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Abstract 

Reinforced polymer composites consist of continuous fibers embedded in a 
polymer matrix. The matrix is usually a thermoplastic or thermosetting resin. 
When thermosetting matrices are cured during the manufacture of composite 
parts, residual stresses develop within the part during the manufacture due 
primarily the thermally and chemically induced volumetric strains imposed on 
them. This can lead to shape distortions and sometimes weakening of the 
structure itself.  

Curing is the manufacturing process in which the thermoset resin is 
transformed from a liquid to a solid material. The molecular mechanisms 
involved in this process are quite complex and not well understood. In the 
macro-level, in addition to volumetric strains, heat is also generated since 
most thermoset polymerization reactions are exothermic. The mechanical 
properties of the thermoset also undergo dramatic changes. The material 
changes from an initial liquid state to a rubbery gel and finally to a vitrified 
glassy state.  

In modern day composite manufacturing, to accommodate for the shape 
distortions caused due to residual stress formation, the mold geometry is 
compensated. To do this, accurate predictions of the distortion behavior is 
preferred via computer simulations. This in turn requires simple mathematical 
models that can replicate the complex processes that take place during 
manufacture. One such process that requires attention is the curing of the 
thermoset. While models exist that assume elastic behavior during cure, they 
are not accurate throughout the entire cure process. Models based on 
viscoelastic material during cure offer better prospects in this perspective. 
However, currently models that are based on full viscoelasticity are either not 
well defined or are computationally tasking. Viscoelastic materials can be 
classified further in to thermorheologically simple and complex materials 
depending on their molecular weights. In simpler terms, thermorheologically 
simple materials are those that obey the principles of time-temperature 
superposition (TTS). TTS requires that all response times (i.e., all relaxation 
or retardation time), depend equally on temperature. This is expressed using 
the temperature shift function. Master curves can be then generated 
extending the time scale beyond the range that could normally be covered in 
a single experiment. However to fully understand the development of 
viscoelasticity during cure it is also necessary that the effects of the degree of 



iv 
 

cure of the thermoset on these times be included in the model definition. This 
requires defining a cure shift function along with the temperature shift 
function.  

In the presented work, an attempt is made to develop a simplified 
methodology to characterize the viscoelastic material properties during curing. 
Two different methods are investigated in a DMTA instrument to determine 
the effects of curing on the glassy state of the resin system LY5052/HY5052. 
A cure shift function was identified in the process. Based on observations it 
was concluded that the total shift function could be possibly defined as a 
product of the temperature and cure shift functions. Unique super-master 
curves were generated as a result. However, these curves showed a 
dependency of the rubbery modulus on the degree of cure. Hence, in the 
second paper, the effect of the degree of cure on the rubbery modulus was 
investigated. Subsequently a model was reformulated from an existing one 
and this was used to further simplify the super-master curves.  

Following dynamic testing, it was necessary that macroscopic testing is 
performed to corroborate the results. The macroscopic experiments utilized 
for this purpose was stress relaxation tests to determine the viscoelastic 
Poisson’s ratio of neat resin. The Poisson’s ratio in particular is an important 
property to study, since it’s interaction with the fiber during curing is critical 
in the study of residual stresses. The focus of the study is to determine if 
there is a dependency of the Poisson’s ratio on degree of cure and whether 
master curves can be generated by horizontal shifting of data. Literature 
pertaining to the dependency of the Poisson’s ratio on degree of cure is scarce. 
If appropriate horizontal shifting can be performed, it can be easily compared 
to the results from dynamic testing to check if the shift factors are truly 
universal.  

Also presented is a brief study of the effect of degree of cure and time on the 
development of viscoplastic strains during curing. This is done by performing 
creep tests on composite specimens with varying degrees of cure. The 
experimental results were then used to validate the well-known Zapas-
Crissman model for viscoplastic strain evolution with time and investigate 
how it is influenced by the cure state.  
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1. Introduction 

Polymer composite materials are composed of fibers that are embedded 
in a polymer matrix. On their own, polymers such as epoxies and 
polyesters have limited use in the manufacture of structures, since their 
mechanical properties are not very high when compared to, for example, 
most metals. Materials such as glass, aramid and carbon have extremely 
high tensile and compressive strength but in 'solid form' these properties 
are not readily apparent. This is due to the fact that when stressed, 
random surface flaws will cause each material to crack and fail well below 
its theoretical 'breaking point'. To overcome this problem, the material is 
produced in fiber form, so that, although the same number of random 
flaws will occur, they will be restricted to a small number of fibers with 
the remainder exhibiting the material's theoretical strength. Therefore a 
bundle of fibers will reflect more accurately the theoretical performance 
of a given material. However, fibers alone can only carry tensile loads 
along the fiber’s length, in the same way as fibers in a rope. It is when 
the polymers are combined with reinforcing fibers such as glass, carbon 
and aramid, that exceptional properties are obtained. The resin matrix 
spreads the load applied to the composite between each of the individual 
fibers and also protects the fibers from damage caused by abrasion and 
impact. High strengths and stiffness, ease of molding complex shapes, 
high environmental resistance all coupled with low densities, make the 
resultant composite superior to metals for a multitude of applications. 
Two types of matrices are generally used for industrial applications of 
composites; thermosets and thermoplastics. While polymers like 
polypropylene (PP), polyether ether ketone (PEEK), Nylon, Aramid etc. 
fall under the category of thermoplastics, resin systems like vinyl esters, 
polyesters and epoxies belong to the thermoset category. Thermosets 
offer enhanced mechanical and chemical properties over thermosets and 
are hence more often used in high-performance applications besides being 
easier to manufacture in low to medium volumes.  In this work, we 
consider an epoxy thermoset and therefore the following sections will 
discuss the properties of only thermosets in detail.  
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Modern thermoset composites are manufactured using a myriad of 
methods and processes. Common methods include resin transfer molding 
(RTM) and prepreg lay-ups [1]. In RTM, dry fibers are placed in a mold 
which is sealed. Following this, the polymer is injected into the mold 
with the help of pressure and/or vacuum so that the resin impregnates 
the fiber network in a sufficient manner. The material is then left in the 
mold at elevated temperatures to “cure”, during which the monomers 
polymerize into long chain interconnected networks, as shown in Fig.1 
and transforms from a liquid to a solid state in an exothermic reaction, in 
case of thermosets. The part is removed from the mold after it has 
solidified and sometimes additional post-cure is necessary to completely 
cure the material.  This is done by placing the part in an oven albeit 
without the mold. Prepreg lay-up process is somewhat similar in terms of 
manufacturing except that the fibers are already impregnated by the 
matrix, forming sheets. No additional polymer injection is necessary. The 
sheets are layered over each other in molds designed to form the part and 
cured in a manner similar to the RTM process.  

 

Figure 1: Curing of thermoset resin from a monomer stage to a fully 
cured cross-linked network.  

Composites find use in modern structural applications in lieu of their 
many advantages and flexibility in applications. Modern composites offer 
a degree of flexibility in design of parts that are nearly impossible to 
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achieved using metals such as addition of inserts and so on. Since 
composite parts are molded for mass manufacturing, higher degrees of 
dimensional accuracy can be retained which in turn leads to less post-
production finishing and hence improved production. Mechanically, 
composites are lightweight and stronger than metals per unit mass and 
provide improved fatigue, creep and corrosion resistance making it 
valuable in the aerospace, transport and sports industry. In terms of 
electrical conductivity, some composites make outstanding insulators and 
hence are very suitable for use in power generation and transmission.  

The quality of composites however depends on factors that are initiated 
in the manufacturing stage which require careful consideration. Some of 
these factors include formation of voids in the matrix, debonding of 
fibers, shape distortions and build-up of residual stresses. Hence an 
accurate understanding of the material properties and their evolution 
during manufacturing is necessary to eliminate these problems and 
achieve good results in the final finished product. Extensive research has 
been performed to better understand and improve mold filling techniques 
and also the curing processes of composites. This has led to development 
of models to simulate and predict the outcomes of said processes. One 
such area is the development of residual stresses and shape distortions 
that occur due to the various factors in curing processes. This requires 
simple and effective models that can predict the same while accounting 
for the viscoelastic properties and their dependence on cure.  

Residual stresses and shape distortions that develop in a composite part 
during manufacture have a direct influence on the quality of the final 
product in terms of its strength and dimensional accuracy. The residual 
stress development during manufacture is influenced by two factors; 
namely the thermal shrinkage of the part when it is subject to 
temperature changes during curing and chemical shrinkage, which occurs 
as a result of the crosslinking reactions that occur in the matrix as it 
transforms from the liquid phase into the solid phase. The interaction 
between the mold and the part also plays an important role in the 
development of residual stresses. As the material transforms from a liquid 
to a solid the mechanical properties of the material also changes by 
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varying orders of magnitude. Internal stresses begin to develop at this 
stage as the resin starts to shrink as cure progresses, since the shrinkage 
is constrained by the fibers and the mold during cure. The magnitude of 
the stresses depends on the viscoelastic properties of the resin at the 
particular instance. Furthermore the stresses may also depend on the 
viscoplastic strains that develop differently during cure. Additional 
stresses can also build-up during the cooling down phase of the curing 
process due to thermal expansion. At the demolding stage when the part 
is removed from the mold, these stresses relax somewhat leading to 
dimensional changes in the part called shape distortions. These built-up 
internal stresses also tend to weaken the structure leading to premature 
failure. The shape distortions on the other hand can be a disadvantage 
when high-precision parts are to be manufactured. Fig. 2 shows an 
example of delaminations and shape distortions that occur due to 
residual stress build-up during manufacture of composites. However if 
one can predict how these shape distortions would develop, the mold 
design can be altered in such a way that it can compensate for the 
distortion entirely. This is where accurate models and simulations come 
in handy, so that the costs of mold manufacturing can be minimized by 
avoiding trial-and-error situations.  

 

  

(a)                                                      (b) 

Figure 2: a) Delaminations (encircled) at the corner of the part shown 
and b) shape distortions due to residual stresses during composite 
manufacture as predicted from simulations[15] 
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Currently within the industry there exist several models which predict 
residual stress development and shape distortions, implemented in a 
variety of simulation softwares. Constitutive mechanical models that 
have been used for these calculations include those that are based on 
elasticity [2-5] and viscoelasticity [6-10][26-31]. Since there is a significant 
difference between the thermal expansion coefficients in the glassy and 
rubbery regions, this is the transition that is most crucial to model. 
Models based on elasticity handle the glassy-rubbery transition quite 
effectively but are quite insufficient to handle the rubbery-glass 
transition. In other hand, models based on an alternate form called 
incremental linear elasticity handle the rubbery-glass transition well and 
not vice-versa since these models do not depend on the cure history of 
the resin. As a result a multi-stage cure profiles comprising of several 
heating and cooling cycles cannot be efficiently handled by these models. 

Advanced forms of constitutive models are usually based on 
viscoelasticity. Within this definition, viscoelastic behavior of a 
thermosetting resin can be defined to either thermo-rheologically simple 
or complex. By definition, a thermo-rheologically simple material can be 
defined as one that obeys the principle of Time-Temperature-
Superposition (TTS), which will be discussed later in this work. 
Extensive work has been done to determine the simple or complex 
behavior of individual resins. Literary evidence suggests that this may be 
dependent on the molecular weight of the constituent components of the 
resin, wherein higher molecular weight resins tend to exhibit thermo-
rheologically complex behavior [11-13]. TTS hence cannot be applied 
accurately to thermo-rheologically complex materials like multiphase 
materials such as block and graft copolymers, hybrid materials, blends, 
and (semi-) crystalline polymers. Nevertheless, viscoelastic curing 
behavior for composites, in particular for thermo-rheologically complex 
constituents, is difficult to accurately model. Another disadvantage of 
using viscoelastic models is that it is computationally expensive requiring 
long calculation times and large memory to store the internal state 
variables. Moreover material characterization is extensive and time 
consuming. Hence, this work aims at attempting to develop linear 
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viscoelastic models and a simple experimental methodology to efficiently 
characterize the material behavior during cure. The focus will be 
specifically on thermo-rheologically simple materials. To achieve this 
task, we intend to establish the dependence of the material behavior on 
two of the state variables, namely temperature and degree of cure. The 
characterization of linear viscoelasticity will be performed using Dynamic 
Mechanical and Thermal Analysis (DMTA) testing. At the same time 
there is a possibility of development of irreversible strains which will be 
analyzed as viscoplasticity. The effect of cure parameters on irreversible 
strains has been estimated using macroscopic tensile creep tests on +45/-
45 symmetric laminate specimens. 

Before the introduction of the papers in this thesis, a brief overview of 
residual stresses and shape distortions together with a brief theoretical 
background of viscoelasticity and related topics will be presented.  

2. Residual stresses and shape distortions 

As discussed earlier, residual stress are caused by different factors. 
Thermally induced residual stresses in composite materials are caused by 
the mismatch between coefficients of thermal expansion (CTE) of the 
matrix and the reinforcements. The magnitude of these residual stresses 
depends on the difference of CTE between the matrix and the 
reinforcements multiplied by the temperature change ∆T and other 
elastic or viscoelastic factors. Because of the fact that the CTE for the 
polymer is higher than the CTE for the fibers, the generated thermal 
residual stresses are tensile in the matrix and compressive in the fibers. 
Another source of residual stress is the result of chemical shrinkage and 
reduction of free volume of the matrix during curing [32]. This happens 
when the polymer molecules undergo end linking reactions at elevated 
temperatures during curing, in the presence of hardening agents or 
accelerators, to form long and interconnected chains in three dimensions. 
This pulls together the molecules inward tightly and the polymer matrix 
goes from a liquid into a solid. As a consequence of this process, the free 
volume of the matrix is reduced and this inevitably adds pressure on the 
fibers in the form of internal stress distributed across the entire volume 
of the part as well as tensile stresses in the matrix.  
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The factors affecting shape distortions on the other hand have more to 
do with design than with mechanical performance. One such factor is the 
lay-up orientation of the fibers. A composite part is usually made by 
orienting different layers or plies by stacking them on each other to form 
a laminate so that the necessary macro-material property is obtained. In 
a balanced laminate, the shear stresses and strains are not coupled to the 
normal stresses and strains. If the layers are arranged in such a way that 
there exists symmetry with respect to the mid-plane between them, then 
it is said to be a symmetric layup where the forces and strains in the 
axial plane are not coupled to moments and bending out-of-plane. A 
unidirectional ply has a larger CTE in the transverse direction than in 
the axial direction since the fibers do not constrain the matrix expansion 
in the transverse direction as much as in the fiber direction [14]. Stiffness 
on the other hand is also lower in the transverse direction. Therefore any 
change in temperature will lead to the coupling of the thermal expansion 
of one ply with the other plies it is within the same laminate. This has a 
push-pull effect on the plies that varies with temperature. Another source 
of shape distortion is the orthotropy in the expansion of the material that 
is caused due to various constraints imposed on the part during 
manufacture [15]. These constraints can be in the form of suppression of 
rigid body motions by the molds. This can cause shape distortions in 
even balanced and symmetric laminates. Other sources of shape 
distortions include fiber variation, void content, mold shape and material 
variability to name a few, the mechanisms of which will not be discussed 
further in this work.  

However, to understand the mechanism at work when it comes to 
viscoelastic modeling of residual stresses, it is necessary to have a deeper 
understanding of curing and its effect on the evolution of these stresses 
within the composite part during manufacture. This is described in the 
next section.  

3. Curing and its influence on residual stresses 

Curing is a process exclusive to thermosets and to understand this we 
look at the mechanisms starting with a polymer resin that is uncured or 
unreacted. A rough picture of the basic mechanisms occurring during 
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curing can be constructed as follows. The resin consists of very short 
chain monomers in its crudest form and is a liquid at this stage. However 
at elevated temperatures or in the presence of certain agents, the 
monomers begin to bond with adjacent monomer molecules, which is the 
beginning of cure. Some resins can kick start this reaction provided 
sufficient energy is made available to them which helps the monomers 
bond to each other by sharing hydrogen bonds, a process that is also 
called protonation. Other systems require the help of protonating agents 
called hardeners to help with this process. Nevertheless, once the 
molecules begin protonating, they keep increasing in length to form long 
chains with some degree of free body motion, just enough to slide past 
one another. However this motion is quite limited when compared to the 
degree of freedom available in the unreacted state. As the cure 
progresses, the chains get longer and longer until it reaches a point where 
the rate of protonation slows down. At this stage the phenomenon of 
nucleophilic attack takes over where the chains now begin to bond with 
adjacent chains using one of two mechanisms. The first mechanism is the 
vanDer Waal forces that bring the chains together through weak 
intermolecular attraction. The second mechanism involves the formation 
of complexes that furthers curing, the mechanisms of which are out of 
scope of this work. As a result, the chains become interlinked forming 
denser three dimensional networks that continue to form up until there is 
insufficient energy and free body motions to assist with further reaction 
and the rate of reaction consequently slows down. At this stage we 
assume that the material is fully cured although theoretically it can be 
contested that the reactions have not stopped entirely. It is said that the 
lesser vanDer Waal forces of attraction do not form complete bonds and 
the polymer networks are loosely held in place by them [13] and this may 
be a crucial detail that may influence some phenomena explained later.  

On the continuum-scale the reactions can be observed as an increase in 
viscosity of the resin as the chain lengths increase. The point where 
protonation reactions slow down for the vanDer Waal forces and the 
complex formation begins can be observed as a very sharp increase in the 
viscosity of the resin almost to the point of infinity. This point is usually 
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called the point of gelation of the resin [17]. The material at this point is 
somewhat rubbery in nature and as the complex formation increases the 
material slowly goes from being rubbery into a solid glass like material in 
a process called vitrification. As the secondary complex formation slows 
down and the rate of curing gradually declines, the material vitrifies into 
its final solid form.  

The glass transition temperature (Tg) of a cured resin is termed as the 
temperature at which the resin reverts from its glassy state to the 
rubbery state. The explanation here could be possibly that as 
temperature increases, the vanDer Waal forces weaken substantially to 
allow a certain degree of freedom and micro-Brownian motions for the 
now interconnected chain networks to move somewhat [13]. This causes 
the material to behave like a rubber. Hence Tg is driven by factors like 
the cross link density, the polymer chain stiffness and the intermolecular 
interactions. The Tg is dependent on the cure temperature and will 
change as cure temperature changes. Hence a material cured at a lower 
temperature will have a lower Tg compared to a material cured at higher 
temperature.  Every resin system however has an ultimate Tg that is 
determined by the formulation and cannot me moved forward no matter 
how high the cure temperatures are. In most resin systems that are in 
use, the Tg lags the cure temperature by approximately 10-20°C. Hence 
the ultimate Tg is considered to be the service ceiling of the resin system 
that is being considered for a particular application. A one-to-one 
relationship between Tg and the degree of cure has been formulated using 
the well-established DiBenedetto equation  

Tg-Tg0

Tg∞-Tg0

=
λ α

1-(1-λ)α
                                 (1) 

where Tg0 is the glass transition temperature of the uncured resin, Tg∞ is 
the glass transition temperature of the fully cured resin, α is the degree 
of cure and λ is a fitting parameter. Below Tg, the polymer is not in 
equilibrium, metastable or otherwise. A certain amount of entropy is 
‘frozen in’ as a consequence of the loss of chain mobility. This 
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consequently implies that the residual stresses that develop due to the 
dynamics of thermal and chemical shrinkage are bound to be locked in at 
this stage [13]. This is why great importance is given to the study of 
material behavior at the transition region i.e., when the material 
transforms itself from the rubbery state to the glassy state or vice-versa. 
It is hence at this stage when most of the residual stresses develop within 
the material.  

4. Viscoelasticity and the effect of temperature and cure 

In simple terms, a viscoelastic material exhibits both viscous and elastic 
effects when it undergoes deformation and exhibit time-dependent strain. 
While elasticity is usually the result of bond stretching along 
crystallographic planes in an ordered solid, viscosity is the result of the 
diffusion of atoms or molecules inside an amorphous material [16]. Hence 
when it relates to composite manufacturing where the matrix is usually 
in an amorphous or semi-crystalline form, viscoelastic effects are more 
applicable.  

As discussed in previous sections, viscoelastic materials can be 
categorized into thermo-rheologically simple or complex materials 
depending on its chemical constituents. In general polymers composed of 
larger and heavier monomer sub-units tend to exhibit 
thermorheologically complex behavior. While thorough experimental 
characterization of this classification has not been performed 
exhaustively, the basic idea has been determined to be valid in various 
studies. For thermorheologically simple materials like single-phase, single-
transition amorphous homopolymers and random copolymers, it is 
possible to establish temperature shift functions that merge multiple 
frequency and temperature dependent curves into a simple curve. Two-
dimensional contour plots into a simple graph of the chosen response 
function (creep compliance or stress relaxation) as a function of the 
logarithmic time (log t) or the logarithmic frequency (log ω or log f) at a 
reference temperature, T0 can be made. This means that all relaxation 
functions depend equally on temperature and this dependency is 
established with the temperature shift function. Hence thermo-
rheologically simple materials allow, by definition, time-temperature 
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superposition (TTS). The stress-strain relationship of a linear viscoelastic 
material in one dimension is given by 

σ(t)= ∫ Erel(t-t
')

 t
-∞

dε

dt'
dt'                              (2) 

The relaxation modulus is usually described by means of a Prony series 
as 

Erel=E∞+ ∑  Emexp �- t

τm

�M
m=2                           (3) 

The relaxation times τm, the infinite modulus E∞  and constants Em  are 
found experimentally. The above relationships are for responses at 
constant temperature (T=const.) conditions assuming that all material 
data are obtained at this temperature. If the temperature varies, the 
linear viscoelastic stress-strain relationship has to be modified and 
written in terms of reduced time ψ 

σ(t)= ∫ Erel( ψ    -ψ�) dε

dψ'

 ψ
-∞ dψ'                              (4) 

where the reduced time � is defined as 

ψ =∫ dt '

aT(T)

 t
-∞                                         (5) 

where aT(T) is the time-temperature shift factor. TTS can be interpreted 
as the shifting of isothermal plot segments at reasonable experimental 
windows into superposition to generate a master curve using the reduced 
time ψ. A master curve extends the time scale beyond the range that 
could normally be covered in a single experiment. A schematic of this 
procedure is shown in Fig. 3. 
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Figure 3: Schematic of the time-temperature superposition showing the 
shifting of raw data to obtain the master curve [27]. 

Thermo-rheologically complex materials display two or more distinct 
distributions of response times, each with its own time-temperature 
dependence. Over limited ranges of the experimental data these ‘multi-
phase’ materials nevertheless often seem to allow shifting of isothermal 
segments into superposition, generating misleading master curves. 
Therefore it is important that a thorough study of the temperature 
response of these materials over a large scale be performed before 
conclusions are made. Since most of the important resins used within the 
composite industry today fall in the low-to-medium molecular weight 
category, they may be considered thermo-rheologically simple and 
therefore further discussion on thermorheologically complex polymers will 
not be performed in this study.  

As discussed earlier, the temperature dependence of the response times of 
a given function can be defined in terms of the temperature shift function 
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aT(T). Over the years various models have been proposed to generalize 
this function based on the free volume concept, notably by Williams-
Landel-Ferry (WLF) [18], Doolittle [19], Beuche [20], Bestul-Chang (BC) 
[21], Goldstein [22], Adam-Gibbs [33] and so on. Among these, the WLF 
model was found to be quite adaptive to most polymers above their Tg . 
The WLF equation for the temperature shift function can be 
mathematically described as follows 

log aT(T) =
-c1(T-Tref)

c2+T-Tref

                                (6) 

where Tref is the reference temperature and c1 and c2 are fitting 
parameters. Below Tg however, the rate dependent Arrhenius equation is 
found to be more accurate. This equation in its physical form for the 
response time τ is given by  

τ=A
∆g

a

RT
                                     (7) 

where ∆g
a
 is the change in the free enthalpy of activation for the process 

per degree of temperature, and R is the universal gas constant [23]. The 
pre-exponential factor A is considered to be a constant since it is at most 
a weak function of temperature. According to this equation the 
relaxation time becomes infinite at the absolute temperature T=0. 
However, an infinite relaxation time implies that the material does not 
relax. For polymers, relaxation or retardation behavior can become 
effectively impossible well above T=0. The backbone motion that gives 
rise to the relaxation ceases below the glass transition temperature Tg. 
We intend to look at the rubbery-glassy region within the scope of this 
work and hence temperature dependence of the response times will be 
only defined using the WLF equation.  

The temperature shift function defines how temperature affects the 
response times of a fully cured polymer resin system. To understand the 
effect of cure on the response times begs for a different approach. This is 
where the concept of a cure shift function is introduced in conjunction 
with the temperature shift function. Since cure itself is dependent on the 
cure temperature Tc and cure duration tc, the definition of a cure shift 
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function has to include both these parameters and is defined as ac(Tc,tc). 
It is to be noted here that the temperature defined in the temperature 
shift function is different from the one to be used in the definition of the 
cure shift function. The former defines the ‘testing’ temperature while the 
latter defines the ‘curing’ or the ‘processing’ temperature. In the works 
by Ernst et al. [24] and Lin et al. [25], a basic understanding of the cure 
shift function and its importance in polymer processing is laid out. 
Assuming thermo-rheologically simple behavior, just like one can 
generate master curves from isothermal tests at various temperatures, 
master curves can also be generated form tests on different cure states. 
This means that using a cure shift function and the response of a fully 
cured material, one can predict the response at any degree of cure. The 
following Fig. 4 schematically explains this mechanism. In the stress-
strain relationship shown in Eq. 4, the definition of the reduced time now 
changes to include the cure shift factor by rewriting ψ as 

ψ =∫ dt '

a(Tc,tc,T)

 t

-∞                                         (8) 

where the total shift factor a(Tc,tc,T)  is defined as the product of the 
temperature and cure shift factors by 

a(Tc,tc,T)=ac(Tc,tc).aT(T)                            (9) 

The total shift in the logarithmic scale is the sum of the cure and 
temperature shift functions 

log a(Tc,tc,T)= log ac (Tc,tc)+ log aT (T)                 (10) 
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Figure 4: Schematic of the time-cure shift mechanism [25].  

Cure shift function is complementary to the temperature shift function in 
the sense that the response times of a polymer are dependent on both 
factors. As one would expect the response time to increase as 
temperature decreases, the response time would also increase as degree of 
cure increases. This can be explained by the fact that degree of cure has 
the same effect on the molecular structure of the polymer as temperature 
at the rubbery-glassy transition region. However Ernst et al. [24] and 
Yeong [25] were not able to establish an experimental procedure to show 
that these shift functions are complementary. They however argue that 
the total shift function can be written as a product of the temperature 
and cure shift functions.  

The shift factors based either on time, temperature or degree of cure can 
be useful in characterizing viscoelastic behavior over extended time 
scales. While this dependence is generally agreed upon and supported 
with experimental evidence for several properties like moduli, 
compliances, and relaxation and creep functions [34], it is not clear 
whether all these properties are affected by the same function(s) of the 
cure state. In particular, it is necessary to investigate if the cure shift 
function applies equally well to all the aforementioned properties. One 
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way of checking this is by investigating the influence of degree of cure on 
the viscoelastic Poisson’s ratio. The Poisson’s ratio is still often, due to 
the difficulty in obtaining reliable data, considered time independent and 
under this assumption the cure state effect question is meaningless. 
Understanding the evolution of Poisson’s ratio during cure and its 
interaction with the fibers would prove beneficial to studying the 
manufacturing process of composites. Ernst et al.[24] have investigated 
the influence of temperature on the viscoelastic Poisson’s ratio of 
composites by performing macro-scale creep tests and have observed that 
not only does the Poisson’s ratio tend to strongly be influenced by the 
testing temperature, but the curves that are so obtained can be shifted 
horizontally using TTS to obtain master curves. It is reasonable to infer 
that there would also be a similar dependence of the Poisson’s ratio on 
the degree of cure, if the complementary nature of the cure shift and 
temperature shift is thought to be valid. However there is very literary 
and experimental evidence to support this assumption and hence it is 
quite critical to establish the validity this reasoning. In comparison to 
other material properties, the viscoelastic behavior of Poisson’s ratio is 
very complex and experimentally difficult to investigate. This is mainly 
due to the difficulty in measuring the small transverse strains by 
common testing apparatus. Multiple studies [34, 35] have used stress 
relaxation testing to determine the time dependent properties of 
polymers. It is hence reasonable to use stress relaxation testing as a 
macroscopic testing method to investigate the influence of degree of cure 
on Poisson’s ratio. If the Poisson’s ratio is proven to show a dependence 
on the degree of cure, then a comparison of the shift factors thus 
obtained can be made to the shift factors obtained from dynamic testing 
for other properties. This could in turn provide the answer to whether 
the cure shift factors are “universal” in nature.  

To summarize, this work seeks to establish an experimental methodology 
to characterize both temperature and cure shift functions for the 
commercially available Huntsman LY5052/HY5052 epoxy resin system. 
In the process, this work also aims at showing that these functions are 
indeed complimentary and the total shift factor is a product of the two 
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factors, namely the temperature and cure. This will lead to the 
generation of unique master curves that can include the effects of both 
temperature and cure with the ultimate goal of describing viscoelastic 
material model dependent on cure and test temperature to predict 
residual stresses. The applicability of the shift factors to all the 
viscoelastic properties of the resin is also investigated to prove that the 
shift factors are universal in nature.  

5. Evolution of viscoplasticity with temperature and cure 

As discussed earlier, it is also thought that irreversible viscoplastic (VP) 
strains can also develop during curing of thermoset composites. The resin 
stiffness is low and viscosity is high at lower cure states and also at 
higher temperatures. The irreversible viscoplastic strains develop 
reducing stresses and thus counter-act the build-up of residual stresses. 
These irreversible strains are rather large when curing is incomplete and 
contributes to stress relief during the cure cycle [36]. Hence, it is equally 
vital to understand how these viscoplastic strains develop in conjunction 
with the other phenomena and to what degree they may be influenced by 
the cure state of the resin. This will lead to a deeper understanding of 
how residual stresses are distributed across the composite part and 
furthermore, the influence on the final shape of the composite part.  

Several studies [37-43] have been performed that are aimed at developing 
viscoelastic and viscoplastic models to characterize composite material 
behavior. However these models only describe the time-dependent 
response of composites with fully cured resins. Literature and 
experiments pertaining to the same for composites having resins varying 
cure states is rather limited. Also most of the works are theoretical in 
nature with insufficient experimental support. Hence in this work, an 
attempt will also be made to experimentally study the dependence of the 
VP strains on the cure state and time. This will be attempted by 
performing creep testing on partial to fully cured composite specimens. 
To validate the experimental results, the VP shear strain (γ

LT

VP) evolution 
with time t  from experiments will be compared to the well-known Zapas 
and Crissman model given by 
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γ
LT

VP(t)=CVP �∫ 	σLT(τ)
σ0


M dτ

t

t*
�

0
�
m

           (11) 

where CVP, M and m are material constants to be determined 
experimentally, t t*⁄  is normalized time where t*  is an arbitrarily chosen 
characteristic time constant, σ0 is an arbitrary stress used to normalize. 
The parameter M determines the sensitivity of the evolution on the 
applied stress level while the parameter m determines the influence of the 
evolution on time itself. Therefore the study performed will be to 
investigate how the parameters M and m depend on the cure state of the 
resin.  
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6. Description of Papers 

6.1. Paper 1 

Paper 1 develops the methodology to demonstrate that the temperature 
and cure shift functions are complementary, focusing specifically on the 
glassy region. Tests were performed on the LY5052/HY5052 epoxy resin 
system using a DMTA instrument to obtain the storage moduli at 
different frequencies. Two different approaches were taken to prove the 
complementary nature of the shift functions. A schematic of the 
experimental approach is shown in Fig. 5.  

 

 

Figure 5: Schematic of the experimental method and shifting procedures 
applied 

In the first approach, samples were prepared by curing at a specific 
temperature for various times and tested at the same temperature as the 
cure in the DMTA. Four different cure temperatures were selected at 
random for this purpose. The resulting curves were shifted horizontally in 
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curing time to a reference cure state of 80%, generating a master curve. 
Fig. 6 demonstrates this procedure, where the master curve was 
generated from raw data by horizontally shifting in cure time in the 
frequency domain.  

 

(a) 

 

(b) 

Figure 6:a) DMTA curves for 40°C cured samples with various cure 
states tested at the same temperature; b) Master curve generated from 
data in (a).   
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The collective master curves at different cure temperatures were shifted 
horizontally again, this time in testing temperature to a reference 
temperature of 23°C (room temperature). Fig. 7 demonstrates this step, 
where the so called “super-master” curves are generated.  

 

(a) 

 

(b) 

Figure 7: (a) Master curves for each test temperature with 80% degree 
of cure as reference state; (b) Super-master curves obtained by 
horizontally shifting data in (a) to a reference 23°C test temperature. 
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In the second approach, the reverse operation is performed. If the shift 
factors are indeed complementary, then the direction of the shifting 
procedure should be irrelevant. Therefore, in this approach, first the 
master curves were generated by testing specimens cured to a particular 
cure state and tested at different temperatures as shown in Fig. 8.  

 

(a) 

 

 (b) 

Figure 8: (a) Frequency scans on samples cured at 60°C for 1.5hours 
(α=85.74%) using various testing temperatures; (b) master curve 
generated by horizontally shifting data in (a) to a reference 23°C test 
temperature. 
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Subsequently, super-master curves are then generated by horizontally 
shifting curves at various cure states to a reference cure state of 80%. 
Fig. 9 demonstrates this step leading to a super-master curve.  

 

(a) 

 

 (b) 

Figure 9: (a) Master curves for various cure states (cured at 60°C) 
referenced at a test temperature of 23°C; (b) super-master curve 
generated by horizontally shifting data in (a) to a reference cure state of 
80%.  
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Finally the super-master curves from both approaches are compared. As 
can be observed from Fig. 10, the super-master curves from both 
approaches superimpose, which is confirmation that horizontal shifting is 
independent of the approach taken and that the shift functions are 
complementary. The temperature shift function used in both approaches 
was determined to satisfy the WLF criteria. A cure shift function was 
identified for the resin system and it was found to be fairly linear in cure 
time. However the same cannot be said if the cure shift factors are 
compared against cure state (see Fig. 11). In this case, it was observed 
that the curve representing the cure shift factors vs. the degree of cure 
does not exhibit the same linear dependence explained earlier. This is the 
motivation behind using the cure time instead of cure state to shift the 
curves. Moreover, it is quite a straightforward task to obtain the cure 
state from the cure time and temperature using an appropriate cure 
kinetic model. 

 

 

Figure 10: Super-master curves from approaches 1 and 2 combined 
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Figure 11: Shift factors vs. (a) cure time and (b) degree of cure from 
approach 1 for 40°C 
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6.2. Paper 2 

After the super-master curves were generated, it was observed that the 
rubbery modulus tended to show dependence on the cure state of the 
resin. As observed in Fig. 12, the super-master curves tend to diverge 
into different rubbery plateaus depending on the cure state it is in. To 
define truly unique master curves this dependence also has to be 
addressed. This is the starting point for the work in Paper 2. 

´ 

(a) 

 

 (b) 

Figure 12: Super-master curves from approach 2 (see section 5.1) for a) 
60°C and b) 80°C showing rubbery modulus diverging due to a 
dependency on the degree of cure 
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In this paper a way to account for this dependence is discussed. For this, 
an existing relationship (see Eq. 12) between the degree of cure and the 
rubbery shear modulus described by Adolf and Martin [32] was redefined 
for the test conditions as described in the previous section in approach 2.  

Gr
' (α)=Gr

 f  α2-αg
2

αTg

2 -αg
2�

8
3�
                          (12) 

where Gr
 f is the rubbery shear storage modulus for a fully cured material, 

αTg is the cure state at glass transition and αg is the cure state at which 
gelation occurs. Assuming that the Poisson’s ratio is constant in the 
rubbery region, Eq. 12 can be rewritten for the storage modulus as 

Er
' (α)=Er

f  α2-αg
2

αTg

2 -αg
2�

8
3�
                          (13) 

Comparing the model against experimental values obtained, it was found 
that the model predictions were in close agreement with the experimental 
results as can be observed in Fig. 13. 

 

 

Figure 13: Experimental values of the rubbery modulus vs. Adolf and 
Martin’s model. 
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The super-master curves are then normalized, wherein the dependency of 
the rubbery modulus is removed using 

En
' (t,T)= E(t,T,α)-Er

' (α)
Eg-Er

' (α)                            (14) 

The result of this normalization is shown in Fig. 14, where it is observed 
that unique super-master curves are obtained.  

 

(a) 

 

(b) 

Figure 14: Normalized super-master curves obtained using Eq. 14 for 
the data sets at (a) 60°C and (b) 80°C 
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6.3. Paper 3 

Paper 3 describes stress relaxation tests performed on neat resin 
specimens to investigate the dependence of Poisson’s ratio on the degree 
of cure. Also discussed in this paper is the mathematical backing to the 
understanding that both the temperature and cure shift factors are truly 
universal in nature.  

Stress relaxation tests were performed on neat resin specimens that were 
cured for various times at 60°C in a universal testing machine (UTM). 
Contact extensometers and strain gages were used to record longitudinal 
and transverse strains respectively. Samples were loaded to 0.5% axial 
strain and allowed to relax for a period of 24 hours maintaining the 
strain level. It was observed that the Poisson’s ratio indeed shows a 
strong dependence on the degree of cure, as shown in Fig. 15. 

 

 

Figure 15: Poisson’s ratio from stress relaxation testing of samples at 
various cure states. 

 

The data in Fig. 15 was converted to the frequency domain by using 
Christensen’s method of domain interconversion and horizontal shifting 
was performed to obtain a master curve shown in Fig. 16. The shift 
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factors for the curves were subsequently determined to be similar to the 
shift factors that are obtained from dynamic testing (see Fig. 17) for the 
storage modulus as discussed in Paper 1. This implies the universal 
nature of the cure shift factors for a thermo-rheologically simple material. 

 

 

Figure 16: Master curve obtained by horizontally shifting data. 

 

Figure 17: Shift factors from shifting Poisson’s ratio based on cure state 
and from DMTA experiments for the storage modulus.  
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6.4. Paper 4 

Paper 4 describes the attempt to study the influence of cure states on the 
development of viscoplastic (VP) strains in composite with time. Creep 
testing is performed on [+45/-45]s glass fiber (GF) laminates with various 
cure states to study the influence varying cure states have on the 
development of viscoplastic (VP) strains with respect to time and stress. 
The composite test specimens are manufactured using the wet-layup 
method.  

The specimens are loaded in creep to various load levels (30, 40, 45 and 
50MPa in the axial direction) for set time periods (10, 20, 30 and 60 
mins.) and unloaded. After unloading the specimens were allowed to 
recover for a duration that was 8 times longer than each of its 
corresponding loading ramp. The strains obtained at the end of each 
recovery period are considered the viscoplastic strains that will be 
studied for each load level. It is expected that viscoplastic strains, if any, 
develop it will be most likely the shear strains in the UD layer from 
which the [+45/-45]s composite is constructed. The relationship between 
the shear stress σLT in the layer and the axial applied stress σx is given 
by 

σLT=
σx

2
                                     (15) 

and finally the shear strain component γ
LT

±45 is calculated from the strains 
in two directions, εx (axial) and εy (transverse) which are measured using 
an extensometer and strain gage respectively 

γ
LT

±45
=εx+�εy�                                (16) 

The strain responses in the x and y-directions at various stress levels 
throughout the creep testing procedure is shown in Fig. 18 for a 
composite specimen that is 88.7% cured. The VP shear strain (γ

LT

VP) 
evolution with time t  from experiments were compared and validated to 
the well-known Zapas and Crissman model given by 
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γ
LT

VP(t)=CVP �∫ 	σLT(τ)
σ0


M dτ

t

t*
�

0
�
m

           (17) 

 

 
(a)                                      (b) 

Figure 18: Strain response in axial tensile loading ramps consisting of 
creep loading and viscoelastic strain recovery for composite with 88.7% 
degree of cure a) axial strain εx; b) transverse contraction stress εy. 

where CVP, M and m are material constants to be determined 
experimentally, t t*⁄  is normalized time where t* (= 2 hours, equal to the 
total loading time) is an arbitrarily chosen characteristic time constant, 
σ0 is an arbitrary stress used to normalize (= 1MPa in this instance). 
These material constants were determined through curve fitting to the 
experimental results.  

The parameter M determines the sensitivity of the VP strains on the 
shear stress level while the parameter m determines the influence of the 
strains on testing time. After determining each of these constants for 
each of the specimen cure state, they are plotted against the degree of 
cure as shown in Fig. 19. It is observed that both the parameters tend to 
decrease with increasing degree of cure which means that the viscoplastic 
strains develop with time slower and the dependence on the shear stress 
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is less as the degree of cure increases. For LY5052, the cure states below 
82% are the most sensitive, i.e. below 82% the VP strains increase faster 
with time and show a greater dependence on the shear stresses. 
Furthermore, simulated results, shown in Fig. 20 using the constants 
obtained from tests also tend to indicate that the VP shear strains are 
significantly lower for specimens with higher degrees of cure. 

 

 

(a)                                     (b) 

Figure 19: Dependence of parameters in the viscoplastic strain model on 
degree of cure: a) parameter m; b) parameter M. 
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(a)                                         (b) 

Figure 20: Simulations of viscoplastic shear strain development in 
constant shear stress tests: VP shear strain developed in 2 hours test at 
different levels of shear stress; b) dependence on time in 28 MPa 
simulated shear stress test. 
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6.5. Paper 5 

Paper 5 is a supplementary paper which includes the details of the 
Differential Scanning Calorimetry (DSC) measurements and cure kinetic 
characterization of the LY5052/HY5052 resin system. A generalized 
Kamal model shown in Eq. 18 was used to fit experimental data from the 
DSC. This model was subsequently used to identify cure states in the 
preceding papers for the purpose of horizontal shifting. The results from 
the fitting are shown in Fig. 21 and the model was determined to be in 
close agreement with experimental data.  

                           
dα

dt
(Tc,α)=Ae

- B

RT(αm)�αmax-α�n
                   (18) 

where A is the pre-exponential rate constant, B is the reaction energy,  
m and n are fitting parameters, αmax is the maximum attainable degree 
of cure at a given cure temperature Tc.  

 

 

Figure 21: Experimental DSC data and corresponding Kamal model fit 
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Evolution of Viscoelastic Behavior of a Curing LY5052 Resin in the 
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Introduction

Traditionally, composites have been developed using trial and 
error methods resulting in an expensive development pro-
cess. This is in particular true for the development of man-
ufacturing processes, where many experimental loops are 
necessary before an efficient manufacturing process is estab-
lished.1 Therefore, the present trend in composites design is 
towards virtual methods, in particular within the aerospace 
and transportation industry, which pushes the boundaries of 
virtual computer-aided engineering (CAE) towards new mod-
eling areas. However, to enable the aforementioned trend it 
is necessary to increase the understanding of the physics of 
phenomena. New modeling methodologies and tools are nec-
essary to reduce developmental costs incurred by developing 
new components. One such area considered here is the pre-
diction of manufacturing induced residual stresses and their 
evolution with time, where the definition of a simplified vis-
coelastic model for simulation may lead to improved results.

The development of residual stress in composites is caused 
by different factors. Thermally induced residual stresses in 

composite materials are caused by the mismatch between 
coefficients of thermal expansion (CTE) of the matrix and the 
reinforcements.2–4 The magnitude of these residual stresses 
depends on the difference of CTE between the matrix and 
the reinforcements multiplied by the temperature change ΔT 
and other elastic or viscoelastic factors. Because of the fact 
that the CTE for the polymer is higher than the CTE for the 
fibers, the generated thermal residual stresses are tensile in 
the matrix and compressive in the fibers. Another source of 
residual stress is the result of chemical shrinkage and reduc-
tion of free volume of the matrix during curing.5 This happens 
when the polymer molecules undergo end linking reactions at 
elevated temperatures during curing sometimes in the pres-
ence of hardening agents or accelerators to form long and 
interconnected chains in three dimensions. This pulls together 
the molecules inward tightly and the polymer matrix goes 
from a liquid into a solid. As a consequence of this process, 
the free volume of the matrix is reduced and this inevitably 
adds pressure on the fibers in the form of internal stress dis-
tributed across the entire volume of the part. While thermally 
and chemically induced stresses contribute to the bulk of 
the residual stresses in the composite, studies2,4 also indicate 

Evolution of viscoelastic behavior of a curing 
LY5052 epoxy resin in the glassy state
Sibin Saseendran1*, Maciej Wysocki2  and Janis Varna3

1Department of Mechanics and Processes, Swerea SICOMP, Piteå 91332, Sweden
2Department of Structural Analysis and Modeling, Swerea SICOMP, Mölndal 43153, Sweden
3Department of Engineering Sciences and Mathematics, Luleå Technical University, Luleå 97187, Sweden

*Corresponding author, email sibin.saseendran@swerea.se

Abstract The aim of this work is to develop a 
methodology to analyze the influence of the curing 
history on the viscoelastic storage modulus. Two 
different experimental approaches are presented 
exposing the material to various cure temperature 
and cure time sequences. The evolving viscoelastic 
properties are characterized using standard Dynamic 
Mechanical and Thermal Analysis (DMTA) equipment. 
Therefore, the present study is limited to infinitesimally small strains and linear viscoelasticity only. The methodology 
is demonstrated using the LY5052 epoxy resin system for its storage modulus E  in the frequency domain. Results 
indicate that evolution of thermo-viscoelastic properties could be indeed assumed independent of the cure history for the 
investigated LY5052. We observe that the shift factor in the reduced time expression for the viscoelastic model examined 
in this paper is a product of two shift functions, namely the temperature and cure shift functions.

Keywords Thermosetting resin, curing, mechanical properties, thermal analysis

Cite this article Sibin Saseendran, Maciej Wysocki and Janis Varna: Adv. Manuf.: Polym. Compos. Sci., 
doi: 10.1080/20550340.2016.1236223

Original Research Paper

Received 21 July 2016; accepted 7 September 2016

DOI 10.1080/20550340.2016.1236223



Saseendran et al. Evolution of viscoelastic behavior of a curing LY5052 epoxy resin in the glassy state

 Advanced Manufacturing: Polymer & Composites Science  2016  VOL. 2  NO. 2 75

tool-part interaction, moisture absorption, and aging of the 
matrix as contributing factors after curing.

The fundamental challenge in the modeling of residual 
stresses is the lack of experimental methods to develop fun-
damental understanding of the physics in the manufacturing 
process in order to design and develop appropriate constitu-
tive models. Presently the common material behavior used in 
the determination of residual stresses is the Cure Hardening 
Instantaneous Linear Elastic (CHILE) model.2 Though the 
model is good in the terms that it is simple to characterize 
and implement, it is not clear how valid this assumption of 
linear elastic behavior is in detail. This is of concern, especially 
when one considers that a majority of the composites do not 
behave in a linear elastic manner. There exists research where 
viscoelastic behavior is assumed.6–10 The question that arises is 
as to whether the material properties during curing are linearly 
or nonlinearly viscoelastic.

In order to develop materials with the correct processing 
behavior, it is not just sufficient to take into account the vis-
cosity of the polymer. Elasticity and time dependence of a 
polymer are equally important to control the processability 
of a polymer. A method to look at the complete rheological 
response of a material quickly is the dynamic mechanical and 
thermal analysis (DMTA) of polymers. One such technique is 
to study the relaxation behavior of the polymer using a DMTA 
instrument to obtain relaxation data at high frequencies. This 
extends the range of the instrument and provides insight to 
the material behavior at extended time scales. Thereby DMTA 
measurements provide a kind of fingerprint of the mate-
rial and allow calculating elasticity and the material’s time 
dependence at processing temperatures. This is particularly 
useful in the composites industry to try and understand the 
complex thermomechanical phenomena that occur during 
manufacturing of composite parts and the impact these phe-
nomena have on the part being manufactured when subject 
to various constraints.

Experimental studies have been performed in order to 
characterize the development of viscoelastic properties 
during curing. Using rheometer Eom et al.6 characterized 
the viscoelasticity development during curing process for 
tetra glycidyl-4,4 -diaminodiphenyl methane epoxy with 
an anthranilic acid amide hardener using various curing 
temperatures. The obtained values relate to the shear 
storage modulus development over the curing process. In 
their work, Eom et al. have been able to determine that 
the time-temperature shift factor has a linear dependence 
on cure temperature. It was, however, not established 
whether the tested material is independent on its curing 
history. O’Brien et al.7 have performed experiments with 
neat epoxy resins (difunctional epoxide with a diethyltol-
uene diamine hardener) using a single cure temperature 
and have found that the degree of cure has no effect on 
the elastic response of the material. O’Brien et al. have only 
focused on one cure temperature to assess the viscoelastic 
response of the epoxy system which is inconclusive while 
determining the role of cure temperature in viscoelastic 
response development. O’Brien et al. also noted that the 
peak equilibrium relaxation modulus varies significantly 
between the fully cured and uncured states and hence 

hinting at a possible interdependence of the equilibrium 
modulus and degree of cure. Further, in the work by Thorpe 
and Poursartip,8 an attempt to develop a model for a carbon 
fiber-reinforced MTM 95-1 epoxy system was performed. 
Characterization was performed in the solid composite in 
a DMTA and the liquid neat resin in a rheometer. The find-
ings have concluded that a thermo-rheologically simple 
time-temperature superposition is insufficient to char-
acterize viscoelastic behavior. The study also concluded 
that the glassy state storage modulus is independent of 
the degree of cure, a behavior which is also confirmed by 
Sadeghinia et al.9 in the shear modulus domain, working 
with Novolac EPN1180 epoxy and bisphenol-A hardener. 
Furthermore, it is thought that using a carbon fiber-rein-
forced resin system as opposed to a neat resin sample may 
affect results regarding the storage modulus from the tests 
that have been performed in the solid state. To isolate the 
storage modulus of the resin from the storage modulus of 
the composite, this work has used a general rule of mix-
tures where the values of transverse modulus at 20GPa 
and fiber volume fraction at 0.589 for the composite have 
been assumed. Suzuki et al.10 reported that the form of a 
master curve generated through time-temperature super-
position principles is dependent on the cure temperature 
and time and both these parameters are to be considered 
separately. However, in their work, Suzuki et al. have not 
made an attempt to study cure kinetics of the diglycidyl 
ether of bisphenol-A (DGEBA) and methyl anhydride hard-
ener system and subsequent comparisons with the cure 
state of the resin. In the work by Simon et al.,11 a model for 
the calculation of the evolution of shear storage modulus 
that takes inputs of cure kinetics from a conventional model 
has been formulated for a Hexcel 8551-7 epoxy system. This 
model incorporates time-temperature superposition and 
time-cure state superposition in thermosets. The model has 
been only tested at a single frequency of 1 Hz in a rheome-
ter, to which the model agreed well with experimental data 
and it is unclear if the same is applicable to higher or lower 
frequencies. An attempt to model a cure dependent evo-
lution of the storage modulus on a tetrafunctional epoxy 
with an amine hardener system based on a modified form of 
the Kohlrausch–Williams–Watts (KWW) equations has been 
performed in the work by Zarrelli et al.12. Yeong et al.13 have 
ascertained that since most of the residual stresses develop 
at post-gelation it is appropriate to look for ways to model 
stress relaxation at such post-gelation conditions. Their 
effort focused primarily on the stress relaxation behavior 
of DGEBA samples cured with multifunctional amine hard-
ener to a particular degree of cure using several different 
temperatures. The fundamental assumption in13 is that the 
relaxation modulus depends on the cure state on an a priori 
basis, while a real-time assessment on the cure state is nec-
essary for viscoelastic evolution of the modulus. Adolf and 
Martin14 have done preliminary assessment of the influence 
of cure on viscoelastic properties by developing a time-
cure superposition method. This method uses horizontal 
and vertical shifting of DMTA data in the time domain, 
to arrive at master curves. The vertical shift accounts for 
the change in the equilibrium relaxation modulus with 
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changing degree of cure which has never been accounted 
for in other similar works. They worked in the shear modulus 
domain and have not conducted an in-depth analysis of 
the curing behavior of the material under test. They have 
ascertained that viscoelastic functions at differing degrees 
of cure should superpose if the appropriate vertical and 
horizontal shifts are applied to the DMTA data.

This work is a part of a larger research project towards 
improved understanding and development of models for 
curing, residual stress and shape distortion. The present con-
tribution is towards method development for characteriza-
tion of the thermo-viscoelastic properties in the glassy state. 
The aim is to investigate the dependence of the viscoelastic 
response on curing time, curing temperature and degree of 
cure and thus support development of a model that includes 
the dependency of the relaxation modulus on all three factors. 
In this work, we focus specifically on the tensile storage mod-
ulus (E ) using two different approaches. In the first approach, 
master curve for a given cure and test temperature, which 
are identical, is obtained by shifting the curves corresponding 
to different cure times. Then the master curves for different 
temperatures are reduced to a “super-master curve 1” for a 
certain reference temperature. In the second approach, first 
the master curve for certain degrees of cure is obtained by 
performing frequency scans at various temperatures and 
then a “super-master curve 2” is obtained for a certain ref-
erence curing time and curing temperature. Assuming that 
the shift factor can be expressed as a product of two shifts, 
both approaches should lead to the same result – coinciding 
“super-master” curves 1 and 2. The methodology is demon-
strated and the used assumption validated using the LY5052 
epoxy resin system.

Characterization methodology

Material

The resin system used for the characterization of the ther-
mo-viscoelasticity consisted of Araldite LY5052 epoxy resin 
with Aradur HY5052 hardener from Huntsman. LY5052 is a 
low viscosity resin with a long pot life and a maximum attain-
able glass transition temperature of 130  °C after post-cure. 
According to the manufacturer, LY5052 is a blend of butan-
edioldiglycidyl ether and epoxy phenol novolac resin and 
HY5052 is a mixture of cycloaliphatic polyamine, isophorone 
diamine, 2,4,6-tris(dimethylaminomethyl) phenol, and salicylic 
acid. Prior any experimental procedure, the resin and hardener 
were mixed in the ratio 100:38 by weight and stirred thor-
oughly, taking care not to include air bubbles.

Viscoelastic characterization

The thermo-viscoelastic characterization of the resin system 
was performed using a TA Instruments Q800 DMA instru-
ment with available three-point bending and single cantile-
ver modes. Prior to the actual material characterization, both 
loading modes were evaluated for their characteristics. For 
both loading modes, the procedure consisted of a frequency 
scan at various temperatures to obtain a master curve using 
fully cured neat resin samples of LY5052/HY5052. The scan 
was performed at a frequency range of 200, 100, 10, 1, 0.1, 

and 0.01 Hz and a temperature range of 23 to 200 °C in 10 °C 
increments. It was observed that the three-point bending 
mode induces scatter in the results at higher temperatures. 
Therefore, all the subsequent experiments were performed 
using the single cantilever mode for all samples including 
partially cured specimens.

The experiments performed using the single cantilever mode 
required using samples that are not fully cured. Consequently, a 
method of manufacturing samples was designed such that the 
samples could be manufactured quickly and easily without an 
intermediate stage of making plates and cutting them down to 
size, which would be difficult considering that the samples are 
not fully cured. Molds were made from a silicone rubber with 
dimensions of the tool leading to samples of dimensions of 
17.5 × 2.8 × 3 mm as specified by TA Instruments for a single can-
tilever mode specimen. The mold was then sandwiched between 
two plates of Teflon-coated steel. The assembly was then clamped 
securely to prevent leakage once the mixed resin was poured into 
the mold. The mold assembly was then preheated in a convection 
oven to the required temperature before the resin was poured 
into it. Once the resin was poured into the mold, it was left to 
cure for various predetermined times and temperatures to attain 
a certain degree of cure predicted by cure kinetics. The details of 
the cure characterization and the cure kinetic models used for this 
purpose have been explained in detail in Ref. 15. After that, the 
mold was removed from the oven and the samples were cooled 
instantly using a coolant spray (to prevent additional curing) and 
‘peeled’ out from the mold. Three samples were produced at a 
time with identical degrees of cure with this method. Sides of the 
samples were then polished using a Struers Rotopol-1 polishing 
machine making them ready for DMTA testing. The samples were 
assessed visually to determine if they are deformed or damaged 
while being mounted on to the DMTA, especially for samples 
that had low degrees of cure since they were most often in the 
transition or rubbery zones.

Samples were cured at a constant temperature, viz. 23, 40, 
60, and 80 °C for certain times in order to induce a predeter-
mined degree of cure. The curing temperatures have been 
chosen in such a way that they were rather in equally spaced 
intervals and also so that the reaction rate was slow enough to 
be controllable to ensure limited post curing happens during 
testing at elevated temperatures. Table 1 shows the curing times 
used for each of the four temperatures. In the DMTA, character-
ization of the storage modulus using single cantilever mode, a 
frequency scan range 200, 100, 10, 1, 0.1, and 0.05 Hz was used.

Material model describing the viscoelastic behavior of the 
partially cured resin has to account for the mechanical testing 
temperature (T), the curing temperature ( ), and the curing 
time ( ). In the simplified viscoelastic material model which 
we examine in this paper, we assume that only the reduced 
time depends on the curing parameters. The stress (σ)–strain 
( ) relationship is hence described by

 

where is an integrating function, Δ  is an independent 
relaxation function and they do not depend on mechan-
ical testing temperature and curing parameters. ψ is the 
reduced time that depends on the curing parameters and 
is given by

(1)𝜎 = 𝜀 + ∫ Δ (𝜓 − 𝜓 ′)
𝜀

𝜏
𝜏
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In this paper, the two-step shifting procedure described 
is used to identify functions ( ) and 

( )
. The 

DMTA experiments and data reduction were split into two 
different approaches reflecting the two possible sequences 
of shifting described above.

Approach 1: Samples cured at a particular temperature 
were also tested at the same temperature, i.e. =  . In 
the frequency domain, we obtain several storage modulus 
curves corresponding to different curing times. We shift them 
to obtain master curve finding shift factor which reflects the 
curing time effect for a given temperature. Then we change 
the temperature repeating all testing and data reduction. 
Finally, the master curves for different temperatures are shifted 
creating the “super-master curve” to obtain the temperature 
dependence of the shift factor.

Approach 2: curing was at 60 and 80 °C with curing times 
given in Table 1. The frequency scan for storage modulus was 
performed at 23, 40, 60 and 80 °C. The first step in data reduc-
tion is temperature shifting of data corresponding to certain 
cure state. Master curves for different cure states are obtained 
and temperature shift factors identified. Then horizontal shift 
to these master curves is applied to obtain the shift factor 
reflecting the effect of the cure state.

Regarding the factor 
( )

 (see Section Results and 
analysis ), we found that using the cure time as a parameter 
instead of degree of cure  results in simple linear shift func-
tion with coefficients dependent on cure temperature .

Traditionally, for polymers the factor ( ) is shown to be 
approximately related by the Williams–Landel–Ferry (WLF) 
equation, given by

 

where c1and c2 are material dependent constants and  is 
the reference temperature. Care was taken to ensure that the 
degree of cure was not changing during the experiments. This 
was achieved using a different sample for each temperature. 
Since each of the DMA tests last approximately 10 min, the 
difference in degrees of cure from start to finish was negligible 
as confirmed by the DSC characterization. The applied strain 
on the sample in all DMTA tests was in the order of 0.01%.

Results and analysis

Approach 1

Fixing the cure and test temperature, =  , the storage 
modulus vs. frequency curve was obtained for several values 
of the curing time. As an example DMTA curves for samples 
tested and cured at 40 °C at various cure states are shown in 
Fig. 2. These curves were then shifted horizontally to create 
a master curve corresponding to an arbitrary selected ref-
erence curing time as shown in Fig. 3. This procedure was 
repeated for all four values of = . The master curves thus 
obtained along with the values of the logarithmic shifts used 
to construct the master curves are shown in Figs. 4(a)–(d). 
The shifting procedure was performed such that the master 
curves are deemed continuous. As observed in Fig. 4, for each 
cure temperature, the shift factor is a rather linear function 
of the cure time.

(4)( ) =
− ( − )

+ −

 

Function 
( )

is called “shift factor” because when the 
relaxation modulus is presented versus logarithm of time, the 
different curves corresponding to different a can be reduced 
to one master curve by shifting by log a in horizontal direction. 
The same applies if the storage modulus is plotted vs. loga-
rithm of frequency. In this work, we assume that the shift func-
tion a is a product of the temperature shift function ( ) and 
the cure shift function 

( )
 

If this assumption is correct, the master storage modulus curve 
can be obtained in two steps: first by shifting the storage mod-
ulus vs. frequency curves in horizontal direction by ( ) to 
obtain master curves for specified test temperatures T (this is 
what is usually done analyzing the time-temperature super-
position) and then shifting again by 

( )
 the master 

curves corresponding to different curing states. The sequence 
of shifting can be inverted as well; first shifting data for differ-
ent curing states corresponding to fixed temperature and then 
performing the temperature shift. The resulting “super-master 
curve” should be the same using both routines. A schematic 
of this two-pronged approach procedure is depicted in Fig. 1.

(2)
( ) = ∫

𝜁
( ) 𝜁

(3)
( )

= ( )
( )

Table 1 Curing temperature and times

Temperatures
Curing times 

(hours)
Total number of 

samples
23 °C 14.75; 17; 18; 19; 

21; 24
6

40 °C 3.5; 4; 4.5; 5; 5.5; 6; 
6.5; 7; 7.5

9

60 °C 1.25; 1.5; 1.75; 2: 
2.25; 2.5; 3

28

80 °C 0.5; 0.75; 1; 1.25 16

Figure 1 Schematic of the experimental method and shifting 
procedures applied
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The curing time-related shift factors can be easily recal-
culated to the degree of cure using  and the cure kinetics 
model. In this work, we have chosen to use a well-established 
cure kinetic model by Kamal which describes the reaction rate 
as an analytical function of temperature and degree of cure as 
detailed in Equation 5,15

 

where  is the degree of cure, A is the pre-exponential rate 
constant, T is the temperature in Kelvins, B is the reaction 
energy, R is the ideal gas constant, m and n are constants inde-
pendent of cure temperature that are obtained from fitting 
experimental data from the DSC using standard least-squares 
fit. Moreover, the  is defined as
 

where H is the residual heat of reaction and  is the total 
heat of reaction which has been determined as 482 J/g for the 
given resin system.15 𝛼  is defined as the maximum degree 
of cure attained at various curing temperatures. The values 
for 𝛼  are obtained for each cure temperature ( ) from 
the isothermal DSC experiments performed in15 and fitted to 
obtain the relationship 𝛼 = + .

However, the slopes of the linear shift factor curves in Fig. 
4 are slightly different; it depends on . It was determined 
that the slopes of the cure shift factors do not vary with cure 
time for a given temperature. A second-order dependence of 
the slope on curing temperature was observed. Based on this, 
we have arrived at

(5)
𝛼
( 𝛼) = − (𝛼 )

(
𝛼 − 𝛼

)

(6)𝛼 = −

Figure 2 DMTA curves for 40 °C cured samples with various 
cure states tested at the same temperature

Figure 3 Master curve produced by horizontally shifting data 
in Figure 2 using an arbitrary reference cure state

Figure 4 Master curves by shifting in the curing time for a 25 °C (referenced at 19 h or 73.71%), b 40 °C (referenced at 5 h 
or 80.74%), c 60 °C (referenced at 1.75 h or 87.68%) and d 80 °C (referenced at 0.75 h or 93.51%) in the frequency domain (f)
Note: The shift factors used for the superposition are also shown
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here  is the curing temperature,  is the time of cure, and  
is the time of cure at which a reference cure state is attained. A 
reference state of 80% cure was then arbitrary selected master 
curves in Fig. 4 recalculated to this cure state, as shown in Fig. 
5. The time of cure corresponding to  = 80% for each tem-
perature  is again determined from the cure kinetics model 
and detailed in Table 2.

The individual master curves, each corresponding to spe-
cific test temperature are now shifted again horizontally this 
time to account for different test temperatures. Using 23 °C 
(room temperature) as a reference state, the result of shifting 
and the shift factors for different temperatures are shown in 
Fig. 6. The shift factors used for the temperature shift in Fig. 
6(b) are rather linear with respect to the testing temperature. It 
is also observed that these temperature shift factors are nearly 
equivalent to the WLF values for the corresponding data as 
described in Equation 4. The constants c1and c2 in Equation 4 
for the epoxy system LY5052/HY5052 are 77.59 and 433.6 K, 
respectively. The constants have been determined by perform-
ing frequency scans at various temperatures on a fully cured 
sample and then using TTS principles to obtain a master curve.

Approach 2

The second approach is to generate master curves and to iden-
tify shift factors for samples that have been cured to a certain 
degree of cure at a particular temperature and then frequency 
scanned at various temperatures. The cure temperatures were 
60 and 80 °C. For each degree of cure (  and ) the generated 
storage modulus curves for different test temperatures T were 
shifted to construct the individual master curve. It was done 
for each sample cured at 60 °C or at 80 °C with a specific curing 
time. As an example, response curves for samples cured at 
60 °C for 1.5 h are shown in Fig. 7. Horizontal shifting of the 
data in Fig. 7 using 23 °C as a reference generates a master 
curve as shown in Fig. 8. All the temperature-shifted master 
curves so obtained are shown in Fig. 9 for 60 and 80 °C cur-
ing temperatures. In both instances, the curve representing 
23 °C testing temperature was chosen as the reference curve 
for the construction of the master curve. Also to be noted is 
that, for higher testing temperatures (at 80  °C for instance) 
since the testing time is less than 9 min in the DMTA, no sig-
nificant post curing has occurred to the samples as a result, 
which has been confirmed by subsequent DSC investigations 

 

where
 

(7)
( )

=
(

−
)

(8)= − +

Figure 5 Master curves for each cure temperature with 80% 
degree of cure as reference state

Table 2 Time required to attain 80% degree of cure for each 
temperature based on the cure kinetic model

Temperature Time to attain 80%  (in minutes)
23 °C 1221
40 °C 288
60 °C 68
80 °C 19.5

Figure 6 (a) Super-master curve at test temperature 23 °C 
(room temperature) and (b) corresponding second shift 
factors and the independent WLF fit

Figure 7 Frequency scans on samples cured at 60 °C for 
1.5hours (  = 85.74%) using various testing temperatures
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of the tested samples. Additional post curing was within only 
1% and hence no correction has been applied to the curves 
to counteract this since the change in mechanical properties 
would be insignificant.

The temperature shift factors obtained constructing each 
master curve are shown in Fig. 10 separately for curing at 
60  °C and at 80  °C along with the WLF shift factors for the 
corresponding temperatures. The WLF shift factors are inde-
pendently determined using the constants, as described in 
the previous section.

It can be observed that for both cases, the temperature 
shift factors do not change significantly dependent on cur-
ing time and the general behavior can be identified to be 
linear with respect to testing temperature. Hence, irrespec-
tive of cure temperature ( ), the shift factors can be assumed 

Figure 8 Master curve generated from the set shown in 
Figure 7, with the curve at 23 °C chosen as reference

Figure 9 Master curves for (a) 60  °C and (b) 80  °C cure 
temperatures relating to various degrees of cure with 23 °C 
test temperature as reference

Figure 10 Shift factors for (a) 60 °C and (b) 80 °C together 
with the independent WLF fits

Figure 11 Super-master curves for (a) 60 °C and (b) 80 °C 
referenced at 80% degree of cure in both instances together 
with the relative shift factors applied to generate the super-
master curves
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behavior of the system is independent of its cure history. The 
fact that the test temperature-related shift factors shown in 
Figs. 6(b) and 10 corresponding to the two approaches are 
identical, supports the argument that different curing histories 
still result in similar viscoelastic responses in the glassy state.

Further, noting the limitation of the DMTA, we see some 
evidence that the studied material is thermo-rheologically 
simple and that the shift factor in the viscoelastic reduced time 
expression can be written as product of two shift functions: 
one related to test temperature effect (the common time-tem-
perature relationship) and one related to the cure state. The 
product type form of the shift function results in linear sum-
mation of two shifts when logarithmic axis with respect to 
time or to frequency is used. It has also been observed that 
the shift factors for shifting in test temperature are identical to 
the WLF shift factors that have been independently obtained 
for either approach.

It can be hence concluded, that the viscoelastic mate-
rial behavior at any cure state may be obtained from the 
super-master curves, given that appropriate shift factors are 
used. In comparison, this investigation agrees with the work 
performed by Eom et al.6, where the full relationship between 
modulus and cure time was analyzed for a single frequency. 
Eom et al. has concluded that time-cure superposition can be 
used as a tool to estimate the viscoelastic moduli as a function 
of cure time and temperature. In contrast, the work presented 
improves upon this understanding by introducing the testing 
temperature as a parameter by defining the shift function as a 
product of the temperature and cure shift factors.

The cure-related shift factors from Approach 1 for 40 °C 
against degree of cure and cure time is shown in Fig. 13(a) and 
(b). It can be observed that using cure time instead of degree 
of cure results in a nearly linear shift curve with a deviation 
from linearity of about 1%. This justifies the use of curing time 
instead of the degree of cure, even though they are mutually 
dependant. The deviation from linearity can be explained by 
the fact that the master curves were generated using visual 
references only. This deviation can be possibly avoided if an 

constant for a given T which is coherent to the assumption that 
both shift factors are non-interactive.

Finally, as a last step, the master curves obtained from the 
preceding operations for 60 and 80 °C were reduced to a ref-
erence cure state of 80%. The corresponding reference cure 
times are given in Table 2. The final super-master curves for 
both cure temperature, 𝛼 = % and for 23 °C testing temper-
ature are represented in Fig. 11(a) and (b), respectively, along 
with the corresponding cure shift factors for each cure time.

Discussion and concluding remarks

The super-master curves corresponding to 80% degree of 
cure, 23 °C obtained from both approaches are put together 
as shown in Fig. 12. In the first approach, we first determined 
the shift factor related to cure and then the test tempera-
ture-related shift factor, whereas in the second approach the 
sequence was reversed. Both super-master curves coincide 
fairly well irrespective of the used approach; see explanation 
in the flow diagram in Fig. 1. Collapsing of data obtained 
at different cure temperatures and for different cure times 
in one master curve with one cure dependent shift factor 
(when recalculated to  = 80%) indicates that the viscoelastic 

Figure 12 Super-master curves from approaches 1 and 2 
combined

Figure 13 Shift factors vs. (a) cure time and (b) degree of cure from approach 1 for 40 °C
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systems tend show nonlinear dependence of the shift factors 
on the response time. However, an in-depth investigation is 
required to ascertain if this behavior of high molecular weight 
resins applies to the methodologies described in this work.

For this particular methodology, it could be ascertained 
that the resin system to a certain degree obeys linear viscoelas-
tic behavior. It is to be stressed that in the DMTA the strain level 
at which the material is tested is infinitesimally small, which 
restrains the development of nonlinearity. In conclusion, the 
present results represent behavior in the glassy state only 
and only limited information is available in the rubber state. 
Therefore, an ongoing investigation is into characterization 
of the rubbery state and its dependence on degree of cure.
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error analysis were to be utilized to fit the curves together 
rather than employing a visual approach.

Additionally, to verify the accuracy of the cure kinetic 
model complementary tests were performed to determine the 
glass transition temperature ( ) of some of the partially cured 
samples for the DMTA experiments. This was performed in the 
DSC by scanning partially cured samples from 0 to 250 °C at 
20 °C/min. This experimental  was compared to theoretical 
values obtained from the standard DiBenedetto equation to 
derive from the degree of cure,14 which is computed from 
the cure kinetic model

 

The values for , 
∞

 and 𝜆 for the epoxy system LY5052/
HY5052 have been determined by Svanberg,2 as shown in 
Table 3. The results from the examination are shown in Fig. 
14. The values obtained for from the DSC tests are in close 
agreement with the theoretical model, hence confirming 
the effectiveness of the cure kinetic model described with 
Equation 5.

In this work, two methodological approaches to investi-
gate the influence of curing history on viscoelastic properties 
were demonstrated on an LY5052 epoxy resin system. While 
the first approach is easy to perform and time saving, it was 
not adequate to provide information on the rubbery region. 
A more detailed understanding of the evolution into the rub-
bery region is provided by the second experimental approach, 
though it is time-consuming.

However, it is to be stressed that the above conclusions 
may not be in general valid for all epoxies and there is a pos-
sible dependence of the behavior on the molecular weight of 
the epoxy constituents. There is some indication in the open 
literature that high molecular weight epoxies do not necessar-
ily obey this linear relationship for shift factors. This argument 
was confirmed experimentally by Mours and Winters in.16,17 
Another study by Emri18 also agrees with the observation 
by Mours and Winters, arguing that high molecular weight 

(9)
−

∞
−

=
𝜆𝛼

− ( − 𝜆)𝛼

Table 3 Parameters in the DiBenedetto equation described 
by Equation 8

Parameter Value
Tg0 (at  = 0) −41 °C
Tg∞ (at  = 1) 136 °C
𝜆 0.44

Figure 14 Experimental Tgvalues with values predicted by 
the DiBenedetto model
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In this work, we investigate the relationship between the rubbery modulus and the
degree of cure for partially to fully cured LY5052 epoxy resin. In particular, this
paper experimentally tests an existing model formulated for shear modulus by
redefining for in the tensile storage modulus. Experiments to characterize viscoelas-
tic behaviour were performed in a dynamic mechanical and thermal analysis
(DMTA) instrument in the frequency domain. Master curves are then created from
DMTA using general time–temperature–cure superposition. The master curves are
then normalized using the model so that the master curve does not depend on the
properties in the rubbery region. This results in a unique master curve that describes
the viscoelastic behaviour of the LY5052 epoxy resin for the given conditions. Once
the relationship between the rubbery modulus and the degree of cure has been
established, the amount of experimental characterization can be reduced. This could
lead to the development of simplified experimental methodologies and simplified
models to characterize the viscoelasticity of low molecular weight resins like the
LY5052 epoxy resin system.

Keywords: thermosetting resin; curing; mechanical properties; thermal analysis

1. Introduction

In modern composite manufacturing, the composite consists of two separate
components, one being the matrix and the other being fibre. The matrix is often a
thermosetting resin polymer such as epoxy. Composites are designed to add sufficient
mechanical strength and toughness to the support structure. In many commercial appli-
cations, the resin is injected into a preheated mould that has been lined with a suitable
reinforcing fibre either with the help of pressure or assisted by vacuum to produce the
composite part. Other methods involve pre-impregnated sheets of fibre and matrix
draped over a mould and cured. As the crosslink density of the resin increases, the liq-
uid gels into a rubber-like state and finally into a solid glassy state when completely
cured. The thermomechanical properties of the system undergo dramatic changes
throughout this process.

The complex Young’s modulus (E) of the matrix changes by a couple of orders of
magnitude and the shear modulus (G) changes by about three orders in magnitude from
the uncured to the fully cured state. This is of particular importance when studying
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residual stresses that build-up in the matrix during manufacture of composites. It is
generally understood that the residual stresses evolve more rapidly in the composite as
the resin transitions from the rubbery state to the glassy state [1]. As cure progresses,
the volume of the resin network decreases as result of the crosslinking pulling the
long-chain polymer networks together and restricting movement. This simultaneous
increase in stiffness and the decrease in volume together contribute to increase in resid-
ual stresses especially if the material is subject to constraints imposed, for instance, by
the moulds or tools [2] or by the reinforcing fibre itself. Thus, studying this transition
region between the rubbery state and the glassy state in detail is important for the
understanding of the evolution of residual stresses. The behaviour of the resin in the
glass-transition region and its behaviour with varying degrees of cure have been studied
extensively. However, not many studies regarding the relationship between the rubbery
modulus and degree of cure have been carried out.

Evaluation of viscoelastic properties during cure has been modelled in multiple
studies [3–9]. It is generally understood that the cure state of a polymer will have an
impact on its physical properties. However, this parameter alone is not an indicator of
the global properties of the material. In polymers, especially thermosetting polymers,
the glass transition temperature (Tg) has an equally important significance. These two
parameters are also interdependent. In the study of residual stresses and shape distor-
tions in composite manufacturing, the region where the system transitions from the rub-
bery state into the glassy state is where most of the residual stresses build-up. Hence,
the region beginning from the rubbery region into transition zone to the glassy region
is of particular interest. As discussed earlier, the rubbery properties depend on the
degree of cure above the point of gelation. As the degree of crosslinking or cure
increases by action of time and temperature on the polymer, the rubber modulus also
increases since the enhanced chain networks will further resist any applied strain.

In [3,4,8,9], it was shown that the cure state can be used as a parameter while shift-
ing in frequency or time to generate master curves, such that models can be developed
based on the superposition of time-temperature and degree of cure. When developing
such a viscoelastic model to describe the evolution of material properties during cure,
the variation of rubbery modulus with degree of cure has to be considered. As pointed
out in [8], master curves can be shifted horizontally but additional shifting will have to
be performed in the vertical direction to account for the dependence of the rubbery
modulus on cure state. This in turn implies that more experimental characterization has
to be performed. One way of preventing this is by excluding the rubbery modulus from
the master curve using a mechanism based model for normalization. This procedure
will be described in the following sections.

The mechanics of the relationship between the rubbery modulus and degree of cure
has been established by Adolf and Martin in [10,11], working with diglycidyl ether of
bisphenol-A (DGEBA) and a diethanolamine hardener. Further, in their work in [12],
they have employed these relationships to develop a constitutive model to calculate the
evolution of residual stresses in crosslinking polymers. An experimental method to
establish the relationship between degree of cure and the rubbery shear modulus has
been developed by Sadeghinia et al. in [13]. In their work, Sadeghinia et al. were able
to experimentally verify the model developed by Adolf and Martin in [10] and [12] for
a Novolac and bisphenol-A resin system. However, Mours and Winters [14] have
argued that the models developed by Adolf and Martin are applicable only for systems
with low molecular weight as high molecular weight systems did not tend to provide
unique master curves. This argument was also confirmed experimentally by Mours and
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Winters in [15]. Another study by Emri [1] also agrees with the observation by Mours
and Winters, arguing that high molecular weight systems show non-linear dependence
of the shift factors on the response time. Since the resin used in this work is a blend of
butanedioldiglycidyl ether and epoxy phenol novolac resin considered to be a low
weight system, this model could be valid.

In order to establish the viscoelastic model for the relaxation properties of the
material under consideration, the equivalence of the concepts of time–temperature
superposition (TTS) and time–temperature–cure superposition (TTCS) as discussed in
[8] will be used. TTS principles have been widely used in the studies of polymer
viscoelasticity. TTS states that all viscoelastic functions experience the same tempera-
ture dependency. This in turn implies that the observed stress relaxation behaviour of
a polymer can be rendered independent of the influence of temperature by an appro-
priate redefinition in time. This helps in bringing the high- and low-frequency modes
into experimentally acceptable values by using temperature to account for changes in
moduli [16]. TTCS on the other hand deals with a change in the degree of crosslink-
ing of the polymer networks rather than a change in temperature. Theoretically, a
polymer in the near-critical gel state is geometrically similar, meaning that the poly-
mer chain backbones look identical to each other. Curing is considered to be a mere
scaling-up of this geometric similarity, which is the crosslinked network of polymers
become larger as the cure state increases. Hence, this change in the scale can be
redefined using cure time, bearing in mind that larger clusters relax more slowly
[10].

The problem with employing TTS to study viscoelastic behaviour is that it can be
used to study long-term relaxation behaviour of fully cured polymer networks effi-
ciently but when it comes to studying partially cured polymers, characterizing the relax-
ation behaviour near the gel point can be quite difficult. This is because the polymer
cures rapidly as the temperature increases at near gel point. TTCS circumvents this
problem by allowing the experimental data to be acquired at discrete intervals during
the course of the reaction without having to actually alter the temperatures.

The work presented is an extension of the previous work [8] where horizontal
shifting was performed in temperature and cure. This work intends to adapt the rela-
tionship between the rubbery viscoelastic shear modulus and the degree of cure
developed by Adolf and Martin in [10] for performing additional vertical shifting.
Redefining the relationship in terms of the viscoelastic tensile modulus, the Poisson’s
ratio in the rubbery region is assumed constant. Once the relationship is verified
experimentally, the model will be used to normalize master curves developed through
TTCS principles so that the variation in rubbery modulus due to varying cure states
accounted for via the model but formally excluded in the normalized master curve
making them robust.

2. Method

2.1. Material

The resin system used in this study consisted of LY5052 epoxy with HY5052 hardener
from Huntsman. According to the manufacturer, LY5052 is a blend of butanedioldigly-
cidyl ether and epoxy phenol novolac resin and HY5052 is a mixture of polyamines.
Prior any experimental procedure, the resin was mixed in the ratio 100:38 by weight
and stirred thoroughly, taking care not to include air bubbles.
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2.2. Manufacturing

In order to manufacture partially cured samples, moulds were made from a silicone
rubber with dimensions of the moulds leading to samples of dimensions of
17.5 × 2.8 × 3 mm as specified by TA Instruments for a single cantilever mode speci-
men. The mould was then sandwiched between two plates of Teflon-coated aluminium.
The assembly was then clamped securely to prevent leakage once the mixed resin was
poured into the mould. The mould assembly was then preheated in a convection oven
to the required temperature before the resin was poured into it. Once the resin was
poured into the mould, it was left to cure for various predetermined times and tempera-
tures (Ref. Table 1) to attain a certain degree of cure predicted by cure kinetics. Fol-
lowing this, the mould was removed from the oven and the samples were cooled
instantly using a coolant spray (to prevent additional curing) and ‘peeled’ out from the
mould. Three samples could be manufactured at a time with identical degrees of cure
with this method. Sides of the samples were then polished using a Struers Rotopol-1
polishing machine making them ready for Dynamic Mechanical and Thermal Analysis
(DMTA) testing. The samples were assessed visually to determine if they were
deformed or damaged while being mounted on to the DMTA especially for samples
that had low degrees of cure since they were most often in the transition or rubbery
zones.

2.3. DMTA testing

The thermo-viscoelastic characterization of the resin system was performed using a TA
Instruments DMA Q800 instrument in single cantilever mode. A temperature scan
using fully cured neat resin samples of LY5052/HY5052 was performed to obtain the
relaxation curve. The scan was done at a frequency (f ) of 1Hz and a temperature range
of 23–200 °C in 10 °C increments. Applied strain was of the order of 0.01%. This pro-
vided the values of the fully cured glass and rubber storage moduli of the resin.

After the background information for the fully cured material properties was deter-
mined, samples cured at two cure temperatures, 60 and 80 °C and various curing times
as shown in Table 1were prepared. The test temperatures are selected in such a way
that immeasurably little post-curing could occur while the DMTA test was being con-
ducted. To further eliminate post-cure effects, fresh samples were used for each time
scanning was performed at different test temperatures. Four testing temperatures were
chosen viz. 23, 40, 60 and 80 °C at a frequency range of 200, 100, 10, 1 and 0.1 Hz
with an applied strain of 0.01%. Following this, shifting in temperature and cure were
performed to show relaxation behaviour at various cure state of the material.

2.4. Dual shift methodology

The material model describing the viscoelastic behaviour of the partially cured resin
has to account for the mechanical testing temperature (T), the curing temperature (Tc)

Table 1. Curing times for testing.

Temperatures Curing times (hours) Total number of samples

60 °C 1.25; 1.5; 1.75; 2: 2.25; 2.5; 3 28
80 °C 0.5; 0.75; 1; 1.25 16

4 S. Saseendran et al.



and the curing time (tc). In the simplified viscoelastic material model which we
examine in this paper, we assume that only the reduced time depends on the curing
parameters. The stress (σ)–strain (ɛ) relationship is hence described by

r ¼ Geeþ
Z t

0
DC w� w’ð Þ de

ds
ds; (1)

where Ge is an integrating function, DC is an independent relaxation function and they
do not depend on mechanical testing temperature and curing parameters. ψ is the
reduced time that depends on the curing parameters and is given by

wðtÞ ¼
Z t

0

df
a Tc; tc; Tð Þ df: (2)

Function a(Tc, tc, T) is called ‘shift factor’ because when the relaxation modulus is pre-
sented versus logarithm of time, the different curves corresponding to different a can
be reduced to one master curve by shifting by log a in horizontal direction. The same
applies if the storage modulus is plotted versus logarithm of frequency. In this work,
we assume that the shift function a is a product of the temperature shift function aT (T)
and the cure shift function ac (Tc, tc)

a Tc; tc; Tð Þ ¼ aTðTÞac Tc; tcð Þ: (3)

In order to establish the viscoelastic models necessary to describe relaxation in various
states of cure, data reduction was carried out by shifting the curves obtained from the
DMTA in the frequency domain. In TTCS, this reduction is performed twice, using
two shift factors, one for temperature, aT and one for cure, ac.

For most polymers, the temperature shift factor aT is given by the Williams–
Landel–Ferry (WLF) equation as given by

log aTðTÞ ¼ �c1ðT � Tref Þ
c2 þ T � Tref

; (4)

where T is the temperature and Tref is the reference temperature. c1 and c2 are material
constants dependent on the material under consideration. For the epoxy system
LY5052/HY5052, these values are obtained as 77.59 and 433.6 °C, respectively, from
experiments performed independently on fully cured resin samples by conducting fre-
quency scans from 23 to 200 °C. Using TTS, a master curve was generated and the
shift factors used were fitted to Equation (1) using least squares to reveal the values of
c1 and c2. Hence, log aT (T) is positive when T < Tref, negative when T > Tref and zero
when T = Tref.

Just as one would expect the relaxation modulus of LY5052 to decrease with
increasing temperature, it could be assumed that the effect of degree of cure on
LY5052 is more or less similar to the temperature effect. This serves as the basis for
the second shifting or reduction in degree of cure with the aid of a cure shift factor. In
[8] this cure shift factor was determined to be

log ac Tc; tcð Þ ¼ CðTcÞ � tc � tcrefð Þ; (5)

where

CðTcÞ ¼ 0:0026 T 2
c � 0:0903 Tc þ 1:39; (6)
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where Tc is the cure temperature, tc is the time of cure and tcref is the time of cure at
which a reference cure state is attained. In our work, we have chosen to define the cure
shift function using the terms Tc and tc instead of the proper material state variable; i.e.
the degree of cure. The reason behind this choice is related to the empirical observation
in [8] where it was concluded that the cure shift function is linear in terms of tc while
being highly nonlinear in terms of degree of cure. Moreover, the degree of cure is
uniquely defined by Tc and tc using Equation (9) meaning these parameters may replace
the degree of cure in our models.

Considering the effects of both degree of cure and temperature on the relaxation
modulus, the total shift a can be hence expressed as

log a ¼ log aT þ log ac ¼ logðaT:acÞ; (7)

or

a ¼ aT:ac (8)

3. Results and analysis

The result from the temperature scan conducted on a fully cured epoxy sample is
shown in Figure 1. The plot shows the tensile storage moduli (E’) with respect to tem-
perature. It can be observed that the glassy and rubbery plateaus are well defined. The
elastic storage modulus in the glassy region (Eg) at 23 °C has been determined to be
2626.5 MPa, while the elastic storage modulus in the rubbery region (Er) at 200 °C has
been determined as 19.952 MPa.

The scans performed on partially cured samples at various temperatures have
also been analyzed. Figure 2 shows an instance of samples cured at 60 °C for 1.5 hours
(corresponding to a cure state of 85.74%) and scanned at various temperatures.

Figure 1. Elastic storage modulus vs. temperature measured on a fully cured sample with the
values of the glassy and rubbery modulus.
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These individual curves are then used to generate a master curve with 23 °C as a refer-
ence. This master curve is shown in Figure 3.

The combined master curves for all the test cases for samples cured at 60 and
80 °C are put together, as shown in Figure 4(a) and (b). The shift factors that are
utilised to perform the shifting to generate the individual master curves are shown in
Figure 5(a) and (b) alongside WLF fits for the same conditions. We observe that these
shift factors are fairly linear and similar in magnitude across the range of cure states.
The shift factors are also in fairly good agreement with the WLF shift factors.

Shifting the curves in Figure 4(a) and (b) again in cure time, results in a ‘super-
master’ curve. The reference state used for this second shifting is chosen as the time

Figure 2. Frequency scans on samples cured at 60 °C for 1.5 hours (α = 85.74%) with various
testing temperatures.

Figure 3. Master curve generated from the set shown in Figure 2, with the curve at 23 °C
chosen as reference.
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corresponding to an arbitrary 80% degree of cure at each temperature as shown in
Figure 6(a) and (b). The shift factors used for this second shifting are also shown
alongside the curves.

Here, we note that the glassy plateau for all the curves overlap irrespective of the
cure state of the material. However, the rubbery plateau does tend to increase with
increasing degree of cure (or cure times), which was expected behaviour. The DMTA
experiment was unable to fully capture the complete response in the rubbery state for
all the cure states. However, most of the experimental results progress sufficiently into
the rubbery region, while some tended to end somewhere in the transition region. The
values of the rubbery storage modulus (E’

rðaÞ) that were identified for both cure temper-
atures have been described in Table 2. For clarity, we have considered only the curves
that have progressed well into the rubbery region for both test cases. The beginning of
the rubber plateau of these curves was considered as the rubbery storage modulus.

Figure 4. Master curves for various cure states for samples cured at (a) 60 °C and (b) 80 °C,
with 23 °C testing temperature as reference state.
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The degree of cure corresponding to each cure time and temperature has been com-
puted using a well-established cure kinetic model by Kamal [8,17] which describes the
reaction rate as an analytical function of temperature and degree of cure as detailed in
Equation (9),

da
dt

Tc; að Þ ¼ Ae�
B

RTc amð Þ aTg � a
� �n

; (9)

where α is the degree of cure, A is the pre-exponential rate constant, Tc is the cure tem-
perature in Kelvins, B is the reaction energy, R is the ideal gas constant, m and n are
constants independent of cure temperature that are obtained from fitting experimental
data from DSC experiments using standard least-squares fit. aTg is defined as the degree
of cure attained for curing at various temperatures such that the material is in glassy

Figure 5. Shift factors used to generate master curves shown in Figure 4 for (a) 60 °C and
(b) 80 °C.

Advanced Composite Materials 9



Figure 6. Super-master curves and shift factors for experiments at (a) 60 °C and (b) 80 °C,
referenced at 80% degree of cure, showing the start of the rubbery plateaus.

Table 2. Rubbery moduli determined from the beginning of the rubbery region from various
cure states.

Temperature Cure time (hours) Degree of cure Rubber modulus (MPa)

60 °C 1.25 0.8234 1.170
1.5 0.8574 4.185
1.75 0.8768 8.258
2 0.8877 12.589

80 °C 0.25 0.7070 1.338
0.5 0.9051 6.065
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state at the end of the curing cycle. The values of the constants and other parameters
have been detailed in [8].

The values of E’
rðaÞ were then used against the model by Adolf and Martin [10] to

determine if the values of the rubbery storage modulus for the given degree of cure
obtained from experiment were in agreement. This scaling is given in terms of the
shear modulus (G) in [10] as

G’
rðaÞ ¼ Gf

r

a2 � a2g
a2Tg � a2g

 !8=3

: (10)

where Gf
r is the rubbery shear storage modulus for a fully cured material and αg is the

cure state at which gelation occurs. However, the tensile and shear moduli are related
to each other as

E ¼ 2G 1þ mð Þ: (11)

Experimental evidence from previous work indicates that the viscoelastic Poisson’s
ratio in the rubbery region can be assumed approximately 0.5 for epoxy resins [18].
Thus, Equation (10) can be redefined in terms of the elastic modulus for the rubbery
region dependent on the degree of cure E’

r að Þ. Furthermore, Adolf and Martin have also
stated in [10,12,19] that the principles of time-cure superposition should be valid for all
viscoelastic functions. Hence, using Equations (10) and (11), it can be deduced that

E’
r að Þ

2ð1þ 2mÞ ¼
Ef
r

a2�a2g
a2Tg�a2g

� �8=3

2ð1þ 2mÞ ; (12)

or,

E’
r að Þ ¼ Ef

r

a2 � a2g
a2Tg � a2g

 !8=3

; (13)

Figure 7. Experimental values of the rubbery modulus vs. Adolf and Martin’s model [10].
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where Ef
r is the rubbery tensile storage modulus. From the DMTA test performed on a

fully cured sample (see Figure 1) Ef
r has been determined as 19.952MPa and αg has

been determined from independent rheometer experiments for LY5052/HY5052 epoxy
system at 64%. Theoretically, the scaling is limited at the gel-point, below which the
rubbery modulus is non-existent. The rubbery modulus obtained from experiment has
been compared to the moduli obtained from Equation (13) and the results have been
plotted against each other in Figure 7. It was noted that the model and the experimental
results show fairly good agreement. The discrepancies between the model and experi-
mental results can be explained by the fact that the experimental values had been
obtained by considering the start of the rubbery plateau value from the available data
which may differ from the rubbery plateau modulus. However, the model in Equation
(13) is still a good approximation for the material response in the region.

Figure 8. Normalized super-master curves obtained using Equation (14) for the data sets at
(a) 60 °C and (b) 80 °C.
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After the model was shown to be in sufficient agreement with experimental data, it
was now possible to further reduce the super-master curves shown in Figure 7 into a
normalized super-master curve. This was done by calculating the rubbery modulus and
normalizing the super-master curves using Equation (11),

E’
n t; Tð Þ ¼ E t; T ; að Þ � E’

r að Þ
Eg � E’

r að Þ
; (14)

where Eg is the elastic modulus in the glassy state of a fully cured resin and E’
r að Þ is

as computed and obtained using Equation (13). Equation (14) was applied to each data
point on the super-master curve to obtain the final normalized curve. The normalized
curves for each cure temperature are shown in Figure 8. We note here that all the
curves overlap and reduce into a unique normalized super-master curve. Finally, the
two separate normalized super-master curves corresponding to cure temperatures of 60
and 80 °C in Figure 8 are combined together as shown in Figure 9. It can be observed
that both the curves overlap, signifying that when referenced at 80% degree of cure
and 23 °C (RT) testing temperature, the viscoelastic behaviour is not influenced by the
curing history. This is in agreement with the initial hypothesis stated in Equation (3),
that the total shift factor can be written as a product of both temperature and cure shift
factors.

4. Concluding remarks

In this work, the dependence of the rubbery storage modulus on the degree of cure was
investigated using data obtained for various cure states from DMTA experiments in sin-
gle cantilever mode for various cure states. Super-master curves were generated using
TTCS in the frequency domain. The super-master curves indicate a dependency of the
rubbery modulus on degree of cure.

The model developed by Adolf and Martin [10] showing dependence of the rubbery
plateau on the cure state was redefined from the shear modulus in terms of the tensile

Figure 9. Combined normalized super-master curves for the sets shown in Figure 8, wherein
both curves are referenced at 80% degree of cure and 23 °C (RT) testing temperature.
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storage modulus. This is based on the assumption that the Poisson’s ratio remains
constant (≈0.5) in the rubbery region. A simple parametric study was performed show-
ing that a change of the Poisson’s ratio from 0.5 to say 0.49 brings about a change of
only 0.7% in the storage modulus. Furthermore, a change from 0.5 to 0.48 brings about
a change of 0.75% in the modulus. Therefore, assuming a constant Poisson’s ratio was
considered safe within the limits of this investigation. After redefinition to the tensile
storage modulus, the model was used to compare with the experimental values of the
rubbery modulus for various cure states. The experimental results are in good agree-
ment with the model with slight discrepancies resulting from the fact that the actual
rubbery limit determined from data may differ from the rubbery plateau modulus.
Finally, after establishing the dependence of the rubbery modulus on the degree of cure,
normalization procedure was suggested where the degree of cure dependent rubbery
modulus was extracted from the super-master curve making it unique over the whole
domain of rubbery-glassy states. As a result of the normalization scaling, the vertical
shifting is more evident in the rubbery region than in glassy region. In particular, the
vertical shifting consolidates the rubbery modulus into a single super-master curve and
also tends to slightly decrease the scatter in the glassy region. Hence, the storage mod-
ulus super-master curve for any test temperature and degree of cure can be obtained
linearly transforming this curve using rubbery modulus-dependent coefficients and per-
forming two shifts (for temperature and for degree of cure).

The normalized super-master curve approach has proven useful in characterizing
behaviour during cure for the LY5052 epoxy system and may be suggested for similar
material systems. It can be used to develop simple viscoelastic models useful in deliv-
ering fast simulations for real-world applications and making prediction of residual
stresses and shape distortions during composite manufacture easier and accurate. This
is also beneficial in improving path-dependent models [17] and cure-dependent simula-
tion [20] and viscoelastic simulation [21] of composite materials.
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Introduction

Traditionally composites have been designed using trial and 
error methods which results in an expensive development 
process. This is particularly true for the development of man-
ufacturing processes, where many expensive experimental 
loops are necessary before an efficient process is established.1 
Therefore, the present trend in composites design is towards 
employing virtual methods, in particular within the aerospace 
and transportation industry, which pushes the boundaries of 
virtual Computer Aided Engineering (CAE) towards new mod-
eling areas. One such area considered here is the prediction of 
manufacturing induced residual stresses and their evolution 
with time, where a definition of a cure state-dependent vis-
coelastic model may lead to improved results.

The development of residual stress in composites dur-
ing manufacturing is caused by several factors. Thermally 
induced residual stresses in composite materials, for example, 
are caused by the mismatch between coefficients of thermal 
expansion (CTE) of the matrix and the reinforcement fibers.2–4 
The magnitude of these residual stresses depends on the dif-
ference of CTE between the matrix and the reinforcements 
multiplied by the change in temperature Δ . Because of the 
fact that the CTE for the polymer is higher than the CTE for 
the fibers, cooling down from the manufacturing tempera-
ture generate thermal residual stresses that are tensile in the 
matrix and compressive in the fibers. Another source of resid-
ual stress is the result of chemical shrinkage which is related 
to reduction of free volume of the matrix during curing.5 This 
happens when the polymer molecules undergo end linking 
reactions at elevated temperatures during curing, sometimes 
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in the presence of hardening agents or accelerators to form 
long and interconnected chains in three dimensions. This pulls 
together the molecules inward tightly as the polymer matrix 
goes from a liquid state into a solid. As a consequence of this 
process, the free volume of the matrix is reduced and this leads 
to shrinkage distributed across the entire volume of the part. 
While thermally and chemically induced strains constitute the 
bulk of the residual stresses in the composite, some studies2,4 
also indicate tool-part interaction, moisture absorption and 
aging of the matrix as contributing factors after curing.

A commonly used approach in the determination of resid-
ual stresses is based on the Cure Hardening Instantaneous 
Linear Elastic (CHILE) model.2 Though the model is simple 
to characterize and implement, it is not clear how valid the 
assumption of its linear elastic behavior is and how large the 
introduced errors are. This is of concern especially when a 
majority of the composites do not behave in a linear elastic 
manner. Many investigations6–10 into the subject show that 
the material actually behaves in a viscoelastic manner. The 
question that arises from this is whether the material proper-
ties during curing are linearly or nonlinearly viscoelastic with 
respect to stress or strain level. However, since the strains that 
are encountered during the manufacture of composites are 
small, it can be assumed that the behavior is linear viscoelas-
tic. Nevertheless, it is expected that similar to temperature, 
parameters of the state of cure will affect the rate of viscoe-
lastic processes and therefore this also needs to be included 
into the linear viscoelastic material model.

In a previous study,11 a methodology to analyze the influ-
ence of the curing history on the viscoelastic storage modulus 
was developed. It was determined that the storage modulus 
depends on time (equivalent to frequency in a DMTA test), 
temperature and the degree of cure. Functions called “shift fac-
tors” were introduced to characterize this dependence. While 
this dependence is generally agreed upon and supported 
by experimental evidence for several properties like moduli, 
compliances, and relaxation and creep functions,12 it is not 
clear whether all these properties are affected by the same 
function(s) of the cure state. For example, the Poisson’s ratio 
is still often, mostly for simulation convenience, considered 
time independent and under this assumption the influence of 
the cure state is rendered meaningless. Results in this paper 
will show that during manufacturing the Poisson’s ratio of the 
matrix evolves and therefore including this phenomenon in 
studies dealing with fiber–matrix interaction would prove ben-
eficial; in particular to studies where stress develops during 
the manufacturing process of composites.13

Thus it can be safe to assume that Poisson’s ratio for vis-
coelastic materials such as polymers and polymer matrix 
composites may be influenced by various factors like time,14 
temperature, degree of cure and also the strain level. In com-
parison to other material properties, the viscoelastic behav-
ior of Poisson’s ratio is very complex14,15 and experimentally 
difficult to investigate. This is mainly due to the difficulty in 
measuring small transverse strains by common testing appa-
ratus within a narrow strain range, selected to insure linear vis-
coelastic behavior with negligible irreversible strains. Several 
methods exist, direct and indirect, to measure the dependence 
of the Poisson’s ratio on time, temperature, and strain. Direct 
measurements of the transverse and axial strains to get the 

Poisson’s ratio can be performed by optical methods,14,16,17 
using strain gages18–20 and/or contact extensometers.21,22 
Limited accuracy is a common problem, for example, strain 
gauges record data from a rather local region comparing with 
the region covered by the axial extensometer. Gluing the strain 
gauge on partially cured resin specimen can also affect proper-
ties of the resin. The use of contact extensometers to measure 
the transverse strain is not recommended, due to the direct 
contact with the specimen and the possible introduction of 
localized plastic effects. In multiple studies19,22,23, the stress 
relaxation test has been used to determine the time-depend-
ent properties of polymers. Indirect methods involve measure-
ment of two different independent viscoelastic parameters to 
determine the Poisson’s ratio,22 for example by measuring the 
elastic modulus and shear modulus independently to obtain 
the Poisson’s ratio. General trends from available data7,15,19 and 
the presented work indicate that the Poisson’s ratio increases 
with time, temperature, and strain. However, contradicting 
data have also been presented; a decrease of Poisson’s ratio 
with frequency in DMTA testing was found by Caracciolo and 
Giovagnoni18 and Arzoumanidis and Liechti.21

Conclusive experimental and theoretical information that 
describe the influence of the cure state of the resin on the 
Poisson’s ratio is not widely available. In one study, O’Brien  
et al.24 used Moire interferometry to study the cure depend-
ence of the Poisson’s ratio of EPON 862 bisphenol F epoxide 
and EPON 828 bisphenol-A epoxy resins. Using creep testing, 
they concluded that the viscoelastic Poisson’s ratio obeys 
time–temperature superposition principles with the same 
horizontal shifting functions as for the creep compliance. 
However, they did not observe any influence of the cure state 
on the Poisson’s ratio.

Dependence of the storage modulus on the cure state 
along with time and temperature was reported in Saseendran 
et al.11 using Dynamic Mechanical and Thermal Analysis 
(DMTA) on Araldite LY5052 bisphenol-A epoxy resin. Adolf 
and Martin25 argued that the cure state dependence of the 
storage modulus should also apply to the Poisson’s ratio and 
the same cure state related shift functions should be valid 
for a thermo-rheologically simple material. This is, however, 
in direct contradiction to the observations by O’Brien et al.

We hope that the present work will help in understanding 
the differences between viscoelastic models accounting for 
the state of cure. In Section 2, a systematic presentation of 
simplifying assumptions for a thermodynamically consistent 
linear viscoelastic material model leading to a rheologically 
simple material with respect to temperature and to the cure 
state (i.e. the state variables) is made. It is shown that for a rhe-
ologically simple material the cure state-related reduced time 
is the same not only for all possible viscoelastic parameters 
(creep compliances, elastic relaxation modulus and Poisson’s 
ratio) but also for storage modulus and loss modulus. These 
conclusions are confirmed with experimental results in Section 
3 where the cure state-related shift factors deduced from lat-
eral strain measurements in relaxation test for Poisson’s ratio 
are compared with the shift factors obtained analyzing storage 
modulus by means of DMTA,11 showing that the same cure 
state related shift factors are indeed obtained in both cases. 
This supports the assumption that the analyzed material can 
be considered as thermo-rheologically simple.
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Theoretical background

Material model

A good starting point developing viscoelastic material model 
which depends on temperature, T and the set of internal varia-
bles characterizing the state of cure, 𝜼  is the Gibbs free energy 
expression and the procedure described by Schapery.26 In this 
way, the thermodynamic consistency of the obtained relation-
ships is ensured. In a particular case, assuming linear viscoe-
lastic behavior the strain ( )–stress (σ) relationships obtained 
following the simple procedure in Schapery26 are
 

where τ is the instantaneous time, Sij is the viscoelastic com-
pliance, 𝜼  is the Gibbs free energy expression, ψ and 𝜓

′

are 
reduced times,  is a temperature and cure-dependent func-
tion and  are vector indices. Expression (1) is written here for 
normal stress–strain components assuming orthotropic mate-
rial behavior. For sake of clarity, the temperature T is assumed 
constant during the test and the free thermal expansion terms 
are not shown.

In (1), the viscoelastic compliances Sij are defined as follows 
 

Functions  (i,j = 1, 2, 3), g1 and g2 depend on temperature 
and parameters of the cure during the mechanical loading;  
are constants. The reduced time ψ is defined as
 

where 𝜉 is the discretized total time. If we further assume 
that:

•  The degree of cure and the temperature do not change 
during the mechanical test

•  The shift factor 
(
𝜼

)
 can be represented as a product 

of two shifts11; one for temperature aT and one for cure 
, i.e.

 

the above expressions simplify to
 

 

The next simplifying assumption which is not necessary valid 
for all materials is “rheological simplicity” which is often under-
stood as the condition that only the shift parameter depends 
on temperature and on the cure state. Then (6) can be written 
as
 

(1)𝜀 =
∑

=

∫ (𝜓 − 𝜓 ′)
𝜏

( (
𝜼

)
𝜎
)

𝜏 =

(2)

( − 𝜏) =
(
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)
+

(
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)∑ (
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𝜏

)

(3)𝜓( ) = ∫
𝜉

(
𝜼

)
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(
𝜼

)
= ⋅
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∑

=
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)

(7)( − 𝜏) = +
∑ (

− 𝜏

𝜏

)

The most important conclusion from (7) is that if the material 
is rheologically simple; all viscoelastic compliance matrix ele-
ments have the same shift factors.

Finally, sometimes it is assumed that instead of different 
coefficients  for different compliance elements, a single, 
time-dependent function is sufficient to characterize approx-
imately all elements of the compliance. This rather voluntary 
assumption is justified in Schapery27 by the usually weak 
time-dependence of the resin’s Poisson’s ratio. In this instance 
(which is not considered as applicable in this paper):

 

Relaxation test

In this paper, uni-axial relaxation tests were performed on iso-
tropic epoxy specimens to measure the axial stress relaxation 
and, most importantly, the lateral strain changes with time, in 
order to obtain viscoelastic function referred to as the viscoe-
lastic Poisson’s ratio. It is of theoretical and practical interest 
to investigate whether the relaxation modulus ( ) and the 
Poisson’s ratio 𝜈( ) are also

•  as for rheologically simple materials;
•  the shift factors are the same as for compliances;
•  the shift factors are the same for both viscoelastic 

functions.
The best method for this task is the integral Laplace trans-

formation. In Laplace domain Equation (5), written for isotropic 
material in uniaxial loading (σ2 = σ3 = 0) are

 

Over-bar is used to denote Laplace transforms of various func-
tions; p is the variable in the Laplace domain. Now, we define 
new functions 
 

That allows (9) to be rewritten as
 

Since the inverse transformation of (11) leads to
 

we conclude that (10) are Laplace transforms of the relaxation 
modulus ( ) and the Poisson’s ratio 𝜈( ). Laplace transform 
of (7) is
 

Introducing a new variable
 

That allows (13) to be rewritten as

(8)
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Storage modulus

The stress–strain relationship in a viscoelastic material due to 
harmonic loading which is used in DMTA testing, is obtained 
assuming that the applied strain 1 is a superposition of a con-
stant pre-strain 10 and a harmonic function of time
 

In (20), i is the imaginary unit, f is the frequency in Hz. The 
material response change to the constant pre-strain is 
assumed much slower than the change with respect to the 
oscillatory part. Substituting (20) and (19) in (12) we obtain 
as the result of integration an expression for stress variation 
with time. After certain transition time the stress oscillations 
become stationary as the initial conditions for the loading 
decay. In this region, the expression for the stress oscillation 
resulting from (20) is
 

Introducing the complex modulus as stress–strain ratio
 

Where the complex modulus can be written as
 

Expressions for the storage modulus (the real part of the com-
plex function) and the loss modulus (the imaginary part) are 
then identified as
 

These expressions contain the frequency and the shift factors 
in a form of product acaTf and for a given value of this prod-
uct the storage modulus is constant. This is the basis for the 
master curve construction which uses horizontal shifts in the 
frequency domain: for values of ac and aT different than in the 
reference state, the frequency corresponding to the given value 
of the storage modulus can be found by shifting in logarithmic 
axes using the property 

( )
= + +  .

The important information in this paper is that the shift fac-
tors for the complex storage modulus in the frequency domain 
are the same as in the relaxation test and in other mechanical 
tests on the macroscale.

Experimental

Materials

The resin system used was Araldite LY5052 epoxy resin with 
Aradur HY5052 hardener from Huntsman. LY5052 is a low 
viscosity resin commonly used in the composites industry 
with a long pot life and a maximum attainable glass transi-
tion temperature of 130 °C after post-cure. According to the 
manufacturer, LY5052 is a blend of butanedioldiglycidyl ether 
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)
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)
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)

 

In (15)  and  are n-th degree polynomials (n- is the num-
ber of exponents in Prony series (7)) with coefficients depend-
ent on τm (note that they do not depend on shift parameters). 
Substituting (15) in (10) we obtain
 

Expressions for both viscoelastic functions have the same pol-
ynomial in denominator with roots , k=1,2,…,n. Using these 
roots, the rational functions (16) can be presented in a form
 

Returning to the old variable p, see (14), we obtain
 

Finally, inverse Laplace transformation gives
 

Conclusions following from (19) are:
•  Both viscoelastic functions ( ) and 𝜈( ) have same shift 

factors
•  These shift factors are the same as for viscoelastic com-

pliances ( )

•  Both functions have the same relaxation times rm (roots 
of polynomials  and ) that do not depend on shift 
factors

•  These relaxation times, rm are not the same as for compli-
ance functions (τm). However, they are unique functions 
of τm. Nevertheless, it is not important in practical appli-
cations because usually τm have no physical meaning. 
They are selected to obtain the best fit with minimum 
number of terms in Prony series.

As one can see, these results obtained as a result of sys-
tematic analysis apply to both, to the temperature shift and 
to the cure state related shift.

(15)
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∑
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(
−

)

Table 1 Curing temperature and times

Temperatures (°C) Curing times (h) Cure state (%)
60 1.25 82.3
60 1.50 85.7
60 1.75 87.6
60 2.00 88.7
Room Temp. 
(21 °C) + 105 °C

24 + 4 100; Fully cured 
(FC)
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where  is the degree of cure, A (= 11e04 s-1) is the pre-ex-
ponential rate constant, T is the temperature in Kelvins, B (= 
52600 J/mol) is the reaction energy, R is the ideal gas constant, 
m and n (=0.17 and 1.83 respectively) are constants independ-
ent of cure temperature that are obtained from fitting exper-
imental data from the DSC using standard least-squares fit. 
Moreover,  is defined as
 

where H is the residual heat of reaction and Htot is the total heat 
of reaction which has been determined as 482 J/g for the given 
resin system.2,11 max is defined as the maximum degree of cure 
attained at various curing temperatures. The values for max are 
obtained for each cure temperature (Tc) from the isothermal 
DSC experiments performed in Svanberg2 and fitted to obtain 
the relationship 𝛼 = + .

After the predetermined cure times were attained, the 
specimens were immediately taken out of the oven and 
removed from the molds. The specimens were then cooled 
down rapidly using a coolant spray to prevent further cur-
ing and stored in the freezer until testing. Prior to testing the 
specimen edges were ground and polished to final dimension 
and to obtain flat parallel edges and brought back to room 
temperature.

Relaxation testing

Before testing, strain gages manufactured by Kyowa for plas-
tics and polymers (model KFP-5-120-C1-65 L1M2R) were glued 
onto the specimens using acrylate-based strain gage cement. 
The strain gages were glued on in the transverse direction to 
measure the transverse strains. A hydraulically actuated test-
ing machine, Instron 8501 was employed to perform relaxation 
testing of the specimens. As specified earlier, the transverse 
strains were measured with the strain gages and the longitu-
dinal strains were measured using an extensometer (Instron, 
model 2620). The specimens were mounted on to the grips 
with 25 mm of grip length on each side, leaving an effective 
gage length of 150 mm on the specimen. Grip pressure was of 
the order of 50 bars. All tests were performed at a controlled 
room temperature (20 ± 1 °C). After mounting the specimens, 
they were loaded to 0.5% strain in the axial direction and held 
so for 24 h (~105 s) and then unloaded. The loading ramp from 
0 to 0.5% in axial strain was completed in 15 s. The transverse 
strains and the stress were monitored throughout the tests. 

(26)𝛼 = −

and epoxy phenol novolac resin and HY5052 is a mixture of 
cycloaliphatic polyamine, isophorone diamine, 2,4,6-tris(di-
methylaminomethyl) phenol and salicylic acid. Prior to any 
experimental procedure, the resin and hardener were mixed 
in the ratio 100:38 by weight and stirred thoroughly, taking 
care not to introduce air bubbles.

Manufacturing method

After mixing the resin and hardener, rectangular specimens 
were manufactured for relaxation testing. Specimen man-
ufacture was performed by pouring the resin mix into a 
silicone mold that was clamped between Teflon-coated alu-
minum plates used for the support of the mold and to help 
with heat transfer in the oven. The mold dimensions were 
200 × 15 × 4 mm. Prior to pouring the mold assembly was 
preheated in a convection oven. The resin was poured into 
the mold while in oven and cured at 60 °C for various times to 
attain varying cure states. A similar procedure was used on a 
mold with different dimensions to manufacture specimens for 
DMTA testing. The mold dimensions were 17.5 × 2.8 × 3 mm 
as specified by TA Instruments for a single cantilever mode 
specimen. The cure times are specified in Table 1.

In this work, to compute the degree of cure, we have cho-
sen to use a well-established cure kinetic model by Kamal 
which describes the reaction rate as an analytical function of 
temperature and degree of cure, as explained in Svanberg,2

 
(25)

𝛼
( 𝛼) = − (𝛼 )

(
𝛼 − 𝛼

)

Figure 1 Poisson’s ratio from stress relaxation testing of 
different specimens. Time t is in seconds

Figure 2 Poisson’s ratio vs. degree of cure after (a) 100s and (b) 1000s of relaxation
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Poisson’s ratio in relaxation test

The stress relaxation test described in Section 3 of this paper 
was used to determine the viscoelastic Poisson’s ratio using
 

where y is time-dependent lateral strain and A is the applied 
axial strain. Since the axial strain is constant and only one stress 
component is applied, Equation (27) can be considered to be 
a definition of viscoelastic time-dependent Poisson’s ratio. The 
Poisson ratio values at selected times for a representative spec-
imen for each cure state thus obtained are shown in Fig. 1.

In spite of the large scatter between specimens and envi-
ronmental perturbations (temperature and moisture vari-
ations) it is evident from Fig. 1 that there is a dependence 
of the Poisson’s ratio on the degree of cure. An increase of 
the Poisson’s ratio is observed with decreasing cure state. 
The fully cured specimen displays a Poisson’s ratio of about 
0.32 at the beginning. According to the resin manufactur-
er’s specifications, the Poisson’s ratio of a fully cured resin is 
between 0.33-0.35. For the sake of simplicity, in Fig. 1 and in 
the analysis demonstrated below the number of data points 
used is reduced by extracting a sub-set of experimental data 
corresponding to time instants 50, 100, 1000, 10000 s, and at 
the end of the test.

The data at a given time instant for all cure states is used to 
illustrate the dependence of the Poisson’s ratio vs. degree of 
cure. In Fig. 2, this is done by extracting values of the Poisson’s 
ratio for each test at 100 and 1000 s and plotting against the 
degree of cure. Therefore, some additional data points for low 
degree of cure are “introduced” based on Saseendran et al.28 
were it was found that the gelation point for LY5052 resin is 
at a cure state of 64%. It is reasonable assuming the Poisson’s 
ratio 0.5 at this cure state and lower, since below the gel point 
the resin is effectively in the liquid state. From Fig. 2, it can be 

(27)𝜈 ( ) = −
𝜀 ( )

𝜀

Five specimens, each different cure states were tested in total. 
The post-curing at room temperature was found to be negli-
gible and hence it is assumed that the degree of cure remains 
constant throughout the test.

Storage modulus

DMTA testing was performed on specimens that were cured 
at 60 °C for various times. Samples were tested in single-can-
tilever frequency scan mode. A more detailed description of 
the exact testing procedure is given in Saseendran et al.11 The 
specimens were tested at various temperatures (23, 40, 60, 
and 80 °C)

Results and analysis

According to the theoretical analysis in Section 2 the cure 
state-related shift factors are the same for all viscoelastic mate-
rial functions if the material is rheologically simple. Since the 
rheological simplicity of the used epoxy this is a-priori not 
known, we will perform relaxation tests and DMTA testing to 
investigate cure state related shift factors.

Figure 3 Poisson’s ratio from Fig. 1 after transformation into 
frequency domain

Figure 4 Master curve for Poisson’s ratio obtained by horizontally shifting data in Fig. 3
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by Park and Schapery31 and Christensen.32 Christensen’s 
method was found to be quite accurate when fitted to a sim-
ple Maxwell viscoelastic model. The interconversion according 
to Christensen is performed from the frequency (f) domain to 
time (t) by

 

Using Equation (28), the time domain data in Fig. 1 was then 
converted to the frequency domain as shown in Fig. 3.

The next step after transformation is to shift the individ-
ual curves horizontally to generate a master curve. Since the 
curves correspond to Poisson’s ratios for various cure states, 
different shifting corresponds to a different state of cure. A ref-
erence has to be specified and for the aforementioned shifting 
procedure this reference was arbitrarily chosen to be at 80% 
degree of cure. The resulting master curve is shown in Fig. 4. It 
is observed that the data do not overlap perfectly. One reason 
may be the fact that the complete data-set from the experi-
mental data was not included in the shifting. The shift factor 
dependence on curing time is presented in Fig. 8. Another 
reason is inaccuracy due to scatter in the experimental results 
for different specimens. Nevertheless, the obtained master 
curve is assumed to be sufficient to support the assumption 
the Poisson’s ratio is rheologically simple, depicting a typical 
shape. At the lower end of the frequency spectrum where 
the material behavior is more fluid-like, the curve apparently 

(28)→

𝜋

observed that the Poisson ratio varies with degree of cure in 
a manner that conforms to a sigmoid curve.

Curves in Fig. 1 can be shifted horizontally in log t to obtain 
the so-called master curve. Instead, in order to compare the 
results shown in Fig. 1 to the experimental DMTA results pre-
sented in Section 4.2 and to identify shift factors, transforma-
tion of data from the time domain to the frequency domain 
was performed. While multiple approximate methods exist to 
perform this task, including Schwarzl approximations29 and 
Havriliak-Negami method of interconversions,30 some of the 
simplest analytical methods of interconversions are provided 

Figure 5 Time–temperature master curve epoxy cured at 60 °C for 1.5 h, (  = 85.7%): (a) curves at different DMTA temperatures; 
(b) master curve

Figure 6 Generation of master curves by time–temperature superposition. (a) Master curves for various cure states for samples 
cured at 60 °C with 23 °C testing temperature as reference state; (b) Time–temperature shift factors (log aT) used to generate 
the master curves along with the corresponding WLF fit

Figure 7 Super-master curve and shift factors (log ac) for 
experiments at 60 °C referenced at 80% degree of cure
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where
 

Here, tcref is the time of cure at which the reference cure state of 
80% is attained. At 60 °C isothermal cure, this time was deter-
mined to be 68 minutes.

Comparison of cure-state related shift factors

The cure state-related shift factor obtained in relaxation test 
for Poisson’s ratio and the DMTA-based shift factor for stor-
age modulus are shown in Fig. 8. It is observed that the shift 
factors are nearly identical in both cases and approximately 
linear when plotting the logarithm of the shift factors against 
cure time. The fact that the shift factors used for shifting the 
Poisson’s ratio curves is similar to the shift factors used for 
shifting the storage modulus in cure, points to the rheological 
simplicity of the material. As discussed earlier, thermo-rheo-
logical simplicity results in one set of shift factors in temper-
ature for all material properties. This is also apparent when 
shifting between cases with different degree of cure.

Conclusions

Poisson’s ratio of polymeric materials, which for simplicity is 
often assumed constant, in fact exhibits a small dependence 
on time which is affected by temperature and state of cure. 
In this work, the evolution of the viscoelastic Poisson’s ratio 
of the commercial LY5052 epoxy resin is studied in relaxation 
test subjecting the specimen to constant axial strain. Poisson’s 
ratio of the resin during stress relaxation test was measured for 
various cure states to evaluate its dependence on the degree 
of cure and time, assuming that the degree of cure does not 
change during testing.

A marked influence of the degree of cure and time on 
the Poisson’s ratio was observed and the trend points to 
increasing Poisson’s ratio with decreasing degree of cure. It 
was also observed that the Poisson’s ratio increases with time 

(31)= − +

approaches 0.5 which corresponds to the Poisson’s ratio of a 
rubbery material.

Storage modulus

As an example, DMTA results for specimens cured at 60 °C for 
1.5 h are shown in Fig. 5(a). Master curve was subsequently 
generated from data corresponding to frequency scan at dif-
ferent temperatures, applying time–temperature superposi-
tion and using 23 °C as a reference temperature, see Fig. 5(b). 
A set of master curves corresponding to different cure states 
is shown in Fig. 6(a).

The shift factor dependence on temperature, see Fig. 6(b), 
was found to be fairly linear and in close agreement with the 
Williams-Landel-Ferry (WLF) equation

 

where  and c2 are material-dependent constants, which 
for the epoxy system LY5052/HY5052 are 77.59 and 433.6 K 
respectively and Tref (23 °C) is the reference temperature and T 
is the corresponding testing temperatures in the DMTA.

Additional horizontal shifting of master curves in Fig. 6(a), 
representing different cure states, was performed using 80% 
cure as a reference state. The obtained super-master curve is 
shown in Fig. 7. Even if the degree of cure may be the best 
and unique characterization of the cure state, it was found 
that for specimens cured at the same temperature, the shift 
factor dependence of the cure time is much more reliable rep-
resentation; the empirical relationship is rather linear.11 These 
shift factors (log  ac) are also shown in Fig. 7. The cure shift 
factor as a function of curing temperature Tc and curing time 
tc was experimentally determined in Saseendran et al.11 for 
LY5052 epoxy resin as

 

(29)( ) =
− ( − )

+ −

(30)
( )

= ∗
(

−
)

Figure 8 Shift factors for cure state from Poisson’s ratio test and from DMTA experiments for the storage modulus11
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under relaxation. The individual Poisson ratio curves from 
each experiment were transformed to frequency domain 
and horizontally shifted there to generate master curve. The 
cure state-related shift factors used to generate the master 
curve are nearly linear with respect to the cure time. It was 
also determined that the cure state related shift factors for 
Poisson’s ratio are nearly identical to the cure state shift factors 
obtained when constructing a master curve for storage modu-
lus of the same material using DMTA data. This is an indication 
of the rheological simplicity of the material with respect to its 
cure state. The DMTA measurements also confirmed that the 
total shift can be considered as a sum of two shifts in the fre-
quency domain, which means that function for reduced time 
calculation can be written as a product of two functions: one 
dependent on the test temperature and the other dependent 
on the cure state.
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Abstract 

Effect of degree of cure on irreversible (viscoplastic) shear strain development in layers 

of GF/EP (LY5052 epoxy resin) [+45°/-45°]s laminate is studied performing a sequence 

of constant stress creep and viscoelastic strain recovery tests. For the degree of cure in 

range from 79.7 to 100%, the viscoplastic strains were measured as dependent on time 

and stress and Zapa’s integral representation was used to characterize the observed 

behaviour. It is shown that at all degrees of cure the viscoplastic behaviour follows 

Zapa’s model with parameters dependent on degree of cure. It is shown that for degree 

of cure lower than 80% the VP strains grow much faster and are much more sensitive to 

the increase of the applied shear stress. 

 

1. INTRODUCTION 

Several physical phenomena and complex material behavior are both contributing to 

development of time dependent internal stresses in fiber composites and to the potential 

shape distortions of composite structures related to that: high temperature changes, 

progressing cross-linking resulting in chemical shrinkage, constraints applied from fibers 

and from larger scale elements (in displacements and/or stresses) from one side and 

changing inelastic mechanical behavior from other side. 

It is well-known that the elastic modulus and viscoelastic behavior of polymer resins 

strongly depend on temperature and also on degree of cure (DoC) [1-5]. Review of 

different phenomenological models describing the evolution of the degree of cure are 

given e.g. in [6]. 



Many papers have been published aimed to developing viscoelastic (VE) and viscoplastic 

(VP) models to characterize composite material behavior. However, most of these models 

describe the time-dependent response of composites with fully-cured resin [7-10]. For 

example, micromechanics models for fully-cured reinforced composite describing 

viscoelastic-viscoplastic response have been developed by several authors [11,12]  and 

used for characterizing the structural response.  

Usually the constitutive models used in simulations of curing stresses are linear 

viscoelastic with parameters dependent on the state of cure [13-15].  The stiffness 

increase during the cross-linking process has been described by an increasing number of 

spring elements: stiffness at certain applied deformation and a given degree of cure is 

given by resistance to deformation of chains between cross-links.  Newly generated cross-

links are visualized as new chains which add stiffness but only if the deformed state is 

changed. The linear viscoelastic element is introduced connecting in parallel the cure 

time dependent elastic element and Maxwell element which has dashpot with viscosity 

dependent on the cure state and a time independent elastic spring. 

The resin stiffness is low and the viscosity is high at low DoC and also at high 

temperature. Irreversible strains often described as viscoplastic are also developing 

reducing stresses at given applied strain. Therefore it is obvious that the nonlinear 

viscoelastic (VE) and viscoplastic (VP) mechanisms in the polymer matrix are essential 

in the residual stress distribution in a composite part and hence they control the 

equilibrium shape of the composite structure. This statement is not new, for example, in 

[16] authors recognize that time dependent behavior of the resin is a key to 

understanding the residual stress field at the end of the composite manufacturing. 

The DoC is irreversible and a monotonously increasing parameter. This means that the 

viscoelastic and viscoplastic characteristics of the composite are changing as the 

crosslinking reaction proceeds. Irreversible strains can be rather large when crosslinking 

is incomplete, which according to [16] is the primary mechanism of stress relief during 

the cure cycle. 



According to author’s knowledge the number of experiment-based investigations on this 

subject is rather limited [1,2].  Testing methodology is almost non-existing for situations 

when the time-dependent response of the resin is continuously and irreversibly changing. 

Hence, the published models and their implementations in predictive tools are mostly 

theoretical exercises, with insufficient experimental proof of their adequacy regarding to 

the real behavior and therefore the modeling success is rather limited. 

For example, in [16], realizing that the key state variables are the DoC and temperature, 

concept of reduced temperature is introduced which is a single internal state variable 

responsible both for temperature and the DoC the latter being expressed via glass 

transition temperature Tg. The expression for VP deformation rate is derived from 

viscoplastic potential expressed through deviatoric stresses in a form that ensures the 

viscoplastic flow rate being a linear function of the stress. The viscosity in this model 

depends upon the DoC and temperature.  

Models based on established yield criteria for failure and/or plasticity onset have been 

generalized and written for VP strain evolution in [17,18]. In [17] a formulation with 

isotropic hardening and a von Mises yield function has been chosen. In the generalized 

model the initial yield stress and also the isotropic hardening are functions of the DoC 

and the temperature.  

In [18] the VP model is based on Schlimmer’s [19] formulated pressure dependent 

plasticity criterion. It is transferred to a VP formulation and the influence of the degree 

of cure on the yield function and the plastic strain is considered. Thus the VP model is 

able to describe plastic effects like a pressure dependent yield function, strength 

difference effects and isotropic hardening. The function describing the yield stress 

includes isotropic and linear hardening. To account for the influence of the DoC and the 

temperature, yield functions are written as dependent of these two parameters. 

These papers have been focusing on development simulation tools and therefore the 

adequacy of the used plasticity models for viscoplasticity has not been experimentally 

verified. 



The objective of this paper is to analyze the effect of degree of cure on VP behavior of 

fiber composites by performing experimental characterization of irreversible 

(viscoplastic) strain development in glass fiber/epoxy composite and to develop VP 

model based on these measurements.  The used VP model was suggested by Zapas et. al 

[20] and it has been successfully used to describe VP strain development in several 

materials [10, 21-24]. In this model the VP strain is written in form of stress dependent 

integral, with parameters determined in creep and strain recovery tests (the applicability 

of this model is also verified in the suggested testing methodology).  Tests are performed 

on [+45°/-45°]s specimens subjected to  axial loading and measuring axial and transverse 

contraction strains; method which allows analyzing irreversible shear strains that 

according to authors opinion can  in many cases give the largest contribution to stress 

relaxation. Parameters in the constitutive VP shear strain model are identified for each 

degree of cure and simulations are performed to reveal the changes in VP strain 

development as affected by the DoC in the range of 78% to 100%. 

Chemical shrinkage related phenomena are not covered in this paper. Some stress 

modeling efforts including the volumetric shrinkage are reported in [14,15]. Neither a 

detailed viscoelasticity analysis is the subject of this paper. 

 

2. THEORETICAL BACKGROUND FOR VISCOPLASTIC STRAIN 

ANALYSIS 

The cure state dependent VP shear strain analysis described in this paper is based on 

experimental data obtained using [+45°/-45°]s specimens un uniaxial tension. In this 

section we will summarize well-known facts regarding the stress-strain state in these 

laminates and will present a theoretical model for VP strain development. 

If uniaxial macroscopic stress  ��  is applied to [+45°/-45°]s laminate the shear stress in 

local coordinates of the 45°-layer is 

 σLT=
σx

2
      (1) 



This relationship is derived without using any assumptions regarding the material 

behaviour: (1) is correct for elastic as well as inelastic materials. Unfortunately, 

longitudinal and transverse stresses in the layer cannot be determined without knowing 

the elastic, transient viscoelastic and viscoplastic behaviour. Nevertheless, the magnitude 

of these stresses and also strains can be estimated knowing that the shear strength of 

UD composites is of order of magnitude of 60 MPa which implies that the applied stress 

cannot exceed σx≈120MPa.  

Consider the [+45°/-45°]s laminate in a different global coordinate system where it  is 

[90°/0°]s laminate (can be performed rotating the x, y –system by +45°; this new system 

is also the local L-T system for the “old” +45°-layer which is now 0°-layer).  In this 

system the [90°/0°]s laminate is loaded by axial stress  σx 2⁄ , transverse stress σx 2⁄  and 

shear stress σx 2⁄ . Axial stress σx 2⁄  of magnitude 60 MPa applied to cross-ply laminate 

will cause rather small axial strains even if the participation of the 90°-layer in load 

sharing could be reduced due to viscoelasticity and viscoplasticity. We can estimate that 

for GF/EP with EL= 45GPa, assuming that the 90°-layer is not participating in the load 

sharing the εaxial=ε
L

45≤ 120

45000
≈0.26%. Hence we cannot expect that considerable VP strains 

will develop in the 90°-layer (which in the original coordinate system is the -45°-layer). 

Similar consideration is with respect to the strain in the transverse direction of the new 

0°-layer due to load σx 2⁄  in this direction: the adjacent layer has fibres oriented in that 

direction and therefore strains will have the same value as longitudinal strains. 

Therefore, we expect that VP strains (if any) will be in the shear component γ
LT

. This 

strain component can be calculated from measured strains in the two directions εx  and 

εy  

γ
LT

±45
=εx+�εy�      (2) 

Using (1) and (2) the stress-strain relationships in x, y - coordinates can be transformed 

to shear stress- shear strain relationship for 45°-layers. In high stress loading-unloading 

ramps, after stress removal and sufficient waiting time for viscoelastic strain recovery at 

σLT=0 , the remaining irreversible strains in x – and y- directions can be used in (2) to 



calculate the VP shear strain  γ
LT

VP  developed during the ramp of length t. Obviously 

this VP strain depends on the time-dependent stress during the ramp. 

In this paper we suggest using for VP strain evolution the well-known Zapas and 

Crissman model [20] which as described in the Introduction has been successfully used in 

many studies. According to this model the VP strain growth during loading with 

specified time dependence of the applied stress is given by 

γ
LT

VP(t)=CVP �∫ 	σLT(τ)
σ0


M dτ

t

t*
�

0
�
m

     (3) 

where CVP, M  and m  are material constants to be determined experimentally, t t*⁄  is 

normalized time where t* is an arbitrary chosen characteristic time constant (in this 

paper it is taken 2 hours which is the summary length of all performed creep tests on 

one specimen). σ0 is an arbitrary stress used to normalize, taken 1MPa is this study. 

The three material constants in this model will be determined using a sequence of 

constant stress creep tests. According to (3) applying in the first ramp constant shear 

stress σLT=σLT
0    for time interval t1 we will generate VP strain  

 γ
LT

VP(t1)=CVP �σLT
0

σ0

�Mm �t1

t*
�m

      (4) 

Thus the VP strain dependence on loading time can be written also as  

γ
LT

VP(t1)=A�σLT
0 � �t1

t*
�m

      (5) 

which is even a more general representation than (3). In case of model (3) 

A�σLT
0 �=CVP �σLT

0

σ0

�
Mm

      (6) 

Experimentally, for materials which are both viscoplastic and viscoelastic the developed 

VP strain cannot be measured during the loading: after certain loading time at a given 



stress the load has to be removed allowing sufficient time for recovery of viscoelastic 

strains. The remaining strain after viscoelastic recovery is the sought VP strain.  

During the strain recovery the stress is equal to zero and according to (3) new VP strain 

is not developing. Therefore performing two consecutive tests at the same stress on the 

same specimen (one of length t1 and another one of length t2 ) with a long recovery time 

between them, leads to the same VP strain as one test of length t1+t2 

γ
LT

VP�t1+t2,σLT
0 �=A�σLT

0 � �t1+t2

t*
�m

       (7) 

Hence, only one specimen at each stress level would be required to obtain the 

dependence of VP strain on the time: the test should consist of several ramps with creep 

part at constant stress followed by strain recovery part. 

The most convenient way to determine constant m is by plotting γ
LT

VP  versus t t*⁄  in log-

log axes, where according to (4) the relationship should be linear.  

log γ
LT

VP(t) = logA+m log
t

t*
      (8) 

According to the model (3), the exponent �  does not depend of the stress level used in 

creep test. Therefore the constant m should be determined by the best overall fit of the 

data at all stress levels. From the linear trend line with slope m the coefficient A�σLT
0 � is 

found. According to (6) the stress dependence of A has to be linear in log-log axes 

logA= logCVP +Mm log
σLT

σ0

      (9) 

Therefore the data in log-log axes are fitted with linear trend line. The slope of the trend 

line determines M·m whereas the constant term is equal to logCVP 

To sum up, validation and identification of the VP model includes the following steps: 

a) Check whether the VP strain data follow power law with respect to time (5); the 

same exponent m has to be valid for all stress levels;  



b) Check that the A dependence on σLT  follows power law as predicted by (6) and 

parameters CVP and M are obtained from fitting. In this way it is demonstrated 

experimentally that the VP law (3) is applicable. More advanced loading ramps may be 

used for more comprehensive experimental validation and further model adjustment. 

 

3. EXPERIMENTAL 

 

3.1 . Materials 

The resin system used was Araldite LY5052 epoxy resin with Aradur HY5052 hardener 

from Huntsman. The LY5052 resin was chosen because of its low viscosity and long pot 

life. It’s maximum attainable glass transition temperature after post-cure is 130°C. 

According to the manufacturer, LY5052 is a blend of butanedioldiglycidyl ether and 

epoxy phenol novolac resin and HY5052 is a mixture of cycloaliphatic polyamine, 

isophorone diamine, 2,4,6-tris(dimethylaminomethyl) phenol and salicylic acid. Prior to 

any experimental procedure, the resin and hardener were mixed in the ratio 100:38 by 

weight and stirred thoroughly, taking care not to introduce air bubbles. The fibre system 

used was a +/-45° E-glass fibre non-crimp fabric (NCF) with 600 grams per square 

meter and a mean thickness of 0.5mm, manufactured by Ahlstrom. The bundle width in 

the fabric is approximately 1.5 mm. 

3.2. Specimen manufacture 

The composite plates required to obtain [+45/-45°]s test specimens were manufactured 

using the wet lay-up process with vacuum bagging. The NCF was cut to 300mm × 

300mm sheets and one plate requires two such sheets layered to achieve about 1mm in 

total plate thickness. A steel plate of about 4mm in thickness treated with release agent 

on the working surface was used as the base mold. The quantity of resin used for the 

process was equivalent to the total weight of the NCF sheets so that a fibre weight 

fraction of approximately 50% could be attained. The mixed resin system was 

impregnated into the NCF using brushes and rollers to saturate the fabric. The wet 



laminate was then vacuum bagged with release film and fabric to prevent sticking of the 

vacuum bag to the plate and a breather fabric to absorb excess resin during vacuum 

consolidation.  

After vacuum bagging the entire mold assembly was put into a convection oven 

preheated to 60°C for various cure times as shown in Table 1. For fully cured specimens 

however, curing was performed according to the resins manufacturers’ specification (24 

hours at room temperature followed by post-curing at 105°C for 4 hours). Vacuum was 

applied constantly for the entire period the plates were being cured. The entire process 

for both wet lay-up, from resin mixing to insertion into oven, takes about 13-15 minutes 

to complete, during which the resin would have negligibly cured (less than 1%, based on 

the cure kinetic model at room temperature). As soon as the required pre-determined 

cure time has been reached, the mold was taken out of the oven and immediately cooled 

down to the room temperature using a combination of coolant sprays and compressed air 

to ensure no additional curing occurred. After de-molding the laminate plate, 50mm 

wide glass fibre laminate end tabs were glued onto the plates 100mm apart using an 

epoxy adhesive (Araldite 2000+). Rectangular test specimens measuring 200mm × 

13mm having an effective gage length of 100mm were then cut from the plates with 

water jet to prevent additional curing. Specimens were then stored in a freezer to 

prevent post curing until testing.  

After cutting, the edges of the specimens were sanded and polished flat to prevent 

premature damage due to edge effects. Before testing, strain gages manufactured by 

Micro-Measurements (model CEA-06-240UZ-120) were glued onto the specimens using 

acrylate based strain gage cement. The strain gages were glued on in the direction 

transverse to the axial direction. 

3.3 . Cure kinetics 

The degree of cure of the LY5052 resin system corresponding to given cure time was 

computed using a well-established cure kinetic model by Kamal which describes the 

reaction rate as an analytical function of temperature and degree of cure, given by [25], 



dα

dt
(T,α)=De

-
B

RT�αk��αmax-α�n
                                 (10) 

where � is the DoC, D (=11e04 s-1) is the pre-exponential rate constant , T is the curing 

temperature in Kelvins, B (=52600 J/mol) is the reaction energy, R is the ideal gas 

constant, k and n (=0.17 and 1.83 respectively) are constants independent of cure 

temperature that are obtained from fitting experimental data from the DSC using 

standard least-squares fit. Moreover, α is defined as 

α = 1   - H

Htot
                                            (11) 

where H is the residual heat of reaction and Htot is the total heat of reaction which has 

been determined as 482 J/g for the given resin system [26,4]. αmax is defined as the 

maximum degree of cure attained at various curing temperatures. The values for αmax 

are obtained for each cure temperature (Tc) from the isothermal DSC experiments 

performed in [26] and fitted to obtain the relationship αmax=0.002Tc+78.2. 

 

Table 1: Cure schedules for specimens 

Temperature Cure time (h) Degree of cure 
(%) 

23°C + 105°C 24.0 + 4.0 100 
60°C 1.0 79.74 
60°C 1.25 82.30 
60°C 1.5 85.70 
60°C 2 88.70 

 

3.4 . Creep tests 

The manufactured [+45°/-45°]s specimens were subjected to sequence of tensile loading 

ramps each consisting of uploading to constant stress ; keeping the stress constant for a 

fixed time; unloading the specimen  and waiting for viscoelastic strain recovery. At the 



end of the recovery the measured VP strains in two directions εxVP  and εyVP were used in 

(2) to calculate the local VP shear strain γ
LT

VP in layers. Creep tests were performed on 

electromechanical tensile machine Instron 3366 equipped with 10kN load cell and 

pneumatic grips. Standard Instron extensometers 2620-601 with 50mm base was used to 

measure axial strain, εxVP whereas transverse strain εyVP was measured by strain gages. 

The constant loading part in a ramp was 10, 20, 30 and 60 min. long with a total creep 

time two hours. The used constant shear stress levels were 15, 20, 22.5 and 25MPa 

(corresponding axial stresses were 30, 40, 45 and 50MPa).  After each loading period in 

the ramp, recovery period followed, which was 8x longer than the loading time. The 

uploading and the unloading were in displacement controlled mode with rate 4mm/min. 

During strain recovery the load was kept constant at 4N. The sample was not unloaded 

entirely due to limitations of the equipment. 

Each ramp, consisting of creep and strain recovery, renders one data point: the first data 

point is VP strain developed at stress σLT
0  during creep interval of length t1. Then, in the 

next ramp the stress σLT
0  is applied again for time interval t2. Experimental data for 

strain development in this sequence of ramps is shown in Fig. 1. According to (7) the 

measured new irreversible strain (VP strain in interval t2) added with the previous VP 

strain is equal to VP strain that would develop in one continuous creep test of duration 

t1+t2. The data reduction methodology for these tests is described in Section 2. The 

testing is time consuming but this seems to be a reliable way to characterize viscoplastic 

strain development. 

 

4. RESULTS AND DISCUSSION 

The measurements with results shown in Fig. 1 for DoC=88.7% were performed for each 

value DC. The sequence of ramps was performed without interruption and taking the 

specimen out of the experimental setup. From these results (axial and transverse 

contraction strain versus time the shear stress versus shear strain curve can be 

constructed using (1) and (2). This is not shown because the strain development during 



loading contains also nonlinear viscoelastic part which is not the target of this 

investigation (more testing would be necessary to develop a complete nonlinear 

viscoelastic and viscoplastic material model identifying stress and DoC dependent 

material functions). Focusing on VP behavior only, we need to characterize VP shear 

strain as a function of time for a fixed level of shear stress. According to (7) the strains, 

remaining after strain recovery in each ramp in an instant just before the next ramp 

starts, are a sum of VP strains developed in all previous constant stress ramps. (εxVP   

and εyVP). To these VP strains the strain transformation expression (2) can be applied to 

calculate the current VP shear strain.  In fact, the viscoelastic strain recovery time is 

infinite and therefore the measured VP strain is slightly overestimated. The methodology 

of the VP strain analysis in case of DoC=88.7% is demonstrated in details in Section 4.1. 

The results for other values of DoC are summarized and the trends of the VP behavior 

are analyzed in Section 4.2. In some cases data at the highest stress were not available 

because of specimen failure or because the displacement measured by extensometer 

exceeded 5mm which for safety reasons was set as the upper limit. 

4.1. Viscoplastic shear strain development in laminates with DoC=88.7% 

The viscoplastic shear strain increase with loading time in the described constant stress 

and strain recovery ramps is shown in Table 2. Each column represents measurements 

on one specimen for a fixed level of shear stress. The normalized time instants t t*⁄   

correspond to loading times given in Section 3.4. The VP shear strain is increasing with 

loading time and it is much larger at higher shear stress levels. 

 

 

 

 

 



Table 2: Viscoplastic shear strain γ
LT

VP as a function of stress and time, DoC=88.7% 

t
t*�  σLT (MPa) 

 15 20 22.5 25 
0 0 0 0 0 

0.083 0.145 0.443 0.928 1.220 
0.250 0.223 0.631 1.312 1.800 
0.500 0.280 0.746 1.618 2.213 
1.000 0.333 0.850 1.936 2.582 

 

Following the methodology described in Section 2 the VP strain data in each column in 

Table 2 are presented versus t t*⁄  in log-log axes. This representation for the used four 

stress levels is shown in Fig. 2. Since according to (3) the parameter m has to be stress 

independent, the slope of the expected linear relationship has to be the same (see 

expression (8)). The experimental dependence is rather linear but, of course, the slope is 

slightly different for each stress level. According to authors experience better overall fit 

can be achieved, if higher stresses are fitted more accurately. The accuracy (relative 

error) of VP strain measurement in low stress region is larger and fitting inaccuracy 

which may be small at low stresses may lead to large inaccuracies when used to simulate 

VP strain at high strain. At low stress even environmental conditions (variation in 

temperature and moisture) lead to dimensional changes comparable with the induced VP 

strain. As the best choice for all stress levels value m=0.27 was selected and all linear 

fitting curves shown in Fig. 2 were drawn using this slope.  As follows from (8) the only 

remaining parameter for fitting was A. Constant logA  is a shift along vertical axes. 

This is how the A values for the four used stress levels were obtained. 

 To check the accuracy of the fitting the m=0.27 and the A values for each stress level 

were used in Fig. 3 to compare the experimental VP shear strain values with calculated 

curves using these parameters. The time dependence for all used stress levels is 

adequately described. For the highest used shear stress the experimental data are 

slightly higher than the simulated using the A value obtained from Fig. 2d. This was 



expected because the linear fitting line in Fig. 2d is slightly below the data points 

corresponding to the end part of the test. 

According to (9) the obtained dependence of A on shear stress σLT should be linear when 

presented in log-log axes. Fig. 4b proves the linearity and hereby the applicability of 

model (3) for the used material. Linear trend line and the corresponding equation are 

also shown in Fig. 4b. 

According to (9) and Fig. 4b, M·m=4.15. From here using m=0.27 we obtain M=15.35. 

From the constant term in the equation in Fig. 4b we obtain CVP=4.12·10
-6. This step 

concludes parameter determination in the viscoplastic model. The determined 

parameters were used to predict the VP shear strain developed after two hours (as in the 

performed tests). Simulations together with experimental data points are presented in 

Fig. 4a showing that the determined parameters and the Zapa’s viscoplasticity model 

can be used for the analyzed material. 

Regarding the representativeness of the obtained parameters we would like to remind 

that the m value was obtained as the best representation of four specimens, each of them 

tested at different stress level. The constants M and CVP were determined fitting data 

for four specimens tested at different levels of stress. 

4.2. Effect of degree of cure on viscoplastic shear strain development 

The same experimental procedure and data reduction scheme was applied also to 

specimens with other values of degree of cure. The calculated viscoplasticity parameters 

are given in Table 4 

 

 

 

 



Table 4: Viscoplastic parameters determined according to the methodology in Section 

4.1 

Degree of cure 
(%) 

m M CVP (%) 

79.74 0.360 35.253 1.0593E-17 
82.30 0.270 21.444 8.1546E-08 
85.70 0.260 13.024 3.2817E-05 
88.70 0.270 15.351 4.1210E-06 
100.00 0.275 13.420 3.8800E-06 

 

The applicability of these parameters in describing the VP strain development in 

composites with different degree of cure is demonstrated in Fig. 3, Fig. 5 and Fig. 6, 

where the VP strain development in constant shear stress loading is presented. 

Simulations using parameters in Table 4 are shown together with experimental VP 

strain data. 

For specimens with DoC=100% reliable data were available only for two levels of shear 

stress: 15 and 25MPa. Therefore the obtained parameters and simulations may be less 

representative and the linearity of experimental data in log-log axes could not be 

verified. Nevertheless, the results are convincing: VP strains are much smaller in this 

case. Simulations using the model with parameters in Table 4 are in good agreement 

with test data. Plotting the viscoplasticity parameters given in Table 4 versus the degree 

of cure, see Fig. 7, shows that that m-parameter as well as the M-parameter decrease 

with increasing degree of cure which means that the viscoplastic strains develop with  

time slower and the dependence on the shear stress is less for fully cured specimens. In 

fact, the development with time is much faster if the degree of cure is below 82% and it 

is rather insensitive to the degree of cure if it is above this value.  The VP strain 

dependence on stress, which is characterized by the parameter M, is higher at low degree 

of cure:  according to Fig. 7b the high sensitivity region is for DoC<85%. 



To further illustrate the effect of the degree of cure on the viscoplastic shear strain 

development in layers of [+45°/-45°]s GF/EP laminate, simulations using the identified 

models were performed in time and stress intervals outside the used in tests. In Fig. 8a 

the VP shear strains after two hours creep test are calculated for high levels of stress. It 

can be seen that at very high stress the VP strain is lowest in fully cured specimens; in 

specimens with DoC = 88.7% and 85.7% the VP strain is larger. However, the value is 

slightly larger at DoC = 88.7% than at 85.7% which seems to be wrong. Most probably 

it is explained by insufficient amount of reliable data in one or in both of these cases. 

The difference is not large which agrees with the above statement that in this region the 

VP response is not sensitive to the degree of cure. Viscoplastic strains after two hours 

creep are much larger in 82.3% and in 79.74% specimens. It is doubtful that in the 

beginning the rate of growth with stress is higher for DoC = 82.3%. It could also be 

related to insufficient amount of data. 

Finally, in Fig. 8b simulations of VP shear strain development with time at 28 MPa 

shear stress are presented.  Even if the VP strains are much higher than would be 

possible due to specimen failure, two groups of different behavior  can be distinguished: 

viscoplastic shear strains grow much faster in specimens with low degree of cure (DoC = 

79.74% and 82.30%). 

The results presented in this paper have demonstrated that the viscoplastic strain 

development is much faster in specimens with low degree of cure and that the VP strain 

development in low DC specimens is much more sensitive to stress increase. 

 

5. CONCLUSIONS 

The effect of degree of cure on viscoplastic (VP) shear strain development was 

investigated using GF/EP [45/-45]s specimens subjected to axial tensile creep tests. The 

axial and transverse contraction viscoplastic strains, measured after strain recovery that 

followed loading at fixed stress for certain time, were used to calculate VP shear strain. 

The dependence of VP strains on the applied stress level and the functional dependence 



on the loading time was found. Applicability of Zapa’s viscoplasticity model was verified 

and parameters in the model for specimens with different degree of cure were found. 

Evidence is presented that: 

a) Viscoplastic shear strains are significantly lower in specimens with high degree of 

cure 

b) At fixed stress the VP shear strains grow faster with time  in specimens with low 

degree of cure 

c) For specimens with low degree of cure the VP strain dependence on the stress 

level is stronger. 
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a)                                                     b) 

Figure 1: Strain response in axial tensile loading ramps consisting of creep loading and 

viscoelastic strain recovery for composite with DoC=88.7%. a) axial strain εx; b) 

transverse contraction stress εy. 



 

Figure 2: Experimental VP shear strain, γ
LT

VP  data versus time t
t*

�  in log-log axes at 

four values of the shear stress for DoC=88.70% specimens: a) 15MPa; b) 20MPa; c) 

22.5MPa; d) 25MPa. Solid lines are fitting with (8) using � = 0.27. 

 

Figure 3: Experimental VP shear strain data and predictions using m=0.27 and M 

values from fitting procedure shown in Fig. 2. 



 

a) 

 

b) 

Figure 4: VP shear strain dependence on shear stress: a) Shear strain developed in 2 

hours of creep: symbols are test data, the solid line is simulated using data from Fig. 4b; 

b) parameter � dependence on shear stress in log-log axes together with linear fit. 



 

a) 

 

b) 

Figure 5: VP shear strain development with time in constant stress tests: a) 

DoC=79.74%; DoC=82.3%. Different symbols correspond to different stress levels. Solid 

lines are simulations using parameters in Table 4. 



 

a) 

 

b) 

Figure 6: VP shear strain development with time in constant stress tests: a) 

DoC=85.70%; DoC=100%. Different symbols correspond to different stress levels. Solid 

lines are simulations using parameters in Table 4. 



 

a)                                               b) 

Figure 7: Dependence of parameters in the viscoplastic strain model on degree of cure: 

a) parameter m; b) parameter M. 

 

 

 

 

 

 



 

a) 

 

b) 

Figure 8: Simulations of viscoplastic shear strain development in constant shear stress 

tests: VP shear strain developed in 2 hours test at different levels of shear stress; b) 

dependence on time in 28MPa shear stress test. 
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