than for the cylinder, so surface layers try
to contract more than the cylinder. However, larger and stiffer cylinder opposes
the surface layer contraction, and higher tensile stresses are formed in the surface
layers and smaller compressive stress in the cylinder.
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6.1.2 Finite element simulation results

Figure 6.1 presents the circumferential residual stress component in different roll
structure components as a function of longitudinal distance from the coating edge
calculated with the full model, 1/8 model and axisymmetric model. Figure 6.2
presents corresponding longitudinal stresses and Figure 6.3 radial stresses. The
presented stresses are calculated in the middle of each layer in the thickness di-
rection. There exists variation in stress values in different models due to different
elements and mesh refinement level. However, all stress values reach approxi-
mately the same level, but in full and 1/8 models after a longer distance than
in the axisymmetric model with more refined mesh, as clearly seen in Figure 6.2.
According to these Figures, residual stress values stabilise after a distance of 0.30
metres from the coating edge with axisymmetric models, where mesh is most re-
fined. Thus, global residual stress values neglecting edge effects can be defined
by using at least 30 cm distance from the coating edge with approriate mesh
refinement level.

Figure 6.1: Residual stress in the circumferential direction as a function of the
longitudinal distance from the coating edge in different roll structure parts.

Figures 6.4, 6.5 and 6.6 present global residual stress components in the cir-
cumferential, longitudinal and radial direction at the distance of 0.5 metres from
the coating edge. Stresses are elemental stresses presented as a function of the
radial coordinate of the roll structure. A good agreement between the global
residual stress results with different simulation models is shown in the figures.
Thus, representative modelling can be done with a two-dimensional axisymmetric
model, which provides the fastest computation. Differences can be explained with
different mesh densities (and element types).

Table 6.1 summarises the maximum values of global residual stress components
in the roll structure parts. Circumferential and longitudinal stresses in the surface
layers are tensile and in the cylinder compressive. Radial stresses in all parts and
all cylinder stress components are small.
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Figure 6.2: Residual stress in the longitudinal direction as a function of the
longitudinal distance from the coating edge in different roll structure parts.

Figure 6.3: Residual stress in the radial direction as a function of the longitu-
dinal distance from the coating edge in different roll structure parts.

Table 6.1: Global residual stress values in surface layers and cylinder.

Stress component Cylinder
(1)

Bottom
layer (2)

Top layer
(3)

Circumferential stress σθ [MPa] -0.83 16.25 20.17

Longitudinal stress σz [MPa] -1.60 17.22 21.17

Radial stress σr [MPa] -0.72 -0.58 -0.33
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Figure 6.4: Circumferential residual stress at distance of 0.5 from the coating
edge with different simulation models as a function of radial coordinate.

Figure 6.5: Longitudinal residual stress at distance of 0.5 from the coating edge
with different simulation models as a function of radial coordinate.

Figure 6.6: Radial residual stress at distance of 0.5 from the coating edge with
different simulation models as a function of radial coordinate.
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The difference between longitudinal residual stress component in analytical
calculation and presented numerical simulation in cylinder (σz,1), bottom layer
(σz,2) and top layer (σz,3) are:

σz,1
σz,2
σz,3

 =


99.1
9.40
10.2

%.

The difference in bottom and top surface layer stress values between analytical
and numerical calculations is approximately 10%, verifying that same mechanical
phenomenon is analysed in both cases. However, the difference between cylinder
stress values is significant. Reason for this difference is considered to rise from
the simplifications related to the one-dimensional analysis, which exclude three-
dimensional Poisson’s effects making the cylinder stiffer in numerical analyses.
The σz,1 is constant for the analytical analysis. The absolute value of the cylinder
stress component is negligible compared to the surface layer stress components.

The magnitude of residual stresses in surface layers seems not critical. A typical
ultimate tensile strength value for a cured epoxy or polyester is 50–70 MPa and
for E-glass fibre reinforced polyester mat laminates with fibre mass fraction of 25%
around 83 MPa. [57] The tensile strengths of used materials are not known, but
the presented typical values can be used as reference values. The obtained residual
stress values around 20 MPa are well below these reference ultimate values.

6.1.3 Parametric study

Figure 6.7 presents residual stress components with two cylinder materials, cast
iron and structural steel. Cylinder material has only a small influence on the
residual stress state in the surface layers: stresses are smaller with the steel cylinder
than with the cast iron cylinder, but differences are around 0.5–1.0 MPa in the
top layer for axial and circumferential stress components. In the bottom surface
layer the differences are approximately 1.0–2.0 MPa.

Figure 6.7: Global residual stress components with structural steel and cast iron
cylinders.
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The longitudinal and circumferential stress values as a function of coefficient
of thermal expansion for top and bottom layers is presented in Figure 6.8. Results
are shown for the case where CTEs of both layers are changed simultaneously. If
only one layer CTE is changed, behaviour in this layer is similar as presented in
Figure 6.8, and the stress state in the other layer does not significantly change
from the original value. Stress in the cylinder was not affected by changing CTE of
the surface layers. Results show that increasing surface layer CTE values further
increases the residual stress values, as the difference between cylinder and surface
layer CTE values becomes larger. Residual stresses change linearly with the CTE
values. However, critical stress levels are not reached even with using the 150%
values of original layer CTE values.

Figure 6.8: Stress in the longitudinal and circumferential direction as a function
of layer CTE values. CTE values for both layers are changed simultaneously.

6.2 Coating bond analysis results

6.2.1 Shear stress distribution

Figure 6.9 shows the shear stress absolute value distribution near the coating edge
with different edge geometries. With the straight and chamfered edge a peak shear
stress value is located at the edge of the cylinder and bottom surface layer bond,
whereas for the curved edge the peak value, smaller in magnitude, is located in
the bond of the two surface layers.

Figure 6.10 shows shear stress values in the bond line, starting from distance
0.5 mm from the edge until distance of 50 mm. Defining the shear stress peak
value right at the coating edge is difficult, as shear stress values were found to
be mesh-dependent due to local stress singularity at the sharp edge. The straight
edge geometry has the largest absolute shear stress value near the edge. Edge
geometry effects diminish rather quickly as the distance from edge is increased,
and after a distance of 20 mm shear stress values are approximately same with
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Figure 6.9: Absolute shear stress distribution near the coating edge with the
three different edge geometries. With straight and chamfered edge the peak value
is located at cylinder and bottom surface layer bond, whereas for curved edge at
the bond of bottom and top surface layers.

each edge geometry. Straight edge has the largest stress peak value, chamfered
edge the second largest value and curved edge the smallest value. If possible,
rounding should be used when the surface layer edge is finished, as this decreases
the shear stress level in the bond line.

The shear strength value for the studied bond is not known. Therefore, refer-
ence values from the literature are used: joint strength for Araldite Standard epoxy
adhesive and AISI 304 stainless steel adherends is reported to be 20–30 MPa [59]
and for Araldite 2015 epoxy and low carbon steel joints around 15–30 MPa [60],
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but also smaller values have been reported for epoxy/steel joints. The obtained
bond shear stress values with straight and chamfered edge are close or in the area
of these typical critical values. Thus, fracture mechanics based approach is used
to further evaluate the criticality of the bond between the cylinder and bottom
surface layer.

Figure 6.10: Shear stress absolute values along the cylinder and bottom surface
layer bond line with different edge geometries.

6.2.2 Bond fracture

Total strain energy release rate values (GT ) with the three different edge geometries
and different initial crack lengths are presented in Figure 6.11. For each edge
geometries GT reaches approximately the same largest value, around 460 J/m2,
but with different crack lengths. For straight edge geometry this crack length is
around 2 mm, for chamfered edge geometry 8 mm and for curved edge geometry
12 mm. After the maximum value, total strain energy release rate values decrease
close to the value 280 J/m2 and start then to increase again with longer crack
lengths towards the value 400 J/m2.

Figure 6.12 shows the fracture mode mixity ψ as a function of crack length with
different edge geometries. All edge geometries follow the same trend: as the initial
edge crack length is increased, mode II loading becomes more dominating, until
around crack length of 60 mm loading is almost pure mode II for all geometries.
Maximum SERR value is reached with mode mixity of approximately 6◦ with
every edge geometry.

Material system’s critical strain energy release rate value depends on the mode
mixity ratio. The critical value for the studied material system is not known.
However, a glass fibre reinforced epoxy laminate with a lay-up of +45/-45 bonded
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Figure 6.11: Total strain energy release rate values GT with different edge ge-
ometries and initial crack lengths.

Figure 6.12: Mode mixity ψ with different edge geometries and edge crack
lengths.

to a steel plate with epoxy adhesive has been studied experimentally by Gong
et al. [61]. Experimentally determined average critical SERR value with mode
mixity ratio corresponding of 6◦ was around 400 J/m2 [61]. Based on the made
study, obtained total strain energy release rate values with all edge geometries
are over the typical critical value of the corresponding material system. An initial
crack with adequate length will thus grow due to the loading by the residual stress
state.

Figure 6.13 shows the differences in total strain energy release rate values and
individual components with two- and three-dimensional models. Total SERR-
values are very close to each other, even though mode I values are slightly smaller
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and mode II values slightly larger with two-dimensional models for every case. Un-
equal mesh refinement and different elements are believed to be the reason for vari-
ation in the SERR component values. However, results show that two-dimensional
and three-dimensional models provide approximately equal strain energy release
rate values and that mode III component is not significant in the studied case.

Figure 6.13: Differences of two- and three-dimensional strain energy release rate
components and total values.

6.2.3 Rotational inertia effect

Figure 6.14 shows the effect of rotational inertia to the strain energy release rate
values with two edge cracks and by using two-dimensional and three-dimensional
models with the chamfered edge geometry. Two- and three-dimensional simu-
lations show that increasing angular velocity also increases the edge crack total
strain energy release rate values. However, the rotational inertia effect is greater
with a longer crack. Corresponding analysis was performed also with a 200 mm
long internal crack, which showed that total SERR values even with high angular
velocities were negligible. The increase in the total SERR value is insignificant
in the typical roll structure rotation speed of 31–63 radians per second (300–600
RPM) with both edge and internal cracks.

Mode mixity obtained with the axisymmetric model as a function of angular
velocity is presented in Figure 6.15. With the longer crack mode I comes more
dominant when the angular velocity is increased. The direction of the centripetal
force is outwards from the rotation axis, and thus it tends to open the crack tip,
increasing mode I dominance. With the shorter crack this effect is negligible, as
the loading is already governed by mode I.
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Figure 6.14: Effect of rotational inertia to total SERR values with 8 mm and
40 mm edge cracks and chamfered edge geometry using two-dimensional and three-
dimensional models.

Figure 6.15: Angular velocity effect to mode mixity ψ. As angular velocity
increases, mode I (crack tip opening) becomes more dominating with the longer
crack due to the opening centripetal force.

6.2.4 CTE sensitivity

Figure 6.16 shows the effect of different top and bottom layer CTE values to the
total strain energy release rate values and the individual components, when the
two-dimensional model with 8 mm and 40 mm edge cracks and chamfered edge
geometry is used. Changing CTE values greatly affects the SERR values: For
example, when the CTE of both layers is increased to 150% of original value, total
strain energy release rate value triples with both crack lengths. Respectively, when
CTE values are decreased to 50% of original value, total SERR is only one sixth of
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the original value with longer crack and one tenth with shorther crack. Residual
stress components were found to change linearly with surface layer CTE values,
but effect to SERR values is stronger.

Figure 6.16: Effect of bottom and top layer coefficient of thermal expansion to
strain energy release rate values with 8 mm and 40 mm edge cracks and chamfered
edge geometry.

Figure 6.16 also shows how the ratio of the individual SERR components
changes in different cases. When the bottom layer CTE value is changed, pro-
portional mode II loading increases, whereas when increasing the top layer CTE
value proportional mode I loading becomes larger. When a single layer CTE value
is increased, the corresponding layer tries to contract more than previously. As
the bottom layer is bonded to the cylinder, this contraction is mode II loading.
When the top layer contracts, it induces bending to the bottom layer which in the
crack tip acts as an opening mode I loading. Figure 6.17 shows schematically this
behaviour.

6.2.5 Nip effect

Figure 6.18 shows the contact pressure distribution along the roll structure contact
surface with different pressures affecting to the nip roll. Pressure distributions were
approximately similar with both 8 mm and 40 mm edge cracks. Contact pressure
with nip was assumed to be 1.8-3.5 MPa [58], which is produced with case III
loading. Thus, case III loading was used in the following analyses. Figure 6.18
also shows how a contact pressure peak exists in the coating edge area (when ζ/L
is close to zero), as the nip surface first presses against the opened surface layers
before contact is formed to the whole cylinder length.

The strain energy release rate total values are presented in Figure 6.19. Values
are presented around one quarter of the three-dimensional cylinder circumference
of the roll structure with 8 mm and 40 mm edge cracks. GT due to residual stresses
and rotational inertia (600 RPM) is marked with red lines and after adding nip
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Figure 6.17: Different crack loading behaviour when changing bottom or top
layer CTE values. After bottom layer CTE value is increased the layer contracts
more and surface layers bend only slightly (shown on left). After top layer CTE
value is increased the layer contracts more and due to this also bottom layer bends
more (shown on right), icreasing mode II loading in the crack tip.

Figure 6.18: Contact pressure distributions along the contact line with the dif-
ferent nip roll pushing pressure cases.

effect with black lines. SERR values due to residual stresses and rotational inertia
are approximately constant through the circumference, but after the nip effect
the values change near the contact area. With the longer crack the total SERR
value increases from value 286 J/m2 to value 317 J/m2 in the contact area, but
sharply decreases before leveling back to the original value when moved away from
the contact area. With the shorther crack total SERR value decreases from value
478 J/m2 to value 439 J/m2 and then levels back to the original value. Figure 6.20
presents the behaviour of individual strain energy release rate components with
nip effect. The nip roll presses the open coating edge back to a closed position,
decreasing the mode I SERR value at the contact area with both crack lengths.
However, with the longer crack length this effect is significantly stronger. With
the shorter crack there is no notable difference in mode II component, but with
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the longer crack mode II value increases at the contact area. Mode III components
stay negligible small in all cases. Nip effect increases total strain energy values with
the shorter edge crack in the studied case by 11% in the contact area. However, as
typical GC values for pure mode II loading are significantly larger than in mixed
mode loading cases, nip effect does not increase the criticality of the crack tip
loading level. With the shorther crack GT decreases by 8%, and again the nip
effect does not increase the crack tip loading criticality.

Figure 6.19: Nip effect with 8 mm and 40 mm edge cracks. Red lines describe
SERR values due to residual stresses and rotational inertia and black lines after
adding the nip roll effect.

Figure 6.20: Strain energy release rate components GI and GII with 8 mm and
40 mm edge cracks due to residual stresses, rotational inertia and nip effect. GIII

values are negligible with both crack lengths.

For an internal 200 mm crack the strain energy release rate total value and
individual components after nip effect were also studied. Values due to residual
stresses and inertial effect are negligible and nip roll contact did not significantly
increase the total strain energy release rate value.
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7 Conclusions

The aim of this thesis was to analyse the residual stress state and its criticality
in a steel cylinder coated with composite surface layers. The literature study
of the thesis presented the three main categories of residual stresses in polymer
composites: thermal residual stresses, hygroscopic residual stresses and curing
residual stresses. Based on the literature, especially thermal residual stresses are
important when considering the total residual stress state after the manufacturing
process of cylindrical composites bonded to another material.

In general, simulations of the residual stress formation can be divided accord-
ing to the constitutive model used for the polymer material (elastic or viscoelastic
model) or according to the scope of the simulation. Typical scope is the whole
cure process including also curing residual stresses or only the cool-down phase in-
cluding only thermal residual stresses. Linear elastic material models are typically
used with a cool-down phase analysis and viscoelastic models for the whole cure
cycle. Linear elastic simulation of the cool-down phase alone gave higher residual
stress values than viscoelastic simulation of the cool-down phase alone or the full
cure process for all cases found from the existing literature. Stress-relaxation due
to the resin viscoelastic behaviour and resin curing shrinkage during the cure pro-
cess counteracted the thermal residual stress formation in the reviewed cases. The
final residual stress difference between the viscoelastic simulations for the whole
cure cycle and linear elastic simulations of the cool-down alone varied between
8.6–110%. However, in most of the cases the difference was under 40%. The
linear elastic simulation of the cool-down phase alone may be used to obtain an
approximate of the residual stress state.

In this study, the obtained global residual stress components in the coated roll
structure surface layers were not found to be critical. The mismatch between the
surface layer and cylinder CTE values affected the emerging residual stress state.
The cylinder and the bottom surface layer bond line shear stress was found to be
close to the critical values for a straight and chamfered edge geometry, whereas
clearly less critical value was obtained for a curved edge geometry. Thus, rounding
should be used in the surface layer edge to reduce the shear stress in the bond
near the coating edge.

The total strain energy release rate value between the cylinder and bottom
surface layer reached the critical level for each studied edge geometry with specific
edge crack lengths. The strain energy release rate values for an internal crack
were negligible. Thus, edge cracks are more critical than internal cracks in the roll
structure and an initial crack has potential to grow along the bond line. Rotational
inertia with typical roll structure angular velocities did not significantly increase
the crack tip strain energy release rate values, but the surface layer CTE value
effect was substantial. CTE values of the surface layers should be tailored closer
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to the cylinder CTE if both the residual stress state and strain energy release rate
values with a cracked bond are to be reduced. A static nip effect was found to
increase the total strain energy release rate values at the nip contact area with
a 40 mm crack and to decrease the values with an 8 mm crack. Even though
the total value is increased with the longer crack, mode mixity is simultaneously
changed to pure mode II loading. Thus, the criticality of the crack tip loading
level might not be increased due to the nip effect.

In order to assess the roll structure residual stress state more accurately, sim-
ulations for the whole cure process using viscoelastic constitutive models could
be performed. However, extensive material characterisation (epoxy curing model,
viscoelastic constitutive model, material property models) is essential for creating
a solid base for these simulations. The linear elastic simulations could also be
made more accurate by using temperature-dependant Young’s modulus and coef-
ficients of thermal expansion. Furthermore, the nip effect simulation models could
be improved by including dynamic effects and paper and felt materials between
the rolls. For future work, experimental studies could be performed to validate the
obtained residual stress values and to gain more information about the residual
stress formation process in the roll structure. In addition, the critical values of
shear stress and strain energy release rate for the investigated materials could be
determined experimentally.
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A Notes about simulation models

This appendix presents details about the used simulation models and special notes
related to the simulation model creation.

Simulation model presentation

Table A.1 presents an overview of the global residual stress simulation models
including number of elements, element types, total number of unknown variables
and relative calculation times. Solid elements used in the three-dimensional mod-
els are 8-node linear brick elements with reduced integration and hourglass control
(Abaqus type C3D8R) and 6-node linear triangular prism elements (C3D6). Ax-
isymmetric solid 4-node bilinear elements with reduced integration and hourglass
control (CAX4R) are used in the axisymmetric model. [53] Figure A.1 presents
these elements and in additon a 3-node linear element (CAX3), which is used in
edge geometry simulation models.

Table A.1: Global residual simulation model details.

Model Number of
elements

Element types Number of
variables

Calculation
time [%]

Full model 77 920
C3D8R (71120)

269 838 100%
C3D6 (6800)

1/8 model 82 684
C3D8R (79 909)

285 912 65.8%
C3D6 (2775)

Axisymmetric model 53 055 CAX4R 126 944 17.5%

Mesh refinement study was performed with the axisymmetric model to make
sure that the used amount of elements does not affect the calculated global residual
stresses. Figure A.2 presents longitudinal stresses for different roll structure parts
with models consisting of different amount of elements. Stress levels stay constant
when element number exceeds 500, indicating that the number of elements used
in the simulation models is adequate.

Table A.2 presents an overview of the three edge geometry simulation models
used to study the cylinder and bottom surface layer bond shear stresses, strain
energy release rate values with and without the inertia effect. Models consist
mainly on 4-node bilinear elements with reduced integration and hourglass control
(CAX4R).
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Figure A.1: Elements in three-dimensional and axisymmetric simulation mod-
els. From left to right: 8-node linear brick element with reduced integration and
hourglass control (C3D8R), 6-node linear triangular prism element (C3D6), 4-
node bilinear element with reduced integration and hourglass control (CAX4R)
and 3-node linear element (CAX3). [53]

Figure A.2: Mesh refinement study results for longitudinal global residual stress
component with axismmetric model using different number of elements.

Table A.2: Edge geometry simulation model parameters.

Model
Number of

Element types
Number of

elements variables

Straight edge 68 261
CAX4R (66 924)

140 088
CAX3 (1337)

Chamfered edge 72 034
CAX4R (70 689)

147 628
CAX3 (1345)

Curved edge 78 689
CAX4R (76 981)

162 480
CAX3 (1708)

Table A.3 presents details about the three-dimensional chamfered-edge simu-
lation model used to compare strain energy release rate values of two- and three
dimensional models and the nip effect model. Same type of continuum elements
as with global residual stress models are used in these models.
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Table A.3: Three-dimensional chamfered edge and nip effect simulation model
parameters.

Model
Number of

Element types
Number of

elements variables

3D chamfered edge 61 960
C3D8R (58 480)

222 648
C3D6 (3480)

3D nip effect 75 964
C3D8R (63 490)

263 376
C3D6 (4045)

Special notes on model creation in Abaqus 6.13-3

Material orientation is defined in the Property-module. By using user-defined dis-
crete method surface layer normal direction can be defined as the material normal
direction and surface layer circumferential direction as the material primary axis
direction in three-dimensional models. Material property values are then defined
with engineering constants. In the axisymmetric model material directions can-
not be defined freely: the out-of-plane direction in axisymmetric models is always
material normal axis direction. Due to this, material normal and circumferential
directions change places. Material property values are again defined with engi-
neering constants, but special interest is to be directed to the correct material
directions.

Composite surface layers are created as separate parts so that inconsistent
meshes can be used in the cylinder and surface layers. This allows to use more
refined mesh in the thin surface layers where changes in stress values are impor-
tant. Tie constraint (created in the Interaction-module) is used to tie the surface
layers and cylinder together. Tie constraint rules, that the displacements of slave
surface nodes are equal to the displacements of master surface nodes. Now, be-
tween cylinder and bottom layer, cylinder surface was defined as master layer and
between top and bottom layer the bottom layer outer surface was defined as the
master surface.

The temperature change is defined using predefined field (created in the Load-
module) and modifying this value in following analysis steps. Material expansion
coefficients need to be defined. Inertial load is defined also in the Load-module
by creating rotational body force. Material densities, angular velocity and rotation
axis need to be defined.

Virtual crack closure technique is supported in version 6.13-3 of Abaqus CAE.
Three parameters need to be defined in the Interaction-module to use VCCT in
simulations:

1. An interaction for crack surfaces. The crack surfaces are defined by assigning
contact interaction between them. The length of the initial crack is defined
under bonding option, where the initially bonded nodes are defined as a
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node-set. Nodes outside this set, but existing on crack surface, form the
initial crack.

2. A crack. A new crack of type debond using VCCT need to be created. The
initiation step of the crack and the created interaction for crack surfaces are
selected.

3. A fracture criterion. Fracture criterion defines when the crack propagates
(crack tip nodes are unbonded). Different mixed mode equations connecting
individual SERR components as a total value can be chosen and critical
values for individual SERR components can be defined. Now, very large
critical SERR values are used to make sure that crack will not propagate in
the performed simulations. When defining VCCT in Abaqus CAE, direction
parameter for VCCT crack growth needs to be defined, even though this
parameter is applicable only for enriched regions and not actually used in
the simulations.
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