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Abstract 

 

Process models of composite materials are useful tools for understanding the effect of process 

parameters and variables on the final part and reducing manufacturing risks and costs. Sub-model 

approach for process modelling has been developed and used for processing of thermoset 

composites since the early 1980s. In this approach analysis is performed in different sub-models 

such as thermochemical, flow, void and stress, and the analysis results from one sub-model are 

sequentially transferred to another sub-model, until the analysis is complete. In recent years there 

has been growing interest in using high performance thermoplastics such as PEEK and PEKK in 

aircraft structures. 

During processing of thermoplastic materials, the material undergoes melting and crystallization, 

based on the temperature cycle. Therefore a major component of the 

thermochemical/thermophysical sub-model for process modelling of thermoplastics is the 

crystallization kinetics/melt kinetics model. Most of the crystallization kinetics models in the 

literature are valid for constant temperatures or cooling at constant cooling rates. The number of 

melt kinetics models are very limited and their application is restricted to small heating rates. As 

a material point in the part may undergo complex temperature cycles, having a rate-type 

crystallization/melt kinetics model which is independent of the temperature cycle is desired. 

Another problem in processing of composites is development of residual stresses and shape 

distortions in the final part. The stresses and distortions are analyzed in the stress sub-model using 

the constitutive model for mechanical response. Different constitutive models are available in the 

literature including thermo-elastic, CHILE and viscoelastic. Most thermoplastic materials such as 
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PEEK are viscoelastic, however their unrelaxed values of moduli are temperature dependent, or 

their behaviour is ‘thermo-rheologically complex’. 

In this thesis the crystallization and melt behaviour of PEEK carbon fibre composites is 

investigated using different DSC experiments. A rate type crystallization kinetics model is 

developed for prediction of degree of crystallinity during crystallization process. A concept of 

‘master melt curve’ is introduced and is used along with the crystallization kinetics model for 

prediction of crystallinity change during an arbitrary process. 

Thermo-viscoelastic behaviour of the material is studied using DMA experiments. A thermo-

viscoelastic (TVE) constitutive model is developed and is generalized to three dimensional cases 

for analyzing the stress and deformation response of the material. Some case studies are analyzed 

and validity of both crystallization/melt kinetics and TVE models are investigated.    
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Lay Summary 

 

Planes and cars must work in demanding environments; needing to be lightweight and strong.  

Traditionally, the only materials which can survive under these conditions have been metals, like 

aluminum.  Newer materials called ‘fibre reinforced polymers’ use strong fibres and glue to offer 

comparable strength and lighter weight. This glue is rigid at room temperature but runny, like 

honey, when very hot. When heating, the transition between hard and soft is complex and 

insufficiently understood. 

A prohibitively expensive strategy for working within this complexity is to make many parts and 

testing and breaking them to see which condition made the strongest part.  A better strategy is to 

use computers to create virtual parts and see which condition results in the best part.  The 

difficulty, and goal of this thesis, is to give the computer the right set of mathematics and 

properties so that the virtual parts behave like real world parts. 
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Chapter 1: Introduction and Background 

 

1.1 Process modelling of composite materials 

Polymeric composite materials are generally categorized into thermoset and thermoplastic 

composites. Thermoplastic composites have fast processing cycles, can be formed/reformed by 

application of heat and pressure and are resistant to environmental conditions. Their common 

applications include bridges, railroad ties and automotive parts. Most composite materials used in 

the aerospace industry are thermoset composites, however, thermoplastic composites have been 

used for aircraft interior structures such as pressure bulkheads. Other aerospace applications of 

thermoplastic composites are the undercarriage door of the Fokker 50 and the fixed wing leading 

edges of the Airbus A340 and A380. In recent years, there has been a growing interest to produce 

primary aircraft structures, such as fuselage panels, from thermoplastic composites. 

How well the processed part meets the design conditions, dimensional fidelity, is an important 

issue in the processing of composite materials. Processing of composites involves complex 

physical phenomena such as heat transfer, resin cure or crystallization, resin flow and stress 

development. For both thermoset and thermoplastic composites, the cured or crystallized 

component has different dimensions at room temperature from the tool it was processed on. The 

main drivers for these deviations are differences between thermal expansion coefficients of the 

tool and part, anisotropic thermal expansion (and contraction) and cure/crystallization shrinkage 

of composite part, tool-part interaction, and non-uniform temperature and cure/crystallization 

distributions in the composite part. A non-uniform distribution of temperature and degree of 

cure/crystallization leads to inhomogeneous mechanical properties in the part which in turn results 
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in residual stresses and dimensional changes. Residual stresses can further cause cracks and failure 

in the product.  

It is always desirable to have control on dimensions and residual stresses of the product during the 

process. Unsuccessful dimensional control leads to problems during assembly, especially for 

complex geometries and large components, which in turn leads to extra cost and time. Dimensional 

deviations can be controlled by controlling each of the drivers. Another approach is to change the 

tool geometry so that the final product after the dimensional deviations meets the designed 

conditions. 

The traditional approach for managing these issues was making a tool, processing the part with 

some pre-assumed process parameters (based on experience), measuring the dimensional 

deviations of the part after the tool removal at room temperature and then modifying the tool and 

process parameters and repeating this (trial and error) to achieve the desired product. The main 

disadvantage of this approach is that one cannot understand the important parameters that control 

the deformations and therefore it is not possible to ensure that the optimum process conditions are 

achieved. On the other hand, if the product is large size, it is not possible (cost-wise and time-wise) 

to do the trial and error process with the real scale part and therefore a small scale prototype is 

made. The problem with this small scale prototype methodology is the uncertainty concerning 

valid representation of the final product and process conditions. 

According to the aforementioned discussions it is highly advantageous to have process modelling 

packages to establish the required process parameters virtually. Process models help us understand 

qualitatively and quantitatively the effects of the process variables and parameters on the 

dimensional changes and residual stresses of the final product. Therefore the number of trial and 
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error tests will be reduced significantly, optimum process conditions are ensured and consequently 

production risks and costs are minimized. 

Loos and Springer [1] introduced a sub-model approach for process modelling of thermoset 

composites. Their analysis consists of thermochemical, flow, void and stress sub-models. Each of 

these sub-models calculates some of the process state variables such as temperature, degree of cure 

and viscosity, pressure and resin flow, void size and residual stresses. The analysis results are 

sequentially passed from one sub-model to another, until the analysis is complete. 

The core component of the thermochemical sub-model for thermoset composites is the cure 

kinetics model. The energy equation (heat transfer equation), is coupled with the cure kinetics 

model, as the heat source, and is solved within the thermochemical sub-model and the degree of 

cure history and temperature history during the process is predicted. The thermochemical sub-

model can be used as a user material subroutine with a commercial finite element code for 

prediction of temperature and degree of cure distribution and history, throughout the composite 

part, during the process.  

This sub-model approach for process modelling can be used for processing of thermoplastic 

composites as well [2]. For thermoplastic composites, the main component of the 

thermochemical/thermophysical module is the crystallization kinetics/melt kinetics model. These 

models are used for heat transfer analysis and prediction of temperature and degree of crystallinity 

history, throughout the thermoplastic composite part, during the process. 



4 

 

Mechanical response constitutive models are used in the stress sub-model for prediction of process 

distortions and residual stresses. Different generations of constitutive models have been used for 

process modelling of composite materials. These models will be reviewed in Chapter 2. 

The focus of this research is on the further development of the available process modelling 

approach for both thermoplastics and thermoset composites. The scope and research objectives 

are explained at the end of Chapter 2. 
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Chapter 2: Literature Review and Research Objectives 

 

As explained in Chapter 1, in the sub-model approach for process modelling, different sub-models 

such as thermochemical, flow, void formation and stress exist and the results from one sub-model 

are sequentially passed to the next sub-model, until the process simulation is complete.  

For thermoset composites, the main component of the thermochemical sub-model is the cure 

kinetics model. For thermoplastic composites, chemical reactions do not occur in the material 

during the process. Therefore, it is more relevant to use the name thermo-physical for this sub-

model. The main components of the thermo-physical sub-model for thermoplastics composites are 

the crystallization kinetics and the melt kinetics models. 

In the stress sub-model, stress and strain components are related by means of the mechanical 

constitutive model.  Different mechanical constitutive models have been used for process 

modelling of composites.  

In this chapter we review crystallization and melting of polymers. Some of the available models 

are also introduced and reviewed. The constitutive models for mechanical response used for 

process modelling are also briefly reviewed in this chapter. 
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2.1  Crystallization kinetics 

Polymer crystallization has been a subject of interest to polymer physicists for many years. Many 

polymers, when cooled down from molten state, form a semi-crystalline spherulitic microstructure. 

In this section the morphology of semi-crystalline polymers and also overall crystallization 

kinetics theories are briefly reviewed.  

 

2.1.1 Semi-crystalline polymers 

In some polymers, molecular chains can pack together and form crystalline structures. 

Experimental results show that polymers are only partially crystallized and crystalline and 

amorphous regions coexist in the material. For example, the measured density of the material is 

intermediate between the density of the crystal and that of the amorphous phase. The first 

proposed model for explaining the semi-crystalline structure was the ‘fringed-micelle’ model [3], 

as shown schematically in Figure 2-1. 
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Figure 2-1 Fringed-micelle model for semi-crystalline polymers 

 

In Figure 2-1, the regions which are schematically shown as parallel lines are the crystalline 

regions. As shown in Figure 2-1, one molecular chain can pass through several crystalline and 

amorphous regions.  

As the fringed-micelle model failed in explaining the very thin platelet form of polymer single 

crystals, the ‘chain-folding’ model was introduced by Keller [4]. In the chain-folding model as 

shown schematically in Figure 2-2, a single molecular chain enters and exits the same crystal 

many times by folding regularly on the crystal base surface and it is normal to the crystal surface. 

Such a crystalline structure was termed chain-folded lamellar crystal.  
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Figure 2-2 Schematic of chain-folded lamellar structure 

 

The existence of lamellar structure was also reported by Palmer [5] with a less regular chain 

folding format. Lamellar structures are parts of larger crystalline structures, known as the 

spherulites. Arrays of lamellar structures act as the radii of each spherulite. A schematic of the 

spherulite is shown in Figure 2-3.  

 

 

Figure 2-3 Schematic of spherulite 
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During the crystallization process under isothermal conditions, the radii of the spherulites 

increase with time. Finally the spherulites impinge on one another and form spherulites 

boundaries. Amorphous regions exist in the intermediate spaces between lamellar structures. 

 

2.1.2  Crystallization kinetics models 

The crystallization kinetics of polymers is typically studied as isothermal crystallization or non-

isothermal crystallization separately.  

Isothermal crystallization kinetics of semi-crystalline polymers is generally investigated using 

Avrami [6]-[8] and Evans’ [9] models.  Although Avrami’s model is based on the concept of the 

so-called ‘extended volume’ and Evans’ model is derived from probability theory, both approaches 

are identical. 

According to Avrami 

 𝑋𝑣𝑐 = 𝑋∞[1 − 𝑒
−𝑘𝑡𝑛] ( 2-1 ) 

 

In Equation ( 2-1 ), 𝑋𝑣𝑐 is the volume fraction of crystallinity,  𝑋∞ is the equilibrium (final) volume 

fraction of crystallinity,  𝑘 is the kinetics constant, 𝑛 is the Avrami exponent and 𝑡 is the 

crystallization time. Equation ( 2-1 ) is also known as Johnston-Mehl-Avrami-Kolmogorov 
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(JMAK) and has been used for studying isothermal crystallization and recrystallization of metals 

[10], [11]. This model can be expressed in differential form as 

 
𝑑(𝑋𝑣𝑐 𝑋∞⁄ )

𝑑𝑡
= 𝑛𝑘1 𝑛⁄ (1 − 𝑋𝑣𝑐 𝑋∞⁄ )[ln(1 (1 − 𝑋𝑣𝑐 𝑋∞⁄ )⁄ )](𝑛−1) 𝑛⁄  ( 2-2 ) 

 

Most crystallization kinetics models for non-isothermal crystallization are extensions of Avrami’s 

or Evans’ model [12]. As an example, Ozawa [13] proposed a model for non-isothermal 

crystallization at constant cooling rates based on Evans’ model as 

 𝑋𝑣𝑐 = 𝑋∞ [1 − 𝑒
−
𝜒𝐶(𝑇)
𝑎𝑚 ] ( 2-3 ) 

  

where 𝑎 is the cooling rate, 𝜒𝐶(𝑇) is the cooling rate function and 𝑚 is Ozawa exponent. Ozawa 

showed that Equation ( 2-3 ) can be used to predict the degree of crystallinity of poly ethylene 

terephthalate, PET, in constant cooling rate experiments. Ozawa’s model needs the values of 

crystallinity for different cooling rates at each target temperature. Therefore it is not possible to 

cover a wide range of cooling rates and temperatures [12]. Moreover it is restricted to constant 

cooling rate conditions and is therefore not suitable for process modelling. 

A generalization of Avrami equation was proposed by Nakamura et al [14] as: 

 𝑋𝑣𝑐 = 𝑋∞ [1 − 𝑒
−(∫ 𝐾(𝑇)𝑑𝑡

𝑡
0 )

𝑛

] ( 2-4 ) 
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Nakamura’s model is derived from Avrami’s model for non-isothermal conditions. According to 

the authors [14], this model is valid within a temperature range where the ratio of the secondary 

nucleation growth rate to the frequency of activation of primary nuclei is constant (isokinetic 

assumption). An equivalent of Nakamura’s model was also presented by Billon et al [15]. 

Differential forms of kinetics models are more useful for process modelling, as the material may 

undergo arbitrary temperature cycles. A differential form of Nakamura’s model was presented by 

Patel and Spruiell [12] as: 

 
𝑑(𝑋𝑣𝑐 𝑋∞⁄ )

𝑑𝑡
= 𝑛𝐾(𝑇)(1 − 𝑋𝑣𝑐 𝑋∞⁄ )[ln(1 (1 − 𝑋𝑣𝑐 𝑋∞⁄ )⁄ )](𝑛−1) 𝑛⁄  ( 2-5 ) 

 

Equation ( 2-5 ) is equivalent to the differential for of Avrami (Equation ( 2-2 )). The integral and 

differential forms of Nakamura’s model predict the crystallization, identically. 

Kamal and Chu [16] proposed an empirical integral Avrami expression to represent the non-

isothermal primary crystallization: 

 𝑋𝑣𝑐 = 𝑋∞ [1 − 𝑒
−∫ 𝐾(𝑇)𝑛𝑡𝑛−1𝑑𝑡

𝑡
0 ] ( 2-6 ) 

 

Similarly, a differential form of Equation ( 2-6 ) was presented by Patel and Spruiell [12]: 

 
𝑑(𝑋𝑣𝑐 𝑋∞⁄ )

𝑑𝑡
= 𝑛𝐾(𝑇)(1− 𝑋𝑣𝑐 𝑋∞⁄ )𝑡𝑛−1 ( 2-7 ) 
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Equation ( 2-7 ) depends explicitly on residence time which is difficult to keep track of in a process 

and makes this model unsuitable for process modelling. 

Dietz [17] argued that neither Nakamura’s nor Kamal’s model accounted for the effects of 

secondary crystallization and introduced a modified differential crystallization kinetics model: 

 
𝑑(𝑋𝑣𝑐 𝑋∞⁄ )

𝑑𝑡
= 𝑛𝐾(𝑇)(1 − 𝑋𝑣𝑐 𝑋∞⁄ )𝑡𝑛−1𝑒

−𝛼[
𝑋𝑣𝑐 𝑋∞⁄
1−𝑋𝑣𝑐 𝑋∞⁄ ]

 ( 2-8 ) 

 

As mentioned by Patel and Spruiell [12], Dietz mistakenly considered Equation ( 2-8 ) as a 

modification of Nakamura’s model, however, the model is in fact a modification of the differential 

form of Kamal’s model, Equation ( 2-7 ). Patel and Spruiell argue that although the Dietz model 

improves Kamal’s model for secondary crystallization, it introduces an additional parameter 𝛼 

which makes characterization more difficult. 

Both the Nakamura model and the Kamal model reduce to Avrami’s model under isothermal 

condition. As shown by Patel and Spruiell [12] both models in their integral form over-predict the 

non-isothermal crystallization data. However, Nakamura’s predictions are more accurate. The 

cause of over-prediction of crystallinity in these models is not accounting for the induction time 

for nucleation [12], [18]. 

The integral form of Kamal’s model, like its differential form is explicitly dependent on the 

residence time, 𝑡, which makes it improper for process modelling. 
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Velisaris and Seferis [19] proposed a model consisting of two separate Avrami type crystallization 

processes, in parallel, for modelling the primary and secondary crystallizations of PEEK and APC-

2 PEEK composites. This model is based on the integral Avrami expression of Kamal and Chu, 

Equation ( 2-6 ). Recently, Bessard et al [20] introduced a similar dual mechanism model by 

combining two differential forms of the Nakamura model, Equation ( 2-5 ), instead. 

Cebe [21] reexamined and revised the Velisaris and Seferis model for APC-2 PEEK. Fitting the 

data for non-isothermal cooling rates of 1, 5, and 10 ℃/min, Cebe obtained different values of 

parameters for different cooling rates. Hence, this model is of little practical significance in process 

modelling [12]. 

As mentioned, differential forms of kinetics models are more useful for process modelling, as the 

material may undergo arbitrary temperature cycles. In all crystallization kinetics models, reviewed 

in this chapter, some specific functional form is assumed for crystallization rate. As discussed, 

none of these forms are valid for the complete range of crystallization regimes. Therefore, fitting 

any of these models to experimental data will introduce some error in prediction of crystallinity. 

A more practical approach is avoiding these unwanted errors by not assuming any specific 

functional forms. This approach which was introduced by Vyazovkin [126] is the basis of 

crystallization kinetics modelling in this work.  
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2.2 Melting of polymers 

 

2.2.1 Factors affecting the melting behaviour 

The melting behaviour of polymers is affected by a number of phenomena including 

recrystallization and thickening of the lamellae [22]. Crystals formed from solution or melt are 

usually metastable [23]. During crystallization chain folded narrow strips or lamellae are formed 

on surfaces of growing crystals.  The thickness of a lamella is determined by crystallization 

conditions, temperature and supercooling [23]. According to Jaffe and Wunderlich [23], the crystal 

grows in the form of folded chains up to the point that it is unstable relative to the extended chain 

crystal of the same weight. At that point the crystal thickens to a more stable crystal. 

When a crystalline material is heated, the metastable crystalline regions melt which is followed by 

formation of crystals from the newly melted material. This phenomenon is known as 

recrystallization. As will be explained in the next section, a double peak behaviour is observed in 

heat flow curves of PEEK during a melting experiment. This behaviour is explained by some 

researchers as the result of continuous melting and recrystallization of the crystalline structure 

[24], [25]. This phenomenon is explained in detail in section 2.2.2. 

Another possible phenomenon upon heating is reorganization and thickening of crystalline 

lamellae at a temperature which is very close to the melting point and the resulting crystals usually 

have a higher melting temperature. 
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2.2.2 Melting behaviour of PEEK 

Melting behaviour of PEEK has been extensively studied in the literature. Blundell and Osborn 

[26] explored the morphology and related properties including crystallinity, crystallization and 

melting behaviour, lamellar thickness and spherulitic structure of PEEK utilizing differential 

scanning calorimetry (DSC), wide-angle X-ray diffraction and small-angle X-ray scattering 

techniques. They prepared isothermally crystallized samples of PEEK at 200 ℃, 230 ℃, 270 ℃ 

(cold crystallization), 310 ℃ and 320 ℃ (melt crystallization). All samples were heated up at 

20 ℃/min in a DSC. In all cases a double peak behaviour is observed in the DSC thermograms. 

The peak at lower temperature (usually smaller) occurs about 10 ℃ above the isothermal 

crystallization temperature. The peak at higher temperature (usually larger) is observed in the 

vicinity of 335 ℃. Blundell and Osborn [26] associate the lower temperature peak with melting of 

the crystalline region formed during the previous isothermal crystallization. They believe the 

polymer goes through continuous melting and recrystallization upon heating above the lower peak 

temperature. There is a competition between these processes until the material reaches a 

temperature at which the net melting rate experiences a maximum and the higher temperature peak 

is observed. 

In a later study [27], Blundell examined the double peak melting endotherms of isothermally 

crystallized PEEK in terms of two schools of thought: (i) two peaks are due to melting of two 

separate populations of crystals morphologies; (ii) they are related to continuous melting and 

recrystallization of a single crystal morphology. Argument (i) is supported by researchers like 

Cebe and Hong [24] and Cheng, Cao and Wunderlich [25]. They argue that the higher temperature 

peak is due to melting of main crystals formed during isothermal crystallization and the lower 
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temperature peak is related to less stable crystals grown in the intermediate spaces of main crystals. 

Blundell [27] conducted experiments on four PEEK samples. All samples were isothermally 

crystallized at 210 ℃ in a hot press for 30 min. Three of the samples were post annealed for 2 min 

at 250 ℃, 275 ℃ and 300 ℃. The short annealing time was chosen to avoid thickening of the 

crystals. All samples were heated in a DSC at 20 ℃/min and 80 ℃/min. Experimental results 

show that post annealing essentially affects the lower temperature peak and the higher temperature 

peak remains unchanged. With increasing the heating rate, the position of the lower temperature 

peak is raised and the position of the higher temperature peak is lowered. Also crystallinity and 

overall crystal perfection is increased as the temperature is increased above the isothermal 

crystallization temperature.  Blundell argues that all these observations are in agreement with 

hypothesis (ii) which involves continuous recrystallization of just one type of crystalline 

morphology. The lower temperature peak is explained as the point where the original crystals 

become unstable and melting and the recrystallization process starts. If the heating experiment 

stops at this point, the crystal population are more stable compared to the original one. If the 

material is heated again, the lower temperature peak occurs at a higher temperature compared to 

the original one. This phenomenon was observed in the post annealed samples. The higher 

temperature peak is described as the point where the resultant of rates of melting and 

recrystallization reaches a maximum. Also since the recrystallization is mostly controlled by 

molecular characteristics rather than crystalline population it is not affected by crystallization 

history. 

Argument (ii) has also been suggested by Lee and Porter [28]. In their experiments they report an 

increase in the heat of fusion and peak temperature of the lower melting peak and a decrease in the 
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heat of fusion and peak temperature of the higher temperature peak with increasing heating rate.  

They clarify that as the heating rate is increased, the amount of crystalline region that has time to 

recrystallize is decreased; which results in a smaller higher temperature melting peak and a larger 

lower temperature melting peak. The decrease in the temperature at which the higher temperature 

melting peak occurs is explained due to the shorter reorganization times. 

Ivanov et al [29] reported two types of reorganization behaviour upon reheating cold crystallized 

PEEK specimens. While the temperature is lower than 𝑇𝑔 + ~50, due to low mobility of 

amorphous regions, all reorganizations are lamellar scale which results in a slight increase of the 

crystal thickness. Increasing the temperature, causes larger scale reorganizations which consists of 

melting and recrystallization of whole lamellae, resulting in more stable and thicker crystals with 

lower state of free energy. 

 

2.2.3 Melting kinetics models 

Unlike crystallization kinetics, melting kinetics models, capable of quantitatively predicting the 

amount of melting, are not as widely studied in the literature. To the best knowledge of the author, 

the only melting kinetics model is the one introduced by Maffezzoli et al [30]. In their paper about 

induction welding of PEEK/Carbon fibre composites [30], they defined a degree of melting, 𝑋𝑓, 

as  

 𝑋𝑓 = (𝑋𝑣𝑐 − 𝑋𝑣𝑐𝑖) 𝑋𝑣𝑐𝑖⁄  ( 2-9 ) 
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where  𝑋𝑣𝑐 is the degree of crystallinity (crystallinity volume fraction) and 𝑋𝑣𝑐𝑖 is the initial degree 

of crystallinity. They adopted a simple 𝑛𝑡ℎ- order kinetic model for melting as 

 𝑑𝑋𝑓 𝑑𝑡⁄ = 𝐾(𝑇)(1 − 𝑋𝑓)
𝑛
 ( 2-10 ) 

   

with 𝐾(𝑇) given by an Arrhenius expression 

 𝐾(𝑇) = 𝐾0𝑒
−𝐸𝑎 𝑅𝑇⁄  ( 2-11 ) 

 

In Equations ( 2-10 ) and ( 2-11 ), 𝑛 is the kinetics order, 𝐾0 is the pre-exponential factor, 𝑇 is the 

temperature, 𝐸𝑎 is the activation energy of the melting process and 𝑅 is the universal gas constant 

(8.314 J K.mol⁄ ). 

The model given by Equations ( 2-10 ) and ( 2-11 ) has been extensively used by researchers for 

both process simulation of thermoplastic composites and bonding simulation of thermoplastics, 

and key works are described next. 

Jacobsen et al [31] presented a transient two-dimensional anisotropic heat transfer analysis for 

resistance welding of thermoplastic composites. They considered three mechanisms for internal 

generation or absorption of heat in the heat equation. These include the resistance of the heating 

element, the heat absorbed during melting and the heat generated during crystallization. Melting 

heat is assumed to be proportional to the melting rate which is calculated using Equation( 2-10 ). 
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Ageorges et al [32] incorporated Maffezzoli’s melt model [30] coupled with a crystallization 

kinetics model [13], [19], [33] into a three-dimensional transient heat transfer/consolidation model 

for resistance welding of APC-2 laminate/PEEK film. In their analysis, they assume the onset and 

completion temperatures of crystal melting are constant at 320 ℃  and 385 ℃ respectively. They 

conclude that the effect of latent heat of crystallization and melting on the heat transfer during 

resistance welding is negligible, as a small quantity of the material is subjected to phase 

transformation. 

Nicodeau [34] examined the applicability of Maffezzoli’s model [30] for different conditions and 

realized that the model is not valid for all cases (for example 40 ℃/min). They concluded that the 

melt model is difficult to use. 

Mantell and Springer [2] introduced a manufacturing process model for thermoplastic composites. 

This model consists of three sub-models; thermo-chemical, consolidation and bonding, stress and 

strain. The energy equation in the thermo-chemical sub-model has two unknowns, namely 

temperature and degree of crystallinity.  They incorporated Maffezzoli’s model [30], combined 

with a crystallization kinetics model [19], in the thermo-chemical sub-model. This additional 

expression completes the formulation of the problem. The sub-model adopts the crystallization 

kinetics model during cooling (𝑑𝑇 𝑑𝑡⁄ ≤ 0) and uses the melt kinetics model during heating 

(𝑑𝑇 𝑑𝑡⁄ > 0). Mantell and Springer [35] later used the same approach for process modelling of 

filament winding. Maffezzoli’s melt model [30] was also adopted via a similar approach by 

Sarrazin and Springer [36] to assess the influence of processing parameters on quality of parts 

made by tape laying process. 
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Sonmez and Hahn [37] employed Maffezzoli’s [30] melt model coupled with a crystallization 

kinetics model [38]-[40] for analyzing the crystallization behaviour of thermoplastic composites 

(carbon fibre reinforced PEEK) during the tape placement process.  

Tierney and Gillespie [41] developed an experimental setup for rapid heating and cooling of 

composite laminates. They applied Maffezzoli’s model [30] and a crystallization kinetics model 

[19] for prediction of the final degree of crystallinity under very high heating and cooling rates 

and concluded that the model predictions are in good agreement with their experimental 

measurements. As mentioned, the model predictions and experimental results are compared for 

the final degree of crystallinity and not during the process.  

 

2.3 Mechanical constitutive models for process modelling 

 

2.3.1 Linear elastic models 

Hahn and Pagano [42] assumed linear elastic behaviour in their analysis. They considered a total 

stress-strain-temperature formulation for determination of the curing stresses in boron/epoxy 

composite laminates. The considered constitutive equation in unidirectional form was  

 𝜖 =
1

𝐸(𝑇)
𝜎 + 𝜖𝑇(𝑇) ( 2-12 ) 
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where 𝐸(𝑇) is the temperature dependent modulus and 𝜖𝑇(𝑇) is the thermal expansion/shrinkage 

strain. Similar material behaviour was used in the works of Loos and Springer [1] and Nelson and 

Cairns [43]. Nelson and Cairns created a simple closed-form solution for the change in the original 

angle, hereafter referred to as ‘spring-in’, of a curved composite part subjected to a change of 

temperature as 

 ∆𝜃 = 𝜃
(𝐶𝑇𝐸𝜃 − 𝐶𝑇𝐸𝑅)

1 + 𝐶𝑇𝐸𝑅∆𝑇
∆𝑇 ( 2-13 ) 

 

In Equation( 2-13 ), ∆𝜃 is the spring-in, 𝜃 is the original angle, ∆𝑇 is the temperature change, and 

𝐶𝑇𝐸𝑅 and 𝐶𝑇𝐸𝜃 are the radial and circumferential coefficients of thermal expansion, respectively. 

Elastic models provide some general and qualitative insight about the process, however, they are 

not accurate quantitatively. 

 

2.3.2 Chemical hardening models 

The effects of chemical hardening on mechanical properties of isotropic thermoset materials was 

studied by Levitsky and Shaffer [44]-[46]. Considering these effects, Cure Hardening 

Instantaneously Linear Elastic constitutive models (CHILE) were used by Bogetti and Gillespie 

[47], Lange et al [48], Johnston et al [49], [50], Fernlund et al [51] and Antonucci et al [52] in 

their works (The term CHILE was introduced by Johnston et al [49]). CHILE models consider the 

cure and temperature dependent elastic modulus and assume a linear elastic relation for the stress 
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increment in terms of the strain increment at each instant of the process. Mathematically, a CHILE 

constitutive model in the uni-axial form is expressed as 

 ∆𝜎 = 𝐸(𝑇, 𝛼)∆𝜖 ( 2-14 ) 

 

where 𝐸(𝑇, 𝛼) is the instantaneous modulus of the material at the temperature 𝑇 and the degree of 

cure 𝛼.  

 

2.3.3 Viscoelastic models 

Polymer materials are known in general to show time dependent or viscoelastic mechanical 

behaviour. Although CHILE models can represent the behaviour of thermosets during curing, they 

are not valid when the modulus is decreasing, such as during post-curing after tool removal. 

Viscoelastic models are then essential as they consider the relaxation phenomenon in the material. 

Some authors like Weitsman and Harper [53]-[55], Yeoh et al [56], Wang et al [57] and Plazek 

and Choy [58] have considered that the history dependent mechanical behaviour of the material is 

only a function of temperature. Adolf and Martin [59] and later White and Hahn [60], [61] took 

into account the change in the microstructure of the material and therefore considered the time 

dependent mechanical properties as a function of degree of cure and temperature. Since then a 

significant number of viscoelastic based process modelling work for composite materials have 

been reported in the literature. As some important references we can mention the works of Kim 
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and White [62]-[64], Zhu [65], Svanberg and Holmberg [66], [67], Clifford et al [68] and Zobeiry 

et al [69], [70]. 

Some researchers consider nonlinear viscoelastic constitutive models for analysis of materials. The 

Schapery single integral model [71] is one of the most famous examples which has been widely 

used in the literature [72]-[77]. Most of the available nonlinear viscoelastic models do not consider 

the change in microstructure of materials. Also they need a significant computational effort for 

implementation. Therefore linear viscoelastic models are often being used for process modelling 

of composites. 

Almost all recent works in viscoelastic modelling of polymers use the linear stress-strain 

relationship in hereditary integral form. The hereditary integral method was introduced by 

Boltzmann in 1874 and is based on Boltzmann Superposition Principle [78]. This principle simply 

considers the state of stress and strain as functions of all events over the history of the material and 

expresses the stress as an integral over the history of strain and vice versa. The uniaxial strain-

stress relation in the hereditary integral form is written as 

 𝜖(𝑡) = ∫𝐷(𝑡 − 𝜏)
𝑑𝜎(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

 ( 2-15 ) 

 

In Equation ( 2-15 ), 𝐷(𝑡) is the creep compliance. Similarly the stress-strain relation is expressed 

as 
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 𝜎(𝑡) = ∫𝐸(𝑡 − 𝜏)
𝑑𝜖(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

 ( 2-16 ) 

 

where 𝐸(𝑡) is the relaxation modulus. Although the hereditary integral constitutive relation 

rigorously models the physical behaviour of the material and the elegant idea behind that should 

be appreciated, it is not very effective in process modelling of composites. The numerical 

integration schemes either need to recalculate the time integral from time zero to the current time 

at each instant of the process [60], [61], [79], [80] or at least need to store the stresses for the last 

two time steps [65], [81], [82]. In all cases the time integrations are very time consuming and their 

complex formulations make their implementation in finite element codes very difficult. 

Years before Boltzmann’s article on viscoelasticity, in 1867, James Clark Maxwell in the 

introductory part of his gas dynamics paper [83] stated that the viscoelastic behaviour of the 

materials obeys the first order differential equation (Maxwell’s notation is different) 

 
𝑑𝜎

𝑑𝑡
= 𝐸

𝑑𝜖

𝑑𝑡
−
𝜎

𝜏
 ( 2-17 ) 

 

In Equation ( 2-17 ), 𝜎 is the stress, 𝜖 is the strain, 𝐸 is the spring stiffness and 𝜏 is the relaxation 

time, such that the dashpot constant is 𝜂 = 𝐸𝜏. A different first order differential equation was 

proposed in 1874 by Meyer [84] as (Meyer’s equation was three dimensional and his notation was 

different.) 
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 𝜎 = 𝐸𝜖 + 𝜂
𝑑𝜖

𝑑𝑡
 ( 2-18 ) 

 

The differential equation in Equation ( 2-18 ) is usually attributed to Voigt and Kelvin in the 

literature [78]. The above differential equations can be associated to a spring and a dashpot 

connected in series (Equation ( 2-17 )) or in parallel (Equation ( 2-18 )). The combination of a 

spring and a dashpot in series and parallel are referred to as a Maxwell element and a Kelvin 

element, respectively. The differential equations in Equations ( 2-17 ) and ( 2-18 ) relate the stress 

and strain in a one dimensional (1D) viscoelastic body and therefore they can be interpreted as 

constitutive models in differential form (DF). By combining N Maxwell elements in parallel or N 

Kelvin elements in series we obtain constitutive equations of higher order that can model the 

behaviour of a material more precisely. These models are called ‘Generalized Maxwell Model’ 

(GMM) or Maxwell chain and ‘Generalized Kelvin Model’ (GKM) or Kelvin chain. The DF form 

of the constitutive equations has a much simpler form compared to the hereditary integral form 

and specifically is not history dependent. Therefore the analysis can be performed much faster and 

with less computational effort. There are a few works in the literature that use DF for viscoelastic 

analysis of materials. As some references we can mention the works of Zienkiewicz et al [85], 

Bazant et al [86]-[90], Carpenter et al [91], Jurkiewiez et al [92], [93], Idesman et al [94], [95] 

and Mesquita and Coda [96]-[104]. According to Bazant [90] another advantage of the DF is that 

it allows a much simpler formulation of thermodynamics. There are also a limited number of works 

that use the DF approach for process modelling of composites such as the works of Kokan et al 
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[105], Xia and Ellyin [106], Wiersma et al [107], Chen and Ellyin [108], Ellyin and Xia [109] and 

Zobeiry et al [69]. 

The majority of the process modelling works available in the literature are related to thermoset 

composites. The first manufacturing process model for thermoplastic composites was presented 

by Lee and Springer [110]. This model, which is similar to the sub-model approach of Loos and 

Springer for thermoset composites [1], consists of three modules, named as “impregnation”, 

“consolidation” and “crystallinity”. In the “impregnation” sub-model the degree of impregnation 

as a function of time is determined and the time required for complete impregnation is calculated. 

The “consolidation” sub-model consists of models for determining the effects of processing 

variables such as temperature, pressure and time on intimate contact of adjacent plies and bonding 

at ply interface, called autohesion. Finally, in the crystallization sub-model, by using the non-

isothermal crystallization kinetics model of Ozawa [13] and solving the coupled heat transfer-

crystallization problem, the degree of crystallinity and temperature as a function of position and 

time are determined. Ozawa’s model [13] relates the degree of crystallinity to cooling rate and 

temperature which are both processing variables. Then the material properties are related directly 

to degree of crystallinity using the empirical models presented by Talbott et al [111]. In the work 

of Talbott et al [111] Young’s modulus and shear modulus of PEEK polymer are empirically 

(using curve fitting) stated as second order function and linear function of degree of crystallinity, 

respectively. The manufacturing process model of Lee and Springer [110] does not predict the 

residual stresses and distortions of the final product and only predicts its mechanical properties.  

A model for prediction of in-plane residual stresses in semi-crystalline thermoplastic composites 

was presented by Chapman et al [112]. This model consists of Thermal History, Mechanical 
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Properties and Stress Analysis modules. In the thermal history module the coupled heat transfer-

crystallization kinetics problem is solved. The mechanical property module is divided into a linear 

elastic property section and a viscoelastic section. Using the micromechanics methodology of 

Ogale and McCullough [113], material properties are evaluated as functions of time, temperature 

and crystallinity in the linear elastic section. The volume shrinkage due to both crystallization and 

temperature change is also calculated. In the viscoelastic section the effect of degree of crystallinity 

is neglected and the properties are given for different times and temperatures. Finally in the stress 

analysis module, the in-plane stresses are evaluated using the incremental form of the classical 

laminated plate theory. 

A plane-strain linear elastic finite element model with temperature and crystallinity dependent 

material properties was developed by Li et al  [114] for predicting residual stresses in cross section 

of thick thermoplastic composites. Trende et al [115] used the temperature and crystallinity 

dependent material properties in a commercial finite element code and performed the residual 

stress analysis for compression moulded thermoplastic composites with both isotropic viscoelastic 

and transversely isotropic elastic material models. An anisotropic thermo-viscoelastic material 

model was introduced by Sunderland et al [116] for prediction of the process induced stresses.  

Similar thermo-viscoelastic formulations and finite element analyses were presented by Kim et al 

[117], Sonmez et al [118] and Clifford et al [68]. Sonmez et al [118] performed their analysis for 

the tape placement process. Similar to thermoset composites, almost all viscoelastic models for 

analysis of thermoplastic composites use the constitutive equations in integral form. 

Schwarzl and Staverman [119] divided the materials with linear viscoelastic behaviour into two 

general groups (Class A and Class B) regarding their response to change of temperature. In the 
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first group (Class A), which is termed “thermo-rheologically simple” a change of temperature is 

equivalent to a shift in the logarithm of time. Considering this, the effects of time and temperature 

together will be reduced to one parameter, called “reduced time” or “pseudo time” by defining a 

“shift factor” or “shift function”. Therefore the stresses, strains and the material properties in the 

constitutive relations, in general, will be functions of position and this reduced time [120]. The 

reduced time 𝜉 was presented by Morland and Lee [120] as 

 𝜉 = ∫
𝑑𝜏

𝑎𝑇[𝑇(𝜏)]

𝑡

0

 ( 2-19 ) 

 

In Equation ( 2-19 ), 𝑎𝑇 is the shift factor which is a function of time and temperature. Using the 

notion of reduced time, as described here, is sometimes referred to as “Time-Temperature 

Superposition”. As mentioned previously, Adolf and Martin [59] and also White and Hahn [60], 

[61] took into account the change in the microstructure. The shift factor that they are using is a 

function of time, temperature and degree of cure. Reducing the effect of time, temperature and 

degree of cure to one parameter is referred to as “Time-Temperature-Cure superposition”. All 

viscoelastic formulations and process models for both thermoset and thermoplastic composites 

that have been addressed so far assume thermo-rheologically simple material behaviour. In the 

differential form of viscoelastic constitutive equations, assuming temperature dependent (or degree 

of cure and temperature dependent) relaxation times (or equivalently the viscosities of the 

dashpots) is the equivalent of assuming thermo-rheologically simple material behaviour as 

explained by Zobeiry [69].  
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The materials that do not obey thermo-rheologically simple behaviour are termed “Thermo-

rheologically Complex” by Schapery [121]. Schapery [121] introduces two classes of thermo-

rheologically complex materials named TCM-1 and TCM-2. He defines TCM-1 as a composite 

material consisting of two or more thermo-rheologically simple phases with different shift factors. 

He also defines TCM-2 as a material whose uni-axial behaviour (e.g. a bar subjected to uniaxial 

stress 𝜎𝑥) is governed by the equation 

 𝜖𝑥𝜎 = 𝐷𝐼𝜎𝑥 +∫ Δ𝐷(𝜉 − 𝜉′)
𝑑

𝑑𝑡′
(
𝜎𝑥
𝑎𝐺
) 𝑑𝑡′

𝑡

0

 ( 2-20 ) 

 

In Equation ( 2-20 ), 𝜉 is defined as in Equation ( 2-19 ), 𝐷𝐼 = 𝐷𝐼(𝑇) is the initial value of creep 

compliance, 𝜖𝑥𝜎 is the strain due to stress (or mechanical strain) and 𝑎𝐺 is shown to be a vertical 

shift factor. If Equation ( 2-20 ) is applied to an isothermal creep test, the creep compliance 𝐷𝑇 

will be calculated as 

 𝐷𝑇 =
𝜖𝑥𝜎
𝜎𝑥

= 𝐷𝐼(𝑇) +
Δ𝐷(𝜉)

𝑎𝐺(𝑇)
 ( 2-21 ) 

 

where 𝜉 = 𝑡 𝑎𝑇⁄ . Equation ( 2-21 ) can be rewritten as log(𝐷𝑇 − 𝐷𝐼) = log Δ𝐷 − log 𝑎𝐺. Also we 

have log 𝜉 = log t − log 𝑎𝑇. Furthermore we assume that for an arbitrary reference temperature, 

𝑎𝑇 = 𝑎𝐺 = 1. From Equation ( 2-21 ) we have Δ𝐷(𝑡) = 𝐷𝑇(𝑡, 𝑇𝑅) − 𝐷𝐼(𝑇𝑅). Then we see that a 

plot of log(𝐷𝑇 − 𝐷𝐼) versus log t at a temperature 𝑇 can be obtained from the plot of the same at 

the reference temperature 𝑇𝑅 by a rigid horizontal and vertical shifting of the magnitude log 𝑎𝑇 
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and log 𝑎𝐺 respectively. As a special case of Equation ( 2-20 ), we assume 𝐷𝐼(𝑇) =
𝐷𝐼(𝑇𝑅)

𝑎𝐺(𝑇)
. Then 

from Equation ( 2-21 ) the creep compliance will be obtained as 

 𝐷𝑇 =
𝐷𝐼(𝑇𝑅) + Δ𝐷(𝜉)

𝑎𝐺(𝑇)
=
𝐷(𝜉)

𝑎𝐺(𝑇)
 ( 2-22 ) 

 

Then the constitutive equation in Equation ( 2-20 ) reduces to 

 𝜖𝑥𝜎 = ∫ 𝐷(𝜉 − 𝜉′)
𝑑

𝑑𝑡′
(
𝜎𝑥
𝑎𝐺
) 𝑑𝑡′

𝑡

0

 ( 2-23 ) 

 

Also we can obtain the inverse of this equation as 

 𝜎𝑥 = 𝑎𝐺∫ 𝐸(𝜉 − 𝜉′)
𝑑𝜖𝑥𝜎
𝑑𝑡′

𝑑𝑡′
𝑡

0

 ( 2-24 ) 

 

and the relaxation modulus will be 𝐸𝑇 = 𝑎𝐺(𝑇)𝐸(𝜉). In this special case, plots of log𝐷𝑇 and 

log 𝐸𝑇 versus log t at a temperature 𝑇 can be obtained from the plot of the same at the reference 

temperature 𝑇𝑅 by a rigid horizontal and vertical shifting of the magnitude log 𝑎𝑇 and log 𝑎𝐺 . 

Zobeiry [122] showed that assuming a temperature dependent spring in a Maxwell element leads 

to an equivalent to this special case of TCM-2. Harper and Weitsman [123] demonstrated a 

characterization method for a more general form of the integral constitutive equation of Schapery. 

This more general form of the constitutive equation was later used by Hashin et al [124] for 
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determination of the thermo-viscoelastic properties of unidirectional fibre composites. Sadkin and 

Aboudi [125] presented a similar work by using a different form of micromechanics.  

As addressed by Schapery [121], based on limited experimental data available in the literature, the 

constitutive equations of thermo-rheologically simple behaviour work very well for amorphous 

polymers at temperatures above 𝑇𝑔 (the glass transition temperature). For semi-crystalline 

polymers and also for amorphous polymers near and below their 𝑇𝑔, the constitutive equations of 

a TCM should be used.  Schwarzl and Staverman [119] explain that the assumption of thermo-

rheologically simple (TSM) behaviour means that at different temperatures, the same sequence of 

molecular processes take place in the material however with different speeds. On the other hand, 

for thermo-rheologically complex (TCM) materials, as a result of change in the temperature of the 

experiment not only the speed but also the sequence of molecular events changes. They conclude 

that if a special structure cannot be achieved in a TSM at a specific temperature, it cannot happen 

at any other temperature. In other words, if heat treatment changes the structure of a material, this 

material cannot be categorized as TSM. As a result of this discussion we may argue that materials 

like fully cured thermoset polymers and rubbers can be considered as TSM (at temperatures higher 

than 𝑇𝑔 according to Schapery) however uncured thermosets during the curing process and also 

semi-crystalline thermoplastic polymers during heating up (melting) and also cooling down 

(crystallizing) should be treated as TCM. 

Although processing of polymeric composite materials (thermosets and thermoplastics) involves 

changes in the material structure, all available viscoelastic based process modelling works (e.g. 

[60], [61]) assume thermo-rheologically simple behaviour and use a horizontal shift factor which 

is temperature and degree of cure (or degree of crystallinity) dependent. As explained previously 



32 

 

based on discussions by Schwarzl and Staverman [119] this is not a physically correct assumption. 

For thermoset composites, a significant amount of residual stresses develop during the curing 

process. Also for thermoplastic composites, the polymer crystallizes during cooling down from 

melt. Therefore for studying the residual stresses during the processing of both thermoset and 

thermoplastic composites more sophisticated constitutive models that assume thermo-

rheologically complex behaviour are required. Although such constitutive equations are available 

(e.g. [121], [124], [125]), they are all in integral form which as explained previously are not 

efficient enough to be used in process modelling. There is a noticeable lack of process models for 

composites that consider thermo-rheologically complex behaviour and analyze the stress and 

deformation using the differential form of thermo-viscoelastic constitutive equations. Finally, the 

availability of a more sophisticated constitutive model enables us to evaluate the simpler models 

such as viscoelastic [69], [122] and CHILE [49], [50] and use them with confidence within their 

validity bounds. 

 

2.4 Scope and research objectives 

Based on the discussions in section 2.1.2, most of the crystallization kinetics work available in the 

literature studies the isothermal and non-isothermal crystallization as two separate processes. Also, 

almost all models do not consider the induction time prior to crystallization which results in 

overpredictions of the degree of crystallinity. Also, as explained in section 2.2.3, the only available 

melt kinetics model [30] is not valid for all heating rate cases [34].  
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During processing, such as compression moulding, thermoforming and AFP, thermoplastic 

composite parts may experience arbitrary and complex temperature cycles and the available 

kinetics models have little practical application. A differential form crystallization kinetics/melt 

kinetics model, along with an induction time model for prediction of the onset of crystallization is 

desirable. 

As discussed in sections 2.3.2 and 2.3.3, processing of composite materials involves concurrent 

changes in the molecular structure (chemical/physical hardening) and relaxation of residual 

stresses. Therefore, a more sophisticated (thermo-viscoelastic) model is required for simulating 

the development and relaxation of the residual stresses during the process and predicting their 

effects on the final part distortions and strength. 

Based on these discussions, the objectives of this research are as follows: 

1. Designing and performing characterization experiments for studying both isothermal and 

non-isothermal crystallization kinetics of AS4/PEEK composites. 

2. Designing and performing characterization experiments for studying melt kinetics of 

AS4/PEEK composites. 

3. Developing a differential form crystallization kinetics/melt kinetics model for AS4/PEEK, 

along with an induction time model, capable of predicting the crystallinity changes during 

an arbitrary temperature cycle. 

4. Designing and performing characterization experiments for thermo-viscoelastic behaviour 

of different composite materials. These experiments should capture the relaxation 

behaviour of the material as well as the temperature dependence of mechanical behaviour 

when unrelaxed. 
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5. Developing a thermo-viscoelastic constitutive model in differential form.  This model 

should be capable of capturing the thermo-rheologically complex behaviour and consider 

the temperature dependence of the mechanical response of the material when unrelaxed. 

6. Integration of the developed crystallization model, melt kinetics model and the thermo-

viscoelastic model into commercially available process modelling package to predict the 

residual stresses and shape distortions in composites. As well, analyzing several case 

studies to validate the model’s capabilities is warranted. 
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Chapter 3: Crystallization Kinetics/Melt Kinetics of AS4/PEEK Composites; 

Experiments and Model Development 

 

In this chapter, DSC experiments and their results are presented for studying the crystallization 

and melt behaviour of AS4/PEEK. Melting behaviour is further investigated using complementary 

annealing experiments. Experimental results are analyzed and dependence of the crystallization 

rate on temperature and degree of crystallinity is investigated. A crystallization kinetics model in 

differential form is presented for prediction of degree of crystallinity during the process. The rate 

of crystallization is a function of temperature and degree of crystallinity. No model is considered 

for crystallinity dependence and the model-free approach introduced by Vyazovkin [126] is 

adopted. A simple empirical model and the concept of additivity from phase transitions of metals 

is used for estimation of induction time.  

A concept of ‘master melt curve’ is introduced and is used along with the crystallization kinetics 

model for prediction of crystallinity changes during melting of the material. Model predictions are 

compared with experimental results for different temperature cycles. 

 

3.1 Crystallization kinetics experiments, materials and methodologies 

The material used for crystallization and melt kinetics characterization is TenCate Cetex® TC1200 

PEEK AS4 [127] unidirectional tape (Figure 3-1), which is briefly referred to as AS4/PEEK for 
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the rest of this document. TenCate Cetex® TC1200 PEEK is a semi-crystalline poly-ether-ether-

ketone thermoplastic composite with a very low void content (< 1%).  

 

Figure 3-1 AS4/PEEK unidirectional tape (Courtesy Fortin [128] ) 
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Figure 3-2 TA Instruments DSC Discovery machine 

It has a resin content of 34 % by weight and 59 % of fibre by volume. The glass transition 

temperature, 𝑇𝑔, for this material is 143 ℃ and the equilibrium melt temperature, 𝑇𝑚
0 , is 343 ℃ 

[127]. 

The characterization technique used for crystallization and melt kinetics is Differential Scanning 

Calorimetry, DSC. A TA Instruments DSC Discovery machine, shown in Figure 3-2, was 

employed for conducting the experiments. The DSC machine has a monthly calibration schedule. 

However, the calibration was performed prior to each set of experiments. The calibration 

procedure is briefly explained in section 3.1.1. 
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3.1.1 Calibration of DSC 

The DSC machine operates based on Tzero® technology. In the Tzero® technology, a 

thermocouple is added between the sample and reference sensors. The heat flow between the 

sample and this thermocouple, is related to the temperature difference between this thermocouple 

and the sample sensor, using two parameters, termed sample resistance and capacitance. 

Similarly a resistance and capacitance is defined for  reference. The total heat flow between the 

sample and the reference is determined using these four parameters. 

The first step in the DSC calibration is determination of these four constants. This calibration 

step is termed Tzero® calibration. The Tzero® calibration consists of two experiments: a 

temperature ramp of an empty cell and a temperature ramp with two sapphire disks, mounted 

directly on the sample and reference sensors. After these two experiments, the differences 

between the sample and reference resistance and capacitance values are considered and adjusted 

by the software. 

The next step in the calibration is cell constant and temperature calibration. This step is 

performed using one or two traceable metal samples such as indium, lead and zinc. These 

standard metals have known reference melting endotherms and melting temperatures. Cell 

constant is the ratio of the measured and theoretical heat of fusion. The difference between the 

theoretical and measured melting temperature is calculated and adjusted by the software. After 

performing these two calibration steps, the machine is ready for starting the experiments.  
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3.1.2 Isothermal DSC experiments 

Isothermal DSC tests were conducted for studying the crystallization behaviour of the material at 

different temperatures. Samples of approximately 5 milligrams were prepared in Tzero® hermetic 

DSC pans. Samples were heated in the DSC to 380 ℃ and held for 10 minutes. They were cooled 

down at 60 ℃/min to temperatures between 305 ℃ to 325 ℃, followed by an isothermal hold at 

each temperature until the crystallization was complete.  

 

3.1.3 Non-isothermal DSC experiments 

Non-isothermal DSC tests were performed for investigation of crystallization behaviour of the 

material, whilst heated above the glass transition temperature and cooled from the molten state. 

Samples of approximately 5 milligrams were prepared from AS4/PEEK tape, similar to isothermal 

tests. Samples were heated at heating rates between 1 ℃/min to 10 ℃/min to 380 ℃. Subsequent 

to an isothermal hold of 10 minutes, samples were cooled at cooling rates between 1 ℃/min to 

10 ℃/min to room temperature.  

 

3.1.4 Raw data and general interpretations 

DSC test results are usually given as plots of heat flow rate as a function of time or temperature. 

Normalized heat flow rate results for isothermal tests at nine different temperatures are shown in 

Figure 3-3. 
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Figure 3-3 Normalized heat flow rate for isothermal crystallization at (a) 305 ℃, (b) 307 ℃, (c) 310 ℃, (d) 

312 ℃, (e) 315 ℃, (f) 317 ℃, (g) 320 ℃, (h) 322 ℃, (i) 325 ℃ 

 

In Figure 3-3, it is seen that the heat flow drops very rapidly during the initial cooling to the target 

temperature. During the isothermal hold, an exothermic peak is observed in the heat flow diagram 

which is due to the latent heat, released by the material as a result of crystallization. For low target 

temperatures, such as 305 ℃ and 307 ℃, this exothermic peak is sharp and occurs over a short 

period. As the target temperature is increased, peaks occur gradually over longer time periods. 

Normalized heat flow rate values versus temperature for non-isothermal experiments on the 

samples made of the as-received material at ten different heating rates are given in Figure 3-4. 
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Figure 3-4 Normalized heat flow rate from non-isothermal heating of the as-received material at (a) 1 ℃/min, 

(b) 2 ℃/min, (c) 3 ℃/min, (d) 4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 

10 ℃/min 

 

It is recognized from Figure 3-4 that the as-received material crystallizes when heated above the 

glass transition temperature (𝑇𝑔 = 143 ℃). This phenomenon is known as ‘cold crystallization’.  

It is also realized that at higher heating rates, cold crystallization starts and ends at higher 

temperatures.  

Normalized heat flow rate results versus temperature for non-isothermal experiments on the 

samples cooled from the molten state at ten different heating rates are demonstrated in Figure 3-5. 
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Figure 3-5 Normalized heat flow from non-isothermal cooling of samples from molten state at (a) 1 ℃/min, 

(b) 2 ℃/min, (c) 3 ℃/min, (d) 4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 

10 ℃/min  

 

Figure 3-5 shows that the material crystallizes whilst continuously cooled from the molten state. 

With increasing cooling rate, the onset and completion of crystallization occur at lower 

temperatures. Furthermore, the maximum heat flow rate value, which is proportional to the 

maximum crystallization rate, is higher for higher cooling rates.   
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3.1.5 Baseline selection 

The part of the heat flow rate curve, where no transition in the sample is occurring, is called the 

‘baseline’. When a reaction or transition associated with heat, such as melting or crystallization, 

happens, a ‘peak’ appears in the heat flow rate signal. A peak deviates from the baseline at the 

temperature where the transition or reaction starts and after going through a maximum/minimum, 

merges back into the baseline at the temperature where the transition ends [129]. The curve that 

connects the baselines before and behind the transition, in the peak region, is known as the 

‘interpolated baseline’. This is a virtual line which would have been recorded if all heat capacity, 

𝐶𝑝, changes and also changes of heat transfer had happened without any transitions occurring 

[129]. It is important to construct the interpolated baseline (hereafter referred to as baseline) as the 

area between the heat flow rate curve and this curve is needed for calculation of the latent heat of 

reaction due to transition.  

For the isothermal test results shown in Figure 3-3, the baselines behind the transition are all 

straight lines, however, little information can be obtained for the shape of the baselines before the 

transition. For these cases we extrapolate the straight part on the right side of the curve (behind the 

transition) and consider it as the baseline. As explained, extrapolation of the straight baseline is 

due to lack of knowledge regarding the shape of the baseline before the transition. This is a source 

of uncertainty in crystallization calculations.  

In non-isothermal cases, both for cold crystallization and melt crystallization, the baselines before 

and behind the transition are both straight lines, however, they are not aligned with each other. In 
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these cases we have used the procedure explained in [129] to construct sigmoidal baselines. These 

baselines are used in the next section for calculation of degree of crystallinity. 

 

3.1.6 Calculation of degree of crystallinity 

When the baseline is constructed for all isothermal and non-isothermal cases, the next step is 

calculation of the enthalpy of crystallization at any time during the crystallization. This is achieved 

via calculation of the area between the heat flow rate peak and the constructed baseline, from the 

onset of crystallization to the current time. 

 ∆𝐻(𝑡) = ∫
𝑑𝐻

𝑑𝑡
𝑑𝑡

𝑡

𝑡1

 ( 3-1 ) 

 

In Equation ( 3-1 ), 
𝑑𝐻

𝑑𝑡
  is the heat flow rate, 𝑡1 is the time at the onset of crystallization and 𝑡 is 

the current time. Using the enthalpy of crystallization values obtained from Equation ( 3-1 ), mass 

fraction crystallinity is calculated as 

 𝑋𝑚𝑐(𝑡) =
∆𝐻(𝑡)

(1 − 𝑋𝑚𝑟)𝐻𝑓
0 ( 3-2 ) 

 

where 𝑋𝑚𝑐(𝑡) is mass fraction crystallinity, 𝐻𝑓
0 is the theoretical heat of fusion of 100 % 

crystallized material and 𝑋𝑚𝑟 is mass fraction of the reinforcing phase. The value of 𝐻𝑓
0 for PEEK 
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is 130 J g⁄  [19]. The theoretical heat of fusion, 𝐻𝑓
0, is determined using the indirect methods, such 

as comparison of the DSC and wide angle X-ray scattering (WAXS) results and extrapolation 

[130]. The volume fraction crystallinity (hereafter referred to as degree of crystallinity or 

crystallinity) is obtained as  

 𝑋𝑣𝑐(𝑡) =
𝑋𝑚𝑐(𝑡)

𝑋𝑚𝑐(𝑡) +
𝜌𝑐
𝜌𝑎
(1 − 𝑋𝑚𝑐(𝑡))

 
( 3-3 ) 

 

In Equation ( 3-3 ), 𝜌𝑐 and 𝜌𝑎 are the densities of the crystalline phase and the amorphous phase, 

respectively. For PEEK material, typical values of 𝜌𝑐 and 𝜌𝑎 are reported [19] as  1.40 g/cm3 and 

1.26 g/cm3, respectively. Since these density values are temperature dependent, using these 

nominal values is another source of uncertainty in crystallinity calculations. 𝑋𝑣𝑐 which is the 

volume fraction crystallinity (or crystallinity) will be denoted by  𝑋 hereafter in this thesis. 

Figure 3-6 shows the crystallinity vs time for nine isothermal DSC experiments. The constructed 

baselines are also shown in the plots.   
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Figure 3-6 Variation of crystallinity with time for isothermal DSC experiments at (a) 305 ℃, (b) 307 ℃, (c) 

310 ℃, (d) 312 ℃, (e) 315 ℃, (f) 317 ℃, (g) 320 ℃, (h) 322 ℃, (i) 325 ℃ 

 

The time origin has been arbitrarily chosen as the time where the sample temperature is 343 ℃ 

(𝑇𝑚
0 , the equilibrium melting temperature for PEEK). Variation of crystallinity with time for 

different isothermal cases are compared in Figure 3-7. 
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Figure 3-7 Isothermal crystallinity growth at different temperatures 

 

Results in Figure 3-7 show that for all temperatures in the investigated temperature range, the 

maximum degree of crystallinity is approximately 0.34. For all cases, an induction time or 

incubation period exists prior to the crystallization growth. This induction time is higher for higher 

crystallization temperatures. 

The crystallinity growth versus time for cold crystallization at different heating rates and melt 

crystallization for different cooling rates are given in Figure 3-8 and Figure 3-9, respectively. 
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Figure 3-8 Cold crystallization of the as-received material whilst heating at (a) 1 ℃/min, (b) 2 ℃/min, (c) 

3 ℃/min, (d) 4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 10 ℃/min 
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Figure 3-9 Melt crystallization of the material whilst cooling at (a) 1 ℃/min, (b) 2 ℃/min, (c) 3 ℃/min, (d) 

4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 10 ℃/min 

 

Similar to the isothermal cases, the time origin for melt crystallization is set where the material 

temperature reaches  𝑇𝑚
0 = 343 ℃.  Moreover, in the investigated cooling rate range, the maximum 

crystallinity for all melt crystallized samples is 0.34. Variation of crystallinity with temperature 

for different cooling rates are compared in Figure 3-10. 
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Figure 3-10 Variation of crystallinity with temperature at different cooling rates 

 

From Figure 3-10 it is easily seen that at higher cooling rates, the crystallization starts at lower 

temperatures.   

 

3.2 Crystallization kinetics analysis and modelling 

In this section the kinetics of crystallization is investigated. The aim of kinetics investigations is 

to find a functional relationship which may be used to quantitatively predict the crystallinity for a 

temperature cycle. Since a material point during a process may undergo an arbitrary temperature 
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profile, path independence of the models is very important and therefore, differential form or rate-

type kinetics models are more desirable. A general rate-type model is written as 

 
𝑑𝑋

𝑑𝑡
= 𝑔(𝑋, 𝑇) ( 3-4 ) 

 

Initially, we assume that the right-hand side of Equation ( 3-4 ) is separable. This equation is 

rewritten as 

 
𝑑𝑋

𝑑𝑡
= 𝑘(𝑇)𝑓(𝑋) ( 3-5 ) 

 

 

In this section, we reduce the experimental data from the isothermal and non-isothermal DSC 

experiments to obtain a functional form of Equation ( 3-5 ). 

 

3.2.1 Crystallization rate iso-conversionals 

To investigate the functional form of the crystallization rate, we start by studying the temperature 

dependence, 𝑘(𝑇). To do this, we extract plots of ln (
𝑑𝑋

𝑑𝑡
) versus temperature for different degrees 

of crystallinity from all the experimental data. At each degree of crystallinity, plots from 

isothermal crystallization, non-isothermal cold crystallization and non-isothermal melt 
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crystallization data are overlaid on the same graph. These graphs are often called ‘iso-

conversionals’. The iso-conversionals for some specific degrees of crystallinity are given in Figure 

3-11. 
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Figure 3-11 Iso-conversionals overlaid from isothermal crystallization, non-isothermal cold crystallization 

and non-isothermal melt crystallization at (a) X=0.3, (b) X=0.27, (c) X=0.24, (d) X=0.21, (e) X=0.18, (f) 

X=0.15, (g) X=0.12, (h) X=0.1, (i) X=0.07, (j) X=0.05 

 

Degree of crystallinity in the as-received material is 0.18. Therefore, in Figure 3-11, for degrees 

of crystallinity less than 0.18, there is no cold crystallization and only the data from isothermal 

melt crystallization and non-isothermal melt crystallization are overlaid. From these plots it is 

concluded that there is no significant difference between isothermal and non-isothermal melt 

crystallization mechanisms. A green dotted curve is sketched through the isothermal and non-

isothermal melt crystallization data on each graph to show that these data points are falling on the 
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same curve. For degrees of crystallinity more than 0.18, in addition to the data from isothermal 

melt crystallization and non-isothermal melt crystallization, there are data points from non-

isothermal cold crystallization on the left side of the graph. A dotted green curve is sketched 

through the cold crystallization data.  

 

3.2.2 Crystallization rate temperature dependence 

From the right side of plots in Figure 3-11, it is concluded that with decreasing temperature, or 

increasing degree of undercooling, 𝑇𝑚
0 − 𝑇, the crystallization rate increases. The data on the left 

side of the graphs are extracted from the cold crystallization experiments. From these results it is 

implied that by increasing the temperature, farther from the glass transition temperature, the rate 

of cold crystallization increases. Given that the same mechanism that drives the cold crystallization 

must slow down the melt crystallization (mobility/lack of mobility of molecular chains), it is 

concluded that approaching the glass transition temperature, or decreasing 𝑇 − 𝑇𝑔, decreases the 

crystallization rate. Based on the discussion given above, it is assumed that the crystallization rate 

has a temperature dependence of the form [131] 

 
𝑘(𝑇) = 𝑘0𝑒

−
𝐸𝑔

𝑅(𝑇−𝑇𝑔)𝑒
−

𝐸𝑚
𝑅(𝑇𝑚

0−𝑇) 
( 3-6 ) 

 

Equation ( 3-6 ), which is schematically shown as a dashed red ‘horse shoe’ form curve on each 

graph, indicates that as the temperature is changed, there are two competing mechanisms that affect 
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the rate of crystallization. These horse shoe form curves are similar to C-shape curves in Time-

Temperature-Transformation (TTT) diagrams [132]. 

In Equation ( 3-6 ), 𝑘0 is the pre-exponential factor and −
𝐸𝑔

𝑅
 and −

𝐸𝑚

𝑅
 are model constants. Using 

Equation ( 3-6 ), Equation ( 3-5 ) may be rewritten as 

 ln (
𝑑𝑋

𝑑𝑡
) = ln(𝑘0𝑓(𝑋)) −

𝐸𝑔

𝑅(𝑇 − 𝑇𝑔)
−

𝐸𝑚

𝑅(𝑇𝑚
0 − 𝑇)

 ( 3-7 ) 

 

Fitting Equation ( 3-7 ) to the iso-conversionals, −
𝐸𝑔

𝑅
, −

𝐸𝑚

𝑅
 and 𝑘0𝑓(𝑋) may be found. Different 

methods can be used for the fitting procedure. Here, first a constant value has been assumed for  

−
𝐸𝑔

𝑅
. Then at each degree of crystallinity, tables of ln (

𝑑𝑋

𝑑𝑡
) +

𝐸𝑔

𝑅(𝑇−𝑇𝑔)
 versus 

1

(𝑇𝑚
0−𝑇)

 are generated 

and −
𝐸𝑚

𝑅
 and ln(𝑘0𝑓(𝑋)) are estimated as the slope and the intercept in a linear regression 

analysis. Next, based on the goodness of this linear regression, the assumed value of −
𝐸𝑔

𝑅
 is 

modified and the procedure is repeated until a good fit is obtained. The final best fit values are 

shown in Figure 3-12 to Figure 3-14. 
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Figure 3-12 A constant value is assumed for −
𝑬𝒈

𝑹
 and modified by trial and error 

 

Figure 3-13 Values of −
𝑬𝒎

𝑹
 obtained from best fit 
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Figure 3-14 Values of 𝒌𝟎𝒇(𝑿) obtained from best fit 

 

From Figure 3-13 it is recognized that −
𝐸𝑚

𝑅
 does not have a constant value and is crystallinity 

dependent. Considering this, Equations ( 3-6 ) and ( 3-5 ) are revised as 

 𝑑𝑋

𝑑𝑡
= 𝑘0𝑓(𝑋)𝑒

−
𝐸𝑔(𝑋)

𝑅(𝑎𝑔𝑇𝑔+𝑏𝑔𝑇+𝑐𝑔)𝑒
−

𝐸𝑚(𝑋)

𝑅(𝑎𝑚𝑇𝑚
0+𝑏𝑚𝑇+𝑐𝑚) ( 3-8 ) 

 

The constants 𝑎𝑔, 𝑏𝑔, 𝑐𝑔, 𝑎𝑚, 𝑏𝑚, and 𝑐𝑚 are considered for improving the quality of the 

predictions. The common approach in process modelling is finding a functional form for 𝑓(𝑋). 
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However, since the crystallinity dependence is observed in −
𝐸𝑚

𝑅
, it is more practical to provide the 

values of 𝑘0𝑓(𝑋), −
𝐸𝑚

𝑅
 and −

𝐸𝑔

𝑅
, given in Figure 3-12 to Figure 3-14, as look-up data for different 

values of crystallinity. The constants 𝑎𝑔, 𝑏𝑔, 𝑐𝑔, 𝑎𝑚, 𝑏𝑚, and 𝑐𝑚 are given in Table 3-1.  

 

Table 3-1 Parameters for Equation ( 3-8 ), obtained from best fit 

𝒂𝒈 𝒃𝒈 𝒄𝒈 𝒂𝒎 𝒃𝒎 𝒄𝒎 

-1 1 0 1.07 -1 50 

 

This modelling approach is a ‘semi model-free’ method, similar to the approach introduced by 

Vyazovkin [126]. Equation ( 3-8 ) along with the look-up data can be used for prediction of the 

crystallization rate for an arbitrary temperature and 𝑋 combination. 

 

3.2.3 Induction time 

The results in Figure 3-6 and Figure 3-9 indicate that an induction time or incubation period exists 

prior to the crystallization growth. Prediction of the induction time is significant in crystallization 

modelling in that it determines the time where the Equation ( 3-8 ) becomes active. From Figure 

3-6 and Figure 3-9, it is seen that in isothermal crystallization, the induction time is higher for 



65 

 

higher temperatures. Also in non-isothermal melt crystallization, the induction time decreases by 

increasing the cooling rate. 

Godovsky [133] suggested a simple empirical model for induction time in isothermal 

crystallization as 

 𝑡𝑖 = 𝑡𝑚(𝑇𝑚
0 − 𝑇)−𝑐 ( 3-9 ) 

 

In Equation ( 3-9 ), 𝑡𝑖 is the isothermal induction time and 𝑡𝑚 and 𝑐 are empirical model fitting 

parameters. Fitting this model to measured induction times from isothermal DSC experiments, 

results in the fitting parameters as given in Table 3-2. 

 

Table 3-2 Fitting parameters for Equation ( 3-9 ) 

𝒕𝒎 𝒄 

𝟏. 𝟐𝟎 × 𝟏𝟎𝟔 3.99 

 

The measured induction time values and the predicted values using Equation ( 3-9 ) and the 

parameters in Table 3-2 are compared in Figure 3-15. In the experiments, the induction time is 

arbitrarily considered as the time where 𝑋 = 0.001, a small but measurable value. 
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Figure 3-15 Induction time values for isothermal DSC experiments, measured and model predicted 

 

Figure 3-15 shows that the model predictions are in good agreement with the measured values. 

The concept of ‘additivity’, from the phase transitions of metals, is adopted here for prediction of 

the induction time during non-isothermal conditions. According to Christian [132], the principle 

of additivity states that “the total time required to reach a specific amount of transformation, 𝑋𝑎, 

is obtained by summing the fractions of time taken to reach this stage isothermally, until the sum 

reaches a value of one.”. Assuming 𝑋𝑎 = 0.001 (the crystallinity value used for measuring the 

induction time in both isothermal and non-isothermal experiments), additivity can be used for 

prediction of induction time. This may be expressed mathematically as 
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 ∫ 𝑑𝑡 𝑡𝑖(𝑇)⁄
𝑡𝐼

0

= 1 ( 3-10 ) 

 

where 𝑡𝑖(𝑇) is the induction time for isothermal transformation at the temperature 𝑇 and the upper 

limit of the integral, 𝑡𝐼, is the induction time for non-isothermal transformation. 

Using Equation ( 3-10 ) along with Equation ( 3-9 ) (and the fitting parameters given in Table 3-2), 

the induction time for an arbitrary non-isothermal condition can be estimated. In Figure 3-16, the 

model predictions are compared with the experimental measurements for non-isothermal melt 

crystallization experiments. The predicted values are in good agreement with experimental 

measurements.  
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Figure 3-16 Induction times for non-isothermal cool down DSC tests, model predictions and experimental 

measurements 

 

3.2.4 Summary and goodness of the model 

In this section, the rate-type model of Equation ( 3-8 ) together with the fitting parameters given 
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Equations of ( 3-9 ) and ( 3-10 ) are used for prediction of the time for the onset of crystallization. 
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superscript 𝑛 is for the value of the variable at the end of the current time step and a superscript 

𝑛 − 1 is for the value of the variable at the end of the previous time step. 

Step 1- Check the value of crystallinity, 𝑋. 

- If 𝑋 < 𝑋0, then 

- Set 𝑋 = 𝑋0 

- Calculate the induction time, 𝑡𝐼, using the Equations ( 3-9 ) and ( 3-10 ) 

- Update the time step as 𝑡𝑛 = 𝑡𝑛−1 + 𝑡𝐼 

- Go to Step 1 

 - If 𝑋 ≥ 𝑋0, then 

  - Update the time step as 𝑡𝑛 = 𝑡𝑛−1 + ∆𝑡𝑛 

  - Calculate the crystallization rate using Equation ( 3-11 ) 

 (
𝑑𝑋

𝑑𝑡
)
𝑛

= 𝑘0𝑓(𝑋
𝑛−1)𝑒

−
𝐸𝑔(𝑋

𝑛−1)

𝑅(𝑎𝑔𝑇𝑔+𝑏𝑔𝑇𝑛−1+𝑐𝑔)𝑒
−

𝐸𝑚(𝑋
𝑛−1)

𝑅(𝑎𝑚𝑇𝑚
0+𝑏𝑚𝑇𝑛−1+𝑐𝑚) ( 3-11 ) 

 

  - Update the crystallinity value as 

  𝑋𝑛 = 𝑋𝑛−1 + ∆𝑡𝑛 (
𝑑𝑋

𝑑𝑡
)
𝑛

 ( 3-12 ) 
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Step 2- Go to Step 1 

Using the procedure explained above, the values of crystallinity can be predicted for any arbitrary 

temperature cycle. In Figure 3-17, predicted values of crystallinity for nine isothermal cases are 

compared with experimental results. From the plots it is evident that the model predictions are in 

good agreement with the experimental results for both the induction time and the crystallinity 

growth.   
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Figure 3-17 Variation of crystallinity with time for isothermal DSC experiments at (a) 305 ℃, (b) 307 ℃, (c) 

310 ℃, (d) 312 ℃, (e) 315 ℃, (f) 317 ℃, (g) 320 ℃, (h) 322 ℃, (i) 325 ℃, model predictions  and experimental 

results  
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A summary of model predictions for isothermal crystallization at different temperatures is shown 

in Figure 3-18.  

 

Figure 3-18 Model predictions for isothermal crystallizations at different temperatures 

 

Predicted values of crystallinity versus temperature are compared with experimental results for ten 

non-isothermal melt crystallization tests in Figure 3-19. 
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Figure 3-19 Variation of crystallinity with temperature for crystallization of the material whilst cooling at (a) 

1 ℃/min, (b) 2 ℃/min, (c) 3 ℃/min, (d) 4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 

9 ℃/min, (j) 10 ℃/min, model predictions and experimental results 

 

The results in Figure 3-19 indicate that the model predictions are in good agreement with the 

experimental results in both the onset temperature and growth. Model predictions for the ten 

cooling rates are compared in Figure 3-20. 
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Figure 3-20 Model predicted crystallinity versus temperature for melt crystallization at different cooling rates 

 

3.2.5 Process maps 

Process maps are tools for visualization of conversion behaviour over a wide range of 

temperature and degree of conversion [134]. Having the crystallization kinetics model, process 

maps can be generated as constant time contours or constant cooling rate contours in the 

crystallinity-temperature space. Constant time contour graphs are shown in Figure 3-21. The 

contours illustrate the crystallization data for time between 1 min (inner contour) and 900 min 

(outer contour). A general overview of these contours show that for short time periods, such as 

1 min, the material is never fully crystalline regardless of temperature. This process map can be 

used for designing processing cycles, such as the time required at each temperature for full 
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crystallization. A few data points on these graphs are shown in Figure 3-22. From this graph it is 

easily seen that if a sample is rapidly cooled from the molten state to  295 ℃, the crystallinity in 

the material is about 20 % after 1 min. On the other hand, if the sample is cooled to 324 ℃, it 

takes 30 min for the material to become 20% crtstalline. Process maps can also be generated as 

contours of constant cooling rates. The cooling rates on this map vary between 1 ℃/min and 

9000 ℃/min. Looking into these graphs, it is seen that for a cooling rate of 1 ℃/min the 

material is 20% crystalline at 313 ℃.  If the material is cooled down at 200 ℃/min, it is 25% 

crystalline at 256 ℃. If the cooling rate is increased to 9000 ℃/min, based on the process map, 

the maximum degree of crystallinity is 7%. 

Similar to the constant time contours, constant cooling rate contours can be used for designing 

processing cycles. 
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Figure 3-21 Process map, constant time contours for AS4/PEEK 

 

 

Figure 3-22 Process map, constant time contours for AS4/PEEK 

Time

Time
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Figure 3-23 Process map, constant cooling rate contours for AS4/PEEK 

 

 

3.3 Melt kinetics experiments 

Similar to crystallization kinetics, the DSC was used for studying the melting kinetics of 

AS4/PEEK. Ten samples of approximately 5 milligrams were prepared in Tzero® hermetic DSC 

pans. To ensure all samples have identical conditions prior to melting, they were heated to 380 ℃. 

After an isothermal soak of 10 minutes, they were cooled to room temperature at 10 ℃/min. At 

this stage, the samples were heated at heating rates between 1 ℃/min to 10 ℃/min to 380 ℃.     
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3.3.1 Raw data and general interpretations 

The normalized heat flow rate results for melting tests at ten different heating rates are shown in 

Figure 3-24.  

  

  

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

210 260 310 360

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)
-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

210 260 310 360

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)

-0.1

-0.09

-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

210 260 310 360

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)
-0.2

-0.18

-0.16

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

210 260 310 360

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)

(a) (b) 

(d) (c) 



80 

 

  

  

  

 

 

Figure 3-24 Normalized heat flow of the material whilst heating at (a) 1 ℃/min, (b) 2 ℃/min, (c) 3 ℃/min, 

(d) 4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 10 ℃/min 
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From the plots in Figure 3-24, it is recognized that for all cases, in the investigated heating rate 

range, two melting peaks exist in the heat flow curve. This double-peak behaviour in melting of 

PEEK has been addressed in the literature as discussed in section 2.2.2. This will be investigated 

in detail, later in this chapter.   

Similar to non-isothermal crystallization cases, it is realized from Figure 3-24 that the baselines 

before and behind the transition are both straight lines, however, they are not aligned with each 

other. Using the procedure explained in [129], sigmoidal baselines are constructed. Finally, 

Equations ( 3-1 ) to ( 3-3 ) are used and the degree of crystallinity at each time during melting is 

calculated. The results for variation of crystallinity with temperature along with the sigmoidal 

baselines are shown in Figure 3-25. 
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Figure 3-25 Variation of the crystallinity whilst melting at (a) 1 ℃/min, (b) 2 ℃/min, (c) 3 ℃/min, (d) 

4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 10 ℃/min 

 

Variations of crystallinity with temperature and melting rate with temperature for ten different 

heating rates are compared in Figure 3-26 and Figure 3-27, respectively. 
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Figure 3-26 Variation of crystallinity with temperature for melting at different heating rates 

 

Figure 3-27 Variation of melting rate with temperature for melting at different heating rates 
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It is seen from Figure 3-26 and Figure 3-27 that the maximum melting rate increases by increasing 

the heating rate. The maximum melting rate and also the completion of melting for all heating rates 

occur approximately at the same temperature. 

In Figure 3-28, crystallinity versus temperature for melting at different heating rates and melt 

crystallization at different cooling rates are compared. The results for melting rates and 

crystallization rates are also compared in Figure 3-29. 

 

Figure 3-28 Variation of crystallization with temperature for crystallization at different cooling rates and 

melting at different heating rates 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

200 220 240 260 280 300 320 340 360 380

C
ry

st
al

lin
it

y 
(X

)

Temperature (°C)

10 CPM-Melting
9 CPM-Melting
8 CPM-Melting
7 CPM-Melting
6 CPM-Melting
5 CPM-Melting
4 CPM-Melting
3 CPM-Melting
2 CPM-Melting
1 CPM-Melting
10 CPM-Crystallization
9 CPM-Crystallization
8 CPM-Crystallization
7 CPM-Crystallization
6 CPM-Crystallization
5 CPM-Crystallization
4 CPM-Crystallization
3 CPM-Crystallization
2 CPM-Crystallization
1 CPM-Crystallization



86 

 

 

Figure 3-29 Variation of crystallization rate and melting rate with temperature for crystallization at different 

cooling rates and melting at different heating rates 

 

In contrast to melting, from Figure 3-29 it is recognized that in melt crystallization, the temperature 

where the maximum crystallization rate occurs decreases with increasing cooling rate.  Also 

compared to crystallization, melting occurs over a wider temperature range. 

To get some insight into the double-peak melting behaviour of the material, some annealing 

experiments were performed which are presented in the following sections. 
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3.3.2 Annealing experiments 

To have a clear understanding of the double-peak behaviour of the material in melting, the initial 

conditions of the samples, before melting, was varied. This is accomplished by annealing of the 

samples at different temperatures for different times. 

 

3.3.2.1 Experiments with different annealing times 

Eight samples of approximately 5 milligram were prepared in Tzero® hermetic DSC pans. 

Samples were heated to 380 ℃ and after an isothermal soak of 10 minutes, they were cooled to 

room temperature at 10 ℃/min. Next, all samples were heated at 10 ℃/min to 320 ℃. At this 

stage, eight samples were kept isothermal for 1 minute, 2 minutes, 3 minutes, 4 minutes, 

5 minutes, 10 minutes, 1 hour, and 10 hours. Finally, they were heated at 10 ℃/min to 380 ℃.      

Normalized heat flow curves for heating at 10 ℃/min subsequent to the isothermal holds for 

different time periods are shown in Figure 3-30. 
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Figure 3-30 Normalized heat flow for heating at 10 ℃/min subsequent to heat up at 10 ℃/min from room 

temperature to 320 ℃ and then isothermal hold for (a) 1 min, (b) 2 min, (c) 3 min, (d) 4 min, (e) 5 min, (f) 

10 min, (g) 1 hour, (h) 10 hour 
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The double-peak behaviour is noticed in all plots in Figure 3-30. Using sigmoidal baselines, 

crystallinity is calculated for these annealing and melting experiments as presented in Figure 3-31. 
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Figure 3-31 Variation of crystallinity for heating at 10 ℃/min subsequent to heating at 10 ℃/min from room 

temperature to 320 ℃ and then isothermal hold for (a) 1 min, (b) 2 min, (c) 3 min, (d) 4 min, (e) 5 min, (f) 

10 min, (g) 1 hour, (h) 10 hour 

 

Variation of melting rate and crystallinity for these eight annealing cases and the case of 

continuous heating at 10 ℃/min from room temperature to 380 ℃ are compared in Figure 3-32 

and Figure 3-33. 
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Figure 3-32 Variation of melting rate for heating at 10 ℃/min subsequent to heating at 10 ℃/min from room 

temperature to 320 ℃ and then isothermal hold for different annealing times and also continuous heating at 

10 ℃/min 
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Figure 3-33 Variation of crystallinity for heating at 10 ℃/min subsequent to heating at 10 ℃/min from room 

temperature to 320 ℃ and then isothermal hold for different annealing times and also continuous heating at 

10 ℃/min 

 

It is clear from Figure 3-32 that the peak at higher temperature (hereafter referred to as the second 

peak) for all cases occurs approximately at the same temperature. In a different manner, the peak 

at the lower temperature (hereafter referred to as the first peak) shifts toward higher temperatures 

when the annealing time is increased. This indicates that the melting onset temperature is increased 

with increasing annealing time.  

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

270 290 310 330 350 370

C
ry

st
al

lin
it

y 
(X

)

Temperature (°C)

Anneal @ 320C (10 hrs)-10 CPM

Anneal @ 320C (1 hrs)-10 CPM

Anneal @ 320C (10 mins)-10 CPM

Anneal @ 320C (5 mins)-10 CPM

Anneal @ 320C (4 mins)-10 CPM

Anneal @ 320C (3 mins)-10 CPM

Anneal @ 320C (2 mins)-10 CPM

Anneal @ 320C (1 mins)-10 CPM

No Anneal- 10 CPM



93 

 

3.3.2.2 Experiments at different annealing temperatures 

Samples of approximately 5 milligrams were prepared in Tzero® hermetic DSC pans. Samples 

were heated to 380 ℃ and after an isothermal soak of 10 minutes, they were cooled to room 

temperature at 10 ℃/min. They were heated at 10 ℃/min to 300 ℃, 310 ℃, 320 ℃ and 330 ℃. 

At this stage, samples were kept isothermal for 10 hours and then were heated at 10 ℃/min to 

380 ℃.      

Normalized heat flow curves for heating at 10 ℃/min subsequent to the isothermal holds for 

different time periods are shown in Figure 3-34. 

  

  

 

 

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

300 320 340 360 380

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

310 330 350 370

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

320 330 340 350 360 370 380

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)
-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

330 340 350 360 370 380

H
e

at
 F

lo
w

 (
W

/g
)

Temperature (°C)

(a) (b) 

(c) 
(d) 



94 

 

Figure 3-34 Normalized heat flow for heating at 10 ℃/min subsequent to heat up at 10 ℃/min from room 

temperature and then isothermal hold at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃ 

 

Using the procedures explained in previous sections, sigmoidal baselines were constructed and 

crystallinities were calculated as displayed in Figure 3-35. 

  

  

 

 

Figure 3-35 Variation of crystallinity for heating at 10 ℃/min subsequent to heat up at 10 ℃/min from room 

temperature and then isothermal hold at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃ 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

300 320 340 360 380

C
ry

st
al

lin
it

y

H
e

at
 F

lo
w

 (
m

W
)

Temperature ( C)

Total Heat Flow

Base Curve

Crystallinity

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

310 330 350 370

C
ry

st
al

lin
it

y

H
e

at
 F

lo
w

 (
m

W
)

Temperature ( C)

Total Heat Flow

Base Curve

Crystallinity

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-2.2

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

320 330 340 350 360 370 380

C
ry

st
al

lin
it

y

H
e

at
 F

lo
w

 (
m

W
)

Temperature ( C)

Total Heat Flow

Base Curve

Crystallinity

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-3.4

-2.9

-2.4

-1.9

-1.4

-0.9

-0.4

330 340 350 360 370 380

C
ry

st
al

lin
it

y

H
e

at
 F

lo
w

 (
m

W
)

Temperature ( C)

Total Heat Flow

Base Curve

Crystallinity

(a) (b) 

(c) (d) 



95 

 

Variation of melting rate and crystallinity with temperature for the four annealing temperatures are 

displayed in Figure 3-36 and Figure 3-37. 

 

Figure 3-36 Variation of melting rate for heating at 10 ℃/min after heating from room temperature and 

annealing for 10 hours at different temperatures 
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Figure 3-37 Variation of crystallinity for heating at 10 ℃/min after heating from room temperature and 

annealing for 10 hours at different temperatures 

 

It is clear from Figure 3-36 that the second peak temperature is approximately the same for all 

annealing temperatures. The first peak shifts to higher temperatures with increasing annealing 

temperature. For the case of annealing at 330 ℃, the first peak merges into the second peak.   
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samples were heated to 380 ℃, followed by an isothermal hold of 10 minutes. Subsequently, they 

were cooled at 10 ℃/min to 300 ℃, 310 ℃, 320 ℃ and 330 ℃ and kept isothermal for 10 hours. 

Finally, the samples were heated at 10 ℃/min to 380 ℃. Normalized heat flow curves of the final 

melting for four samples are shown in Figure 3-38. 

  

  

 

 

Figure 3-38 Normalized heat flow for heating at 10 ℃/min subsequent to cooling at 10 ℃/min from 380 ℃ 

and then isothermal hold at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃ 

 

Sigmoidal baselines and variation of crystallinity for these tests are displayed in Figure 3-39. 
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Figure 3-39 Variation of crystallinity for heating at 10 ℃/min subsequent to cooling at 10 ℃/min from 380 ℃ 

and then isothermal hold at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃ 

 

Meting rate and crystallinity for the four melting cases are compared in Figure 3-40 and Figure 
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Figure 3-40 Variation of melting rate for heating at 10 ℃/min after cooling from 380 ℃ and annealing for 

10 hours at different temperatures 
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Figure 3-41 Variation of crystallinity for heating at 10 ℃/min after cooling from 380 ℃ and annealing for 

10 hours at different temperatures 
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Figure 3-42 Melting rate for heating from room temperature and annealing for 10 hours compared with 

cooling from 380 ℃ and annealing for 10 hours at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃ 
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3.3.2.4 Double-peak melting behaviour 

In section 2.2.2, the double-peak behaviour of PEEK during melting was discussed. It was 

explained that there are generally two schools of thought: (i) the two peaks are due to melting of 

two separate populations of crystal morphologies; (ii) they are related to continuous melting and 

recrystallization of a single crystal morphology. Supporters of argument (i) [24], [25] argue that 

the higher temperature peak is due to melting of the main crystals and the lower temperature peak 

is related to less stable crystals grown in the intermediate spaces of main crystals. 

On the other hand, according to followers of hypothesis (ii) [27], [28], the lower temperature peak 

is explained as the point where the original crystals become unstable and the melting and 

recrystallization process starts. The higher temperature peak is described as the point where the 

resultant of rates of melting and recrystallization reaches a maximum. 

Inspecting Figure 3-32 based on the argument (i), it is concluded that with increasing annealing 

time, the main crystals melt approximately at the same temperature but the crystals grown in the 

intermediate spaces melt at higher temperatures. In other words, for the samples crystallized in 

similar conditions, increasing the annealing time at a fixed temperature improves the quality of the 

less stable crystals, however, the main crystals remain intact. If the same results are examined 

according to argument (ii), it is inferred that increasing the annealing time at a fixed temperature 

shifts the onset of melting and recrystallization of crystals to higher temperatures. From this 

observation it is implied that crystals in the samples with higher annealing times are of higher 

quality. 
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Corresponding to argument (i), similar conclusions may be drawn from Figure 3-36. With a 

constant annealing time, increasing the annealing temperature results in higher melting 

temperatures for the less stable crystals, however, the main crystals are not affected. Similarly, 

using hypothesis (ii), it is evident that with equal annealing times, higher annealing temperatures 

cause shifting of the onset of melting and recrystallization to higher temperatures. This indicates 

that annealing at higher temperatures creates higher quality crystals. From these two sets of 

annealing experiments, it is concluded that increasing the annealing time or annealing temperature 

has similar effects on the subsequent melting behaviour of material. 

The explanation of the results from Figure 3-42 using argument (i) is as follows. When annealing 

at 300 ℃, both the less stable crystals and the main crystals show similar melting behaviour for 

heating-annealing-melting and cooling-annealing-melting experiments. For the other three 

annealing temperatures, in cooling-annealing-melting experiments, the less stable crystals melt at 

lower temperatures, whereas the main crystals melt at higher temperatures. This indicates that the 

main crystals are of higher quality in cooling-annealing-melting experiments compared to heating-

annealing-melting experiments. The quality of the main crystals is improving with increasing 

annealing temperature. With a similar explanation, the quality of the less stable crystals is 

diminishing when the annealing temperature is increasing. This may be explained, as with the 

cooling-annealing-melting experiments, as the crystals are actually formed from melt and 

subsequently their quality is improving during the annealing process. For higher hold 

temperatures, the lamellar thickness of the crystalline structure is higher and hence the main 

crystals are of higher quality.        
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If argument (ii) is invoked, the results in Figure 3-42 indicate that the crystals in the cooling-

annealing-melting experiments start to melt and recrystallize at lower temperatures compared to 

those in heating-annealing-melting experiments, however, the recrystallization process results in 

crystals that melt at higher temperatures. 

Based on the discussions giving in this section, argument (ii) is adopted for the rest of this chapter, 

recognizing the fact that the recrystallized structure after annealing has crystals of higher quality.  

 

3.4 Melt kinetics modelling 

In this section the kinetics of melting is investigated. Revisiting Figure 3-26 and Figure 3-27, it is 

shown that increasing the heating rate results in increasing apparent or net melting rate, which is 

the resultant of melting and recrystallization rate. This can be explained by invoking argument (ii) 

from section 3.3.2.4. When the heating rate is increased, the time available to the material for 

recrystallization decreases, which shows itself in higher net melting rate. 

The arguments given above are used for melt kinetics modelling. It is assumed that an original 

underlying melting profile, where no recrystallization occurs, exists for the material. This pure 

melt profile is referred to as the ‘master melt curve’. The details of the model and the results are 

explained in the following sections. 
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3.4.1 Prediction of the crystallinity 

From discussions in the previous section, it is inferred that as the heating rate approaches infinity, 

the melt curve gets close to the master melt curve. Since reaching high heating rates is not possible 

using DSC, the results from one of the non-isothermal melting experiments, presented in section 

3.3.1, are used. The crystallization kinetics model, developed in section 3.2, is then used for 

subtracting the recrystallization amount at each time step to obtain the pure melt increment, which 

is the melting increment corresponding to the master melt curve. Here the results from melting at 

7 ℃/min are used and using the crystallization kinetics model and subtracting the recrystallized 

amount at each time step, the pure melting curve is obtained as shown in Figure 3-43. 

 

Figure 3-43 Pure melting and net melting curves for heat up at 7 ℃/min 
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Having the melting increment, corresponding to the master melt curve, the crystallization kinetics 

model is then used for calculation of the recrystallization increment during each time step in an 

arbitrary temperature cycle and therefore the actual degree of crystallinity is updated. Let’s define 

(
𝑑𝑋

𝑑𝑡
)

master
 as rate of crystallization (negative in melting) in the master melt curve. Given that it is 

taken from the results of heating at 7 ℃/min , (
𝑑𝑋

𝑑𝑡
)

master
  can be rewritten as: 

 (
𝑑𝑋

𝑑𝑡
)

master

= (
𝑑𝑋

𝑑𝑇
)

master

. (7 ℃/min) ( 3-13 ) 

 

This way, the time effects related to the 7 ℃/min curve are removed and (
𝑑𝑋

𝑑𝑇
)

master
can be 

considered as a true master curve as shown in Figure 3-44. 
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Figure 3-44 Master melt curve 
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∆𝑋𝑐 = {

𝑑𝑋𝑐
𝑑𝑡

∆𝑡 𝑋 < 𝑋𝑚𝑎𝑥

0 𝑋 = 𝑋𝑚𝑎𝑥

, 

∆𝑋𝑚 = {
(
𝑑𝑋

𝑑𝑇
)

master

∆𝑇 �̇� > 0

0 �̇� ≤ 0

, 

∆𝑋 = ∆𝑋𝑐 + ∆𝑋𝑚, 

𝑋𝑛 = 𝑋𝑛−1 + ∆𝑋 

( 3-14 ) 

 

Using Equation ( 3-14 ), for any arbitrary temperature history, at a temperature 𝑇, the master melt 

curve gives the corresponding 𝑋 value and identifies the melt behaviour if the material is heated 

from that 𝑇 and 𝑋. 

In the next section the predictions using the Equations ( 3-14 ) are compared with the experimental 

results. 

 

3.4.2 Comparison of model predictions and experimental results 

In this section, the model presented in the previous section is used for prediction of crystallinity 

for different melting experiments. Model predictions are compared with experimental results for 

ten different heating rates in Figure 3-45.   
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Figure 3-45 Variation of the crystallinity whilst melting at (a) 1 ℃/min, (b) 2 ℃/min, (c) 3 ℃/min, (d) 

4 ℃/min, (e) 5 ℃/min, (f) 6 ℃/min, (g) 7 ℃/min, (h) 8 ℃/min, (i) 9 ℃/min, (j) 10 ℃/min, model predictions 

and experimental results 

 

It is evident from Figure 3-45 that predicted results and experimental data are in good agreement. 

Model predictions for different heating rates are shown in Figure 3-46. The model is run for some 

higher heating rates including 100 ℃/min, 1000 ℃/min, 10000 ℃/min. It is seen that with 

increasing heating rate, the melt curves asymptotically approach one curve which is in fact the 
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Figure 3-46 Model predicted crystallinity for different heating rates 

 

Predicted results for melting of the material after annealing at 320 ℃ with different hold times are 

compared with experimental data in Figure 3-47. 
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Figure 3-47 Variation of crystallinity for heating at 10 ℃/min subsequent to heating at 10 ℃/min from room 

temperature to 320 ℃ and then isothermal hold for (a) 1 min, (b) 2 min, (c) 3 min, (d) 4 min, (e) 5 min, (f) 

10 min, (g) 1 hour, (h) 10 hour, model predictions and experimental results  
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The results in Figure 3-47 indicate that the model predictions are in reasonable agreement with the 

experimental results. The predicted results for different annealing times at 320 ℃ are compared in 

Figure 3-48. 

 

Figure 3-48 Variation of crystallinity for heating at 10 ℃/min subsequent to heating at 10 ℃/min from room 

temperature to 320 ℃ and then isothermal hold for different annealing times 
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Predicted results for melting of the material after annealing for 10 hours at different temperatures 

are compared with experimental data in Figure 3-49. 

  

  

 

 

 

Figure 3-49 Variation of crystallinity for heating at 10 ℃/min subsequent to heating at 10 ℃/min from room 

temperature and then isothermal hold at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃, model predictions and 

experimental results 

 

Model predicted results and experimental data for cooling-annealing-melting experiments are 

compared in Figure 3-50. 
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Figure 3-50 Variation of crystallinity for heating at 10 ℃/min subsequent to cooling at 10 ℃/min from 380 ℃ 

and then isothermal hold at (a) 300 ℃, (b) 310 ℃, (c) 320 ℃, (d) 330 ℃, model predictions and experimental 

results 

 

The results from both Figure 3-49 and Figure 3-50 indicate that model predictions are acceptable. 

In summary, the ‘master melt curve’ concept introduced in this chapter, along with the presented 

crystallization kinetics model, can be used for prediction of changes in the degree of crystallinity 

during the processing of the material with an arbitrary temperature cycle. Model predictions were 

compared with the experimental measurements for different scenarios and they are in good 

agreement.   
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Chapter 4: Thermo-Viscoelastic Behaviour; Experiments and Model 

Development 

 

In this chapter, stress relaxation experiments and their results are presented for AS4/PEEK, neat 

PEEK, fully cured AS4/8552 and fully cured neat 8552 resin. Temperature dependency of the 

unrelaxed values of the moduli is concluded from the experimental results. A ‘vertical shift factor’ 

is introduced and the master curves of the relaxation moduli are generated. Prony series are fitted 

to the master curves. 

Thermo-elastic behaviour of the polymer in the glassy regime is studied using some load control 

tests on fully cured 8552 resin. 

The integral form constitutive model of Schapery is introduced for creep of thermo-rheologically 

complex materials. The integral is transformed to the differential form and it is shown that it has a 

Kelvin-type mechanical analogue. A stress relaxation-type equivalent of Schapery’s integral is 

proposed based on nonlinear models of Schapery, derived from thermodynamics. The integral is 

converted to the differential form which has a Maxwell-type mechanical analogue. The 

constitutive relations are modified based on the experimental results for the behaviour of material 

in glassy regime. The equations are generalized to three dimensional form for isotropic, 

transversely-isotropic and orthotropic cases. Time integration of equations is carried out and the 

final equations are derived for implementation as a finite element user material (UMAT). 
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4.1 Stress relaxation experiments 

Thermo-viscoelastic characterization was performed via stress relaxation experiments, using a TA 

instrument Q800 DMA machine (Figure 4-1), with 3-Point bending and dual cantilever clamps.  

 

Figure 4-1 TA Instruments Q800 DMA machine 

 

4.1.1 Materials 

Stress relaxation experiments were conducted on specimens made of four different materials. 
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4.1.1.1 TenCate Cetex® TC1200 PEEK AS4 

AS4/PEEK, introduced in section 3.1, was used for making unidirectional laminated panels. The 

panel was made of 16 layers of the unidirectional tape. Processing was performed in a picture 

frame tool assembly using a Wabash hydraulic hot press [128]. The material was heated in an 

oven, close to the hot press,  to 390 ℃ and then consolidated for 6 min in the hot press while the 

temperature of the platens were held constant at 290 ℃. Finally the part was removed from the 

press and naturally cooled to room temperature. Beam samples were cut from the plate such that 

the fibres are in transverse direction. 

 

4.1.1.2 Victrex® PEEK 150P 

Victrex® PEEK 150P [135] powder is used for making DMA beam samples. To the best 

knowledge of the author [136], this is the same PEEK material used in AS4/PEEK. The samples 

were manufactured using an in house developed mini autoclave by Convergent Manufacturing 

Technologies. Material was heated to 390 ℃, under a pressure of 100 psi (pressurized nitrogen) 

and then cooled at 3 ℃/min to 20 ℃. This material is referred to as neat PEEK for the rest of this 

document. 

 

4.1.1.3 Hexcel HexPly® 8552/AS4 

Hexcel HexPly® 8552/AS4 prepreg was used for making fully cured panels. This material is 

referred to as AS4/8552 for the rest of this document. 12 layers of prepreg were used for making 



119 

 

the unidirectional panels. The panel was cured in an autoclave with the following temperature 

cycle: Heating at 2℃/min to 180 ℃, hold for 2 hour and cooling at 3 ℃/min to 20 ℃. Finally it 

was post-cured by heating at 0.5 ℃/min to 220 ℃ and holding isothermal for 30 min. DMA beam 

samples were cut from the panel such that the fibres were in the transverse direction. 

 

4.1.1.4 Hexcel 8552 resin film 

Hexcel 8552 resin film was used for making DMA beam samples. The curing process was 

conducted in the in house made mini autoclave by Convergent Manufacturing Technologies. The 

employed cure cycle was as follows: heating at 5 ℃/min to 110 ℃, isothermal hold for 100 min, 

heating at 0.5 ℃/min to 220 ℃, and isothermal hold for 60 min. This material is referred to as 

fully cured 8552 resin for the rest of this document. 

One example of DMA samples from each material is shown in Figure 4-2. 

  

Figure 4-2 DMA specimens made of (a) AS4/8552 (b) 8552 neat resin (c) AS4/PEEK (d) neat PEEK 

(d) 

(b) (a) 

(c) 
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4.1.2 Methodology 

Beam samples of rectangular cross section were tested in 3-point bending or dual cantilever 

clamps, as shown in Figure 4-3.  

 

Figure 4-3 DMA clamps: 3-Point bending (left), Dual cantilever (right) 

 

 

 

All composite samples were unidirectional and were tested in the transverse direction. Samples 

dimensions and clamps are given in Table 4-1. 
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Table 4-1 DMA samples dimensions and clamps 

Material Sample Length (mm) Width (mm) Thickness (mm) Clamp 

AS4/PEEK A 35 11.62 3.12 Dual cantilever 

AS4/PEEK B 35 11.25 3.09 Dual cantilever 

AS4/PEEK C 35 11.52 3.10 Dual cantilever 

PEEK A 35 9.94 3.04 Dual cantilever 

PEEK B 35 9.80 3.04 Dual cantilever 

AS4/8552 A 50 12.32 2.29 3-point bending 

AS4/8552 B 50 13.21 2.30 3-point bending 

AS4/8552 C 50 12.54 2.30 3-point bending 

8552 A 50 12.63 2.87 3-point bending 

8552 B 50 12.63 2.90 3-point bending 

 

In each stress relaxation experiment, the sample was equilibrated at each temperature followed by 

an isothermal hold for 5 minute. A constant deflection was applied to the beam for 10 minute and 

the force required for keeping this deflection was recorded by the machine. Next the sample was 

equilibrated at another temperature and the mentioned steps were repeated. This procedure 
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continued until the complete desired temperature range was covered. Using the force and 

deflection data and sample dimensions, the modulus of the material was calculated using beam 

theory. The calculated modulus for the composite samples is the transverse modulus, 𝐸2. 

 

4.1.3 Raw data and general interpretations 

4.1.3.1 Test results for AS4/PEEK 

Three AS4/PEEK samples, as given in Table 4-1, were tested. For sample A, the temperature was 

changed from 30 ℃ to 340 ℃. The temperature range for samples B and C was between −50 ℃ 

to 340 ℃. The relaxation moduli versus time at different temperatures are given in Figure 4-4, 

Figure 4-5, and Figure 4-6 for samples A, B and C, respectively. According to the melting rate 

curves in Figure 3-27, the material melts at temperatures higher than approximately 250 ℃. 

Therefore, any relaxation data for temperatures higher than 250 ℃ should be interpreted carefully.  
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Figure 4-4 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/PEEK-Sample A at different temperatures 

 

Figure 4-5 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/PEEK-Sample B at different temperatures 
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Figure 4-6 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/PEEK-Sample C at different temperatures 

 

From test results it is concluded that at all temperatures, the modulus values decrease gradually. 

The decline of the modulus is lower at very low temperatures as well as very high temperatures.  

 

4.1.3.2 Test results for neat PEEK 

Variations of relaxation moduli with time at different temperatures for neat PEEK specimens are 
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300 ℃ are not applicable as the material flows and the beam specimen loses its shape. In contrast, 

for AS4/PEEK, presence of fibres inhibits flowing of the resin and higher temperatures are valid, 

accordingly. 

 

Figure 4-7 Relaxation moduli, 𝑬(𝒕), for PEEK-Sample A at different temperatures 
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Figure 4-8 Relaxation moduli, 𝑬(𝒕), for PEEK-Sample B at different temperatures 

 

4.1.3.3 Test results for fully cured AS4/8552 

Relaxation moduli for three different fully cured AS4/8552 samples at different temperatures are 

shown in Figure 4-9, Figure 4-10, and Figure 4-11. 
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Figure 4-9 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/8552-Sample A at different temperatures 

 

Figure 4-10 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/8552-Sample B at different temperatures 
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Figure 4-11 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/8552-Sample C at different temperatures 

 

For all three samples the temperature was varied between −100 ℃ and 290 ℃. For test results at 

temperatures above 250 ℃, the material might be degraded. 

  

4.1.3.4 Test results for fully cured 8552 resin 

The relaxation modulus test results for fully cured 8552 resin samples are illustrated in Figure 4-12 

and Figure 4-13. 
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Figure 4-12 Relaxation moduli, 𝑬(𝒕), for 8552-Sample A at different temperatures 

 

Figure 4-13 Relaxation moduli, 𝑬(𝒕), for 8552-Sample B at different temperatures 
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Similar to AS4/8552 samples, the temperature was varied between −100 ℃ and 290 ℃.  

 

4.1.4 Generating the master curves 

According to Schwarzl and Staverman [119], if the change of temperature for a linear viscoelastic 

material is equivalent to a shift of logarithmic time scale, the material is called ‘thermo-

rheologically simple’. For such a material, the relaxation moduli data at different temperatures are 

plotted versus log 𝑡. A reference temperature is chosen and moduli curves for other temperatures 

are shifted horizontally such that one smooth curve is created. The resulting curve is the so-called 

‘master curve’ at that reference temperature. The procedure of generating the master curves using 

horizontal shifting in the log 𝑡 space is referred to as ‘time-temperature superposition’ [137]. 

At the molecular level, thermo-rheologically simple behaviour implies that at different 

temperatures, the same sequence of molecular events occurs with different speeds [119]. Another 

interpretation of thermo-rheologically simple behaviour is that all relaxation times of the material 

are affected by the temperature in the same way [137]. One important feature of thermo-

rheologically simple materials is that the initial and long-term values of the moduli, hereafter 

referred to as unrelaxed and relaxed moduli are independent of temperature [138]. 

In this section, applicability of time-temperature superposition is examined for all AS4/PEEK, 

PEEK, fully cured AS4/8552 and fully cured 8552 samples and a procedure is proposed for 

generation of the master-curves. 
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4.1.4.1 Master curves for AS4/PEEK 

In this section, the procedure of generating the master curve for transverse modulus, 𝐸2, of 

AS4/PEEK-sample C is explained. The variation of relaxation modulus at different temperatures 

for AS4/PEEK-sample C are displayed in Figure 4-14, in logarithmic-logarithmic scale. 

 

Figure 4-14 Relaxation moduli, 𝑬𝟐(𝒕), for AS4/PEEK-Sample C at different temperatures, in logarithmic-

logarithmic scale 
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temperature in Figure 4-15. The first data point at each temperature is collected at 6.98 seconds, 

subsequent to application of the deflection. Such a graph is called the ‘isochronous curve’ at 

6.98 second, 𝐸2(𝑡 = 6.98 s). 

 

Figure 4-15 Isochronous moduli at 𝟔. 𝟗𝟖 s, 𝑬𝟐(𝟔. 𝟗𝟖 s), for AS4/PEEK-Sample C 
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temperatures. It is seen later that this approach results in a smooth master curve. The unrelaxed 

modulus, 𝐸2
𝑢(𝑇), is shown in Figure 4-16. 

 

Figure 4-16 Isochronous moduli at 𝟔. 𝟗𝟖 s and unrelaxed modulus, 𝑬𝟐
𝒖(𝑻), for AS4/PEEK-Sample C 
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 𝑎𝐹(𝑇) =
𝐸𝑢(𝑇)

𝐸𝑢(𝑇𝑟𝑒𝑓)
 ( 4-1 ) 

 

The relaxation modulus values at each temperature, 𝐸(𝑡, 𝑇), are normalized as 

 𝐸𝑁(𝑡, 𝑇) =
𝐸(𝑡, 𝑇)

𝑎𝐹(𝑇)
 ( 4-2 ) 

 

The normalized values of modulus, obtained using Equation ( 4-2 ), are displayed in Figure 4-17. 

 

Figure 4-17 Normalized relaxation moduli, 𝑬𝟐
𝑵, for AS4/PEEK-Sample C at different temperatures, in 

logarithmic-logarithmic scale 
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Next, these normalized moduli are horizontally shifted in the logarithmic time space and the master 

curve is generated which is shown in Figure 4-18. 

 

Figure 4-18 Master curve of relaxation modulus, 𝑬𝟐(𝒕), for AS4/PEEK-Sample C at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 

 

The generated master curve in Figure 4-18 is smooth which confirms that the proposed procedure 

is satisfactory. It is evident from the graph that the results corresponding to temperatures higher 

than the reference temperature are horizontally shifted to the right, and the results related to 

temperatures lower than the reference temperature and shifted to the left. The extent of horizontal 

shifting in the logarithmic time space at each temperature is log 𝑎𝑇(𝑇) where 𝑎𝑇(𝑇) is defined as 
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the ‘horizontal shift factor’. The horizontal and vertical shift factors used for generating the master 

curve in Figure 4-18 are displayed in Figure 4-19 and Figure 4-20. 

 

Figure 4-19 Horizontal shift factor of relaxation modulus, 𝑬𝟐(𝒕), for AS4/PEEK-Sample C at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 
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Figure 4-20 Vertical shift factor of relaxation modulus, 𝑬𝟐(𝒕), for AS4/PEEK-Sample C at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 

  

Following the same procedure, master curves are generated for samples A and B. The master 

curves for three samples A, B and C are compared in Figure 4-21. 
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Figure 4-21 Master curves of relaxation modulus, 𝑬𝟐(𝒕), for AS4/PEEK samples at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 

 

It is evident from Figure 4-21 that the master curves for the three samples are in good agreement. 

Also horizontal shift factors and vertical shift factors for the three samples are compared in Figure 

4-22 and Figure 4-23. The results for the three samples are consistent. The discontinuity, observed 

in the vertical shift factors, is because of a minor increase in the unrelaxed moduli, right before the 

relaxation (Figure 4-15 and Figure 4-16). 
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Figure 4-22 Horizontal shift factor of relaxation modulus, 𝑬𝟐(𝒕), for AS4/PEEK samples at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 

 

Figure 4-23 Vertical shift factor of relaxation modulus, 𝑬𝟐(𝒕), for AS4/PEEK samples at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 
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4.1.4.2 Master curves for neat PEEK 

The isochronous curves at 6.98 second, 𝐸(𝑡 = 6.98 s), and the unrelaxed modulus for two neat 

PEEK samples are given in Figure 4-24 . 

  

 

 

 

Figure 4-24 Isochronous moduli at 𝟔. 𝟗𝟖 s and unrelaxed modulus, 𝑬𝒖(𝑻), for neat PEEK (a) Sample A (b) 

Sample B 

 

Similar to the case of AS4/PEEK samples, the reference temperature is chosen to be 140 ℃. 

Employing the vertical shift factors as defined by Equation ( 4-1 ), the relaxation moduli are 

normalized using Equation ( 4-2 ). Next the normalized moduli are horizontally shifted in the 

logarithmic time space and the master curves are generated. The master curves for two samples 

are given in Figure 4-25. The horizontal and vertical shift factors are displayed in Figure 4-26. The 

results for two samples are consistent. 
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Figure 4-25 Master curves of relaxation modulus, 𝑬(𝒕), for neat PEEK samples at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 

  

 

 

 

Figure 4-26 (a) Horizontal shift factor (b) Vertical shift factor of relaxation modulus, 𝑬(𝒕), for PEEK samples 

at 𝑻𝒓𝒆𝒇 = 𝟏𝟒𝟎 ℃ 
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4.1.4.3 Master curves for fully cured AS4/8552 

Similar to the previous cases, the isochronous modulus curve, 𝐸2(𝑡 = 6.98 s), and the unrelaxed 

moduli, 𝐸2
𝑢(𝑇), for three AS4/8552 samples are given in Figure 4-27. 

  

 

 

 

 

 

Figure 4-27 Isochronous moduli at 𝟔. 𝟗𝟖 s and unrelaxed modulus, 𝑬𝟐
𝒖(𝑻), for neat AS4/8552 (a) Sample A 

(b) Sample B (c) Sample C 
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horizontally in the logarithmic time space and the master curves are generated as presented in 

Figure 4-28. 

 

Figure 4-28 Master curves of relaxation modulus, 𝑬𝟐(𝒕), for AS4/8552 samples at 𝑻𝒓𝒆𝒇 = 𝟐𝟎𝟎 ℃ 

 

The horizontal and vertical shift factors are given in Figure 4-29. 
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Figure 4-29 (a) Horizontal shift factor (b) Vertical shift factor of relaxation modulus, 𝑬𝟐(𝒕), for AS4/8552 

samples at 𝑻𝒓𝒆𝒇 = 𝟐𝟎𝟎 ℃ 

 

The results for the three samples are in good agreement. 

 

4.1.4.4 Master curves for fully cured 8552 resin 

The isochronous modulus curve, 𝐸(𝑡 = 6.98 s), and the unrelaxed moduli, 𝐸𝑢(𝑇), for two fully 

cured 8552 resin samples are shown in Figure 4-30. 
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Figure 4-30 Isochronous moduli at 𝟔. 𝟗𝟖 s and unrelaxed modulus, 𝑬𝒖(𝑻), for fully cured 8552 resin (a) 

Sample A (b) Sample B 

 

Similar to the cases for AS4/8552, the reference temperature is chosen as 𝑇𝑟𝑒𝑓 = 200 ℃. The shift 

factors are calculated using Equation ( 4-1 ) and the moduli are normalized with the application of 

Equation ( 4-2 ). Shifting the normalized moduli in the logarithmic time space results in the master 

curves, as presented in Figure 4-31. Also the horizontal and vertical shift factors are given in Figure 

4-32. All results for the two samples are consistent. 

 

Figure 4-31 Master curves of relaxation modulus, 𝑬(𝒕), for fully cured 8552 resin samples at 𝑻𝒓𝒆𝒇 = 𝟐𝟎𝟎 ℃ 
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Figure 4-32 (a) Horizontal shift factor (b) Vertical shift factor of relaxation modulus, 𝑬(𝒕), for fully cured 

8552 resin samples at 𝑻𝒓𝒆𝒇 = 𝟐𝟎𝟎 ℃ 

 

4.1.5 Fitting Prony series 

Subsequent to generating the master curves for relaxation modulus, the next step is expressing the 

modulus using a mathematical function, such as a Prony series: 
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𝑖=1

 ( 4-3 ) 

 

In order to fit Prony series to the experimental data, a regression algorithm may be used. If all 

parameters in Equation ( 4-3 ), i.e. 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's are unknown (see [139]), a nonlinear regression 

algorithm should be employed (see [140]). An alternative approach is choosing the relaxations 

times, 𝜏𝑖's, in advance and then using a linear regression algorithm for finding 𝐸𝑒 and 𝐸𝑖's (see 

[141]-[144]). The relaxation times are usually chosen as uniformly spaced in the logarithmic time 
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space. In this section, the linear regression algorithm is adopted from the work of Zobeiry [69] and 

a Prony series of the form of Equation ( 4-3 ) is fitted to the master curves generated in section 

4.1.4. The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for all cases are tabulated and the results are compared with 

the experimental data in the following sections. 

 

4.1.5.1 Prony series for AS4/PEEK master curves 

Fitted Prony series with 𝑁 = 36 and 𝑁 = 10 elements are compared with experimental master 

curve AS4/PEEK, sample A, in Figure 4-33.  

  
Figure 4-33 AS4/PEEK-Sample A-Master curves and fitted Prony series 

 

Figure 4-33 shows that the Prony series with 𝑁 = 36 terms results in a smooth curve which fits 

very well to the data. Considering that the computation effort is increased by increasing the number 

of Prony terms in a finite element code, it is advantageous to reduce the number of Prony terms. It 

is clear from Figure 4-33 that the Prony series with 𝑁 = 10 does not create an as smooth curve, 
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however, the absolute values of the predicted moduli may be accurate enough for analysis. The 

results for samples B and C are presented in Figure 4-34 Figure 4-35. 

 

  
Figure 4-34 AS4/PEEK-Sample B-Master curves and fitted Prony series 

 

  
Figure 4-35 AS4/PEEK-Sample C-Master curves and fitted Prony series 

 

The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for all fitted Prony series are given in Appendix A  . 
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4.1.5.2 Prony series for neat PEEK master curves 

Prony series are fitted to the experimental master curves for neat PEEK samples. The results are 

displayed in Figure 4-36 and Figure 4-37. 

  
Figure 4-36 Neat PEEK-Sample A-Master curves and fitted Prony series 

  
Figure 4-37 Neat PEEK-Sample B-Master curves and fitted Prony series 
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It is noticeable from Figure 4-36 and Figure 4-37 that increasing the number of Prony terms results 

in higher smoothness in fitted curves. The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for all fitted Prony series 

are given in Appendix A  . 

 

4.1.5.3 Prony series for fully cured AS4/8552 master curves 

Fitted Prony series are plotted along with the experimental master curves for three fully cured 

AS4/8552 samples in Figure 4-38, Figure 4-39 and Figure 4-40. Similar to previous cases, 

smoother curves are obtained with higher number of Prony terms.  

  
Figure 4-38 AS4/8552-Sample A-Master curves and fitted Prony series 
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Figure 4-39 AS4/8552-Sample B-Master curves and fitted Prony series 

  
Figure 4-40 AS4/8552-Sample C-Master curves and fitted Prony series 

 

The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for all fitted Prony series are given in Appendix A  . 
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4.1.5.4 Prony series for fully cured 8552 resin master curves 

Prony series are fitted to the master curves for fully cured 8552 resin samples. The results are 

presented in Figure 4-41 and Figure 4-42. The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for all fitted Prony 

series are given in Appendix A  . 

 

  
Figure 4-41 8552 resin-Sample A-Master curves and fitted Prony series 

  
Figure 4-42 8552 resin-Sample B-Master curves and fitted Prony series 
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4.2 Thermo-elastic behaviour in the glassy regime 

In section 4.1.4, it was shown that the unrelaxed moduli for all samples were temperature 

dependent. In this section, the nature of temperature dependence of unrelaxed moduli, 𝐸𝑢(𝑇), is 

studied. More specifically it is desired to investigate if the stress is proportional to strain (elastic 

behaviour) or the rate of stress is proportional to the rate of strain (hypo-elastic behaviour). The 

elastic behaviour in the uni-axial form is stated as 

 𝜎 = 𝐸𝑢(𝑇)𝜖 ( 4-4 ) 

 

The uni-axial hypo-elastic constitutive model [145] is expressed as 

 �̇� = 𝐸𝑢(𝑇)𝜖̇ ( 4-5 ) 

 

Let us consider the curve for bond energy as a function of bond length for atomic materials such 

as metals, as shown schematically in Figure 4-43. Elastic deformation in metals is due to increasing 

the average separation of atoms. On the other hand, when the temperature is increased, due to the 

effects of thermal expansion, the average separation of atoms increases. Therefore, thermal 

expansion and change of elastic modulus as a result of change of temperature are two coupled 

phenomena. 
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Figure 4-43 Bond energy as a function of bond length in an atomic structure 

 

In a glassy polymer, the covalent bond between two carbon atoms is very stiff, such that both bond 

length and bond angle are fixed. Deformation of glassy polymers, subjected to an external load is 

due to rotation of chain segments around the carbon-carbon bond. The elastic behaviour in glassy 

polymers is resisted by intramolecular and intermolecular energy barriers. On the other hand, 

thermal expansion in polymers is due to increasing the average separation of molecular chains and 

is resisted by weak van der Waals bonds. Therefore, there is no significant coupling between the 

elastic moduli and thermal expansion of glassy polymers. 
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As explained above,  a change of temperature results in two different effects in the material; 

thermal expansion/shrinkage and change of stiffness. Therefore, in order to inspect the nature of 

temperature dependence of the modulus, thermal expansion effects should be subtracted. 

Let us consider a bar in a tensile test setup, as sketched in Figure 4-44. A load is applied to the  

 

Figure 4-44 Bar under a constant load subjected to a change of temperature 

 

bar and kept constant during the experiment. If the temperature is increased, due to thermal 

expansion effects (CTE effects), the length of the bar increases. At the same time, some softening 

occurs in the material which may contribute to more length increase. Therefore the resulting net 

length increase is due to contribution of two different causes. Similarly, if the temperature is 

Decreasing Temperature Increasing Temperature
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decreased, there is some contraction due to CTE effects. Similarly, stiffening of the material may 

cause some length reduction. The net length decrease is due to a combination two different effects. 

In order to uncouple the thermal expansion effects, a 3-point bending setup in the DMA machine 

is employed.   

 

Figure 4-45 Beam specimen in 3-point bending setup, subjected to a change of temperature 

 

If the temperature is changed without applying any load to the sample (in practice a small load, in 

the order of 0.001~0.01 N is applied to ensure the probe keeps contact with the sample during the 

experiment), the position of the probe changes due to thermal expansion effects, as shown in Figure 

4-45. The DMA software reports this as some mid-point deflection in the beam sample. With this 

explanation, the sample is once tested under a constant load, with some arbitrary temperature 
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profile, and then the test is repeated with the same temperature profile with no load. Subtracting 

the beam mid-point deflection, measured during the two tests, the deflection due to change in the 

modulus is obtained. A further complementary constant frequency DMA test is performed on the 

sample, with the same temperature profile, for measuring the modulus as a function of temperature. 

  

4.2.1 Thermo-elastic experiments on the steel sample 

A steel sample was tested initially as a benchmark in order to validate the test method. Sample 

dimensions are given in Table 4-2.  

 

Table 4-2 Steel sample dimensions 

Material Length (mm) Width (mm) Thickness (mm) 

Steel 50.00 12.62 0.51 

 

The sample temperature was equilibrated at 200 ℃. A constant force of 15 N was applied and the 

sample was cooled to −100 ℃ at the cooling rate of 2 ℃/min. The force was removed and the 

temperature was held constant for 30 min. Next the constant load of 15 N was applied once again 

and the sample was heated at the rate of 2 ℃/min to 200 ℃. The experiment was repeated with 

the same temperature profile and the force was kept constant at 0.01 N. The difference between 

the deflections, measured during the two experiments is the pure deflection due to the application 
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of the force, hereafter referred to as the ‘mechanical deflection’. The total deflection, the deflection 

due to thermal expansion/shrinkage and the mechanical deflection for cooling and heating 

experiments are presented in Figure 4-46. 

  

 

 

 

Figure 4-46 Total deflection, deflection due to thermal expansion/shrinkage, mechanical deflection and 

temperature profile for (a) cooling (b) heating experiments for steel 

 

It is noticeable from Figure 4-46 that in the cooling and heating experiments, the deflection due to 

CTE is increasing and decreasing, respectively. This indicates that the thickness of the sample is 

decreasing during the cooling experiment and it is increasing during the heating experiment, as 

expected.  The change in the modulus of the sample, during the cooling and heating, measured 

independently using a constant frequency DMA experiment is displayed in Figure 4-47. 
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Figure 4-47 Modulus of steel sample in (a) cooling (b) heating 

It is recognized from Figure 4-47 that the modulus of the steel sample varies between 202 GPa 

and 187 GPa, when the temperature changes between −100 ℃ and 200 ℃, in both cooling and 

heating experiments.  According to Frost and Ashby [146], when the temperature is changed from 

200 ℃ to −100 ℃, the elastic modulus of stainless steel changes from 190 GPa to 218 GPa 

(actual data is provided for shear modulus). Considering different experimental methods, these 

numbers are consistent. 

Subtracting the deflection due to thermal expansion/shrinkage from the total deflection, the 

mechanical deflection  is obtained and plotted along with the modulus for both cooling and heating 

tests in Figure 4-48. 
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Figure 4-48 Mechanical deflection and modulus as a function of temperature for steel sample in (a) cooling 

(b) heating 

 

Figure 4-48 shows that as the modulus is increased, the mechanical deflection is decreased. This 

is an important observation. Stiffening or softening of the steel sample, subjected to a constant 

load, contributes to the mechanical deflection of the sample.  

The product of the normalized values of modulus and mechanical deflection, Modulus 

× Mechanical Deflection (normalized), during cooling and heating experiments are shown in 

Figure 4-49. 
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Figure 4-49 Modulus × Mechanical Deflection (normalized) for steel sample in (a) cooling (b) heating 

 

It is concluded from Figure 4-49 that Modulus × Mechanical Deflection (normalized), stays 

constant in both cooling and heating experiments, during the test. From solid mechanics (e.g. see 

[147]), for a linear elastic Euler-Bernoulli beam, in a 3-point bending test, and with length 𝐿, width 

𝑏, and depth ℎ, under the load 𝑃, the mid-span deflection, 𝛿, is calculated as 

 𝛿 =
𝑃𝐿3

48𝐸𝐼
 ( 4-6 ) 

 

In Equation ( 4-6 ), 𝐼 is the second moment of area and for a rectangular cross section is obtained 

as 

 𝐼 =
𝑏ℎ3

12
 ( 4-7 ) 
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Equation ( 4-6 ) may be rewritten as 

 𝐸𝛿 =
𝑃𝐿3

48𝐼
 ( 4-8 ) 

 

For a constant load experiment, the right hand side of Equation ( 4-8 ), is a constant, i.e., 

 𝐸𝛿 = const. ( 4-9 ) 

 

From Figure 4-49, it is seen that Equation ( 4-9 ) is valid, which implies that for the steel sample, 

during both cooling and heating experiments, the following equation is valid: 

 𝛿(𝑇) =
𝑃𝐿3

48𝐸(𝑇)𝐼
 ( 4-10 ) 

 

From Equation ( 4-10 ), it is concluded that the material behaviour for a steel sample, during both 

cooling and heating experiments, is linear elastic and the constitutive relation is 

 𝜎 = 𝐸(𝑇)𝜖 ( 4-11 ) 

 

Now that the test method is validated, it is used in the next section for studying the behaviour of a 

polymer material in the glassy regime.   
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4.2.2 Thermo-elastic experiments on the fully cured 8552 resin sample 

In this section, the procedure used for the steel sample in section 4.2.1 is repeated for a fully cured 

8552 resin sample. The sample dimensions are given in Table 4-3. 

 

Table 4-3 Fully cured 8552 resin sample 

Material Length (mm) Width (mm) Thickness (mm) 

Fully cured 8552 resin 50.00 12.46 3.38 

 

The results from the constant frequency DMA experiment, conducted on the sample in the 

temperature range between −100 ℃ to 100 ℃ are presented in Figure 4-50. 
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Figure 4-50 Storage modulus of fully cured 8552 resin 

 

Because of the shape of the modulus curve, the constant load experiments were performed in two 

different temperature ranges; between −100 ℃ to −10 ℃, and between −10 ℃ to 100 ℃. 

In each test, the sample temperature was equilibrated at the higher temperature (−10 ℃  or 

100 ℃). A constant load of 10 N was applied and the sample was cooled at 2 ℃/min to the lower 

temperature (−100 ℃  or −10 ℃). The load was removed and the temperature was held constant 

for 30 min. Subsequently, the load of 10 N was reapplied and the sample was heated at 2 ℃/min 

to the higher temperature (−10 ℃  or 100 ℃). The experiments were repeated with a small load 

of 0.01 N and with the same temperature profile to capture the deflection of the sample due to 

thermal expansion/shrinkage. The total deflection and the deflection due to thermal 
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shrinkage/expansion during cooling and heating experiments, in two temperature ranges are given 

in Figure 4-51 and Figure 4-52. 

  

 

 

 

 

Figure 4-51 Total deflection and deflection due to thermal expansion/shrinkage and temperature profile for 

(a) cooling (b) heating experiments for fully cured 8552 resin between −𝟏𝟎𝟎 ℃ and −𝟏𝟎 ℃ 

  

 

 

 

Figure 4-52 Total deflection and deflection due to thermal expansion/shrinkage and temperature profile for 

(a) cooling (b) heating experiments for fully cured 8552 resin between −𝟏𝟎 ℃ and 𝟏𝟎𝟎 ℃ 

 

From Figure 4-51 and Figure 4-52, it is recognized that for both temperature ranges, during cooling 

and heating, total deflection and deflection due to thermal expansion/shrinkage follow the same 

trend. 
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Subtracting the deflection due to thermal expansion/shrinkage from the total deflection, the 

deflection due to load (mechanical deflection) is obtained. The results are presented in Figure 4-53 

and Figure 4-54. 

  

 

 

 

 

Figure 4-53 Mechanical deflection and temperature profile for (a) cooling (b) heating experiments for fully 

cured 8552 resin between −𝟏𝟎𝟎 ℃ and −𝟏𝟎 ℃ 

 

  

 

 

 

Figure 4-54 Mechanical deflection and temperature profile for (a) cooling (b) heating experiments for fully 

cured 8552 resin between −𝟏𝟎 ℃ and 𝟏𝟎𝟎 ℃ 
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From the results in Figure 4-53 and Figure 4-54, it is concluded that for both temperature ranges 

and during cooling and heating, change of modulus does not cause any change in the deflection 

and the mechanical deflection is constant. To express this behaviour mathematically, uniaxial 

Hooke’s law (Equation ( 4-11 )) is rewritten in rate form as 

 �̇� =
𝑑[𝐸(𝑇)𝜖]

𝑑𝑡
= 𝐸(𝑇)𝜖̇ + �̇�(𝑇)𝜖 ( 4-12 ) 

 

Since the change of modulus does not contribute to the deflection, the second term on the right 

hand side of Equation ( 4-12 ) is dismissed and therefore the constitutive relation is expressed as 

 �̇� = 𝐸(𝑇)𝜖̇ ( 4-13 ) 

 

Equation ( 4-13 ) suggests that the material behaviour of fully cured 8552 resin in the investigated 

temperature region is hypo-elastic [145]. The thermo-viscoelastic constitutive relations in the 

following section are modified to take into account this behaviour. 

 

4.3 One-dimensional constitutive relations for thermo-rheologically complex materials 

As explained in 2.3, Schapery introduced two different types of thermo-rheologically complex 

materials. He designated a composite material composed of thermo-rheologically simple materials 
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with different shift factors as TCM-1. Also he defined TCM-2 as a material whose uniaxial 

behaviour in terms of creep can be described by the following equation 

 𝜖𝑥 = 𝐷𝐼𝜎𝑥 +∫𝛥𝐷(𝜉 − 𝜉
′)
𝑑

𝑑𝑡′
(
𝜎𝑥(𝑡

′)

𝑎𝐺
)𝑑𝑡′

𝑡

0

 ( 4-14 ) 

 

Equation ( 4-14 ) has been derived using irreversible thermodynamics [148]. In Eq.3, 𝐷𝐼 = 𝐷𝐼(𝑇) 

is the initial value of creep compliance and it can be shown that 𝑎𝐺 is a vertical shift factor for 𝛥𝐷, 

𝜉 = 𝜉(𝑡) = ∫ 𝑑𝜏 𝑎𝑇⁄
𝑡

0
, 𝜉′ = 𝜉(𝑡′) = ∫ 𝑑𝜏 𝑎𝑇⁄

𝑡′

0
, 𝜉 is called the “effective time” or “reduced time” 

and 𝑎𝑇 is the temperature shift factor. According to Schapery [148], Equation ( 4-14 ) can be used 

for both composite and monolithic materials. 

PEEK, which is a semi-crystalline thermoplastic polymer, and also 8552 resin which is a thermoset 

should be thermo-rheologically complex according to the discussions given by Schwarzl and 

Staverman [119].  

From the test results we observe that the limiting values of the modulus (relaxed and unrelaxed 

modulus) are temperature dependent which is another manifestation of thermo-rheologically 

complex behaviour. The constitutive equation given in Equation ( 4-14 ) is an appropriate model 

for capturing the behaviour of such a material. This model can be converted to the differential form 

by approximating 𝛥𝐷 by a Prony series as 
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 𝛥𝐷(𝑡) = 𝛥𝐷(0) +∑𝐷𝑖(1 − 𝑒
−𝑡 𝜏𝑖⁄ )

𝑁

𝑖=1

=∑𝐷𝑖(1 − 𝑒
−𝑡 𝜏𝑖⁄ )

𝑁

𝑖=1

 ( 4-15 ) 

 

From definition of “reduced time”, 𝜉′, and using Leibniz rule for differentiation we have 

 
𝑑𝜉′

𝑑𝑡′
=

𝑑

𝑑𝑡′
(∫ 𝑑𝜏 𝑎𝑇⁄

𝑡′

0

) =
1

𝑎𝑇(𝑡′)
 ( 4-16 ) 

 

Therefore, 

 
𝑑

𝑑𝑡′
=

1

𝑎𝑇(𝑡′)

𝑑

𝑑𝜉′
       and      𝑑𝑡′ = 𝑎𝑇(𝑡

′)𝑑𝜉′ ( 4-17 ) 

 

Using Equation ( 4-17 ), Equation ( 4-14 ) is rewritten as 

 𝜖𝑥 = 𝐷𝐼𝜎𝑥 +∫𝛥𝐷(𝜉 − 𝜉
′)
𝑑

𝑑𝜉′
(
𝜎𝑥(𝜉

′)

𝑎𝐺
)𝑑𝜉′

𝜉

0

 ( 4-18 ) 

 

Carrying out the integration by parts 
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 𝜖𝑥 = 𝐷𝐼𝜎𝑥 −∫
𝜕𝛥𝐷(𝜉 − 𝜉′)

𝜕𝜉′
(
𝜎𝑥(𝜉

′)

𝑎𝐺
)𝑑𝜉′

𝜉

0

+ 𝛥𝐷(0)
𝜎𝑥(𝜉)

𝑎𝐺
− 𝛥𝐷(𝜉)

𝜎𝑥(0)

𝑎𝐺
 ( 4-19 ) 

 

We assume the material is at rest at time zero and the initial compliance is 𝐷𝐼 which means 𝜎𝑥(0) =

0 and 𝛥𝐷(0) = 0. Therefore Equation ( 4-19 ) reduces to 

 𝜖𝑥 = 𝐷𝐼𝜎𝑥 −∫
𝜕𝛥𝐷(𝜉 − 𝜉′)

𝜕𝜉′
(
𝜎𝑥(𝜉

′)

𝑎𝐺
)𝑑𝜉′

𝜉

0

 ( 4-20 ) 

Substituting from Equation ( 4-15 ) into Equation ( 4-20 ) yields 

 𝜖𝑥 = 𝐷𝐼𝜎𝑥 +∑∫
𝐷𝑖
𝜏𝑖
𝑒−(𝜉−𝜉

′) 𝜏𝑖⁄
𝜎𝑥(𝜉

′)

𝑎𝐺
𝑑𝜉′

𝜉

0

𝑁

𝑖=1

 ( 4-21 ) 

 

Next we define the state variable 𝑞𝑖(𝜉) as [149]   

 𝑞𝑖(𝜉) = ∫
𝐷𝑖
𝜏𝑖
𝑒−(𝜉−𝜉

′) 𝜏𝑖⁄
𝜎𝑥(𝜉

′)

𝑎𝐺
𝑑𝜉′

𝜉

0

 ( 4-22 ) 

 

From Equation ( 4-22 ), Equation ( 4-21 ) is rewritten as  
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 𝜖𝑥 = 𝐷𝐼𝜎𝑥 +∑𝑞𝑖

𝑁

𝑖=1

 ( 4-23 ) 

 

Also using Leibniz rule for differentiation and Equation ( 4-22 )    

 

𝑑𝑞𝑖(𝜉)

𝑑𝜉
= ∫

𝜕

𝜕𝜉
[
𝐷𝑖
𝜏𝑖
𝑒−(𝜉−𝜉

′) 𝜏𝑖⁄
𝜎𝑥(𝜉

′)

𝑎𝐺
] 𝑑𝜉′

𝜉

0

+
𝐷𝑖
𝜏𝑖
𝑒−(𝜉−𝜉) 𝜏𝑖⁄

𝜎𝑥(𝜉)

𝑎𝐺

=
−1

𝜏𝑖
∫
𝐷𝑖
𝜏𝑖
𝑒−(𝜉−𝜉

′) 𝜏𝑖⁄
𝜎𝑥(𝜉

′)

𝑎𝐺
𝑑𝜉′

𝜉

0

+
𝐷𝑖
𝜏𝑖

𝜎𝑥(𝜉)

𝑎𝐺
 

( 4-24 ) 

 

or 

 

𝑑𝑞𝑖(𝜉)

𝑑𝜉
+
𝑞𝑖(𝜉)

𝜏𝑖
=
𝐷𝑖
𝜏𝑖

𝜎𝑥(𝜉)

𝑎𝐺
,             𝑖 = 1,2, … ,𝑁 

 

( 4-25 ) 

 

Equations ( 4-23 ) and ( 4-25 ) are the governing equations of a generalized Kelvin-Voigt model, 

where 𝑞𝑖 is the strain in the 𝑖𝑡ℎ Kelvin element, as shown in Figure 4-55. 
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Figure 4-55 Generalized Kelvin-Voigt Model, mechanical analogue for Equations ( 4-23 ) and ( 4-25 ) 

 

Equation ( 4-14 ) can be generalized and in a similar way converted to differential form for the 

cases of an isotropic material in 3D and also transversely isotropic material in 3D. 

The resulting differential constitutive equations can be written in incremental form using a time 

integration scheme and then implemented in a UMAT. Since in Equation ( 4-23 ), strain is 

expressed as a function of stress, an iterative method such as Newton-Raphson is required for 

determining the increment of stress at the end of each time step (see [150]). 

As mentioned previously, implementation of Kelvin type constitutive equations in a UMAT needs 

iteration. Maxwell type constitutive equations are therefore more desirable due to higher 

computational efficiency. 

Based on nonlinear viscoelastic constitutive equations of Schapery [151] we may write the 

equivalent stress relaxation form of Equation ( 4-14 ) as 
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 𝜎𝑥 = 𝐸𝑒𝜖𝑥 + 𝑎𝐹∫𝛥𝐸(𝑡 − 𝑡
′)
𝑑𝜖𝑥
𝑑𝑡′

𝑑𝑡′
𝑡

0

 ( 4-26 ) 

 

In Equation ( 4-26 ), 𝐸𝑒 = 𝐸𝑒(𝑇) is the final (relaxed) value of relaxation modulus and it can be 

shown that 𝑎𝐹 is a vertical shift factor for 𝛥𝐸. Similar to the procedure used for deriving Equation 

( 4-18 ), we may rewrite Equation ( 4-26 ) as 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 + 𝑎𝐹∫𝛥𝐸(𝜉 − 𝜉
′)
𝑑𝜖𝑥
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( 4-27 ) 

 

where 𝜉 = 𝜉(𝑡) = ∫ 𝑑𝜏 𝑎𝑇⁄
𝑡

0
, 𝜉′ = 𝜉(𝑡′) = ∫ 𝑑𝜏 𝑎𝑇⁄

𝑡′

0
. 

Next we approximate 𝐸(𝜉) by a Prony series 

 𝐸(𝜉) = 𝐸𝑒 +∑𝐸𝑖𝑒
−
𝜉
𝜏𝑖

𝑁

𝑖=1

 ( 4-28 ) 

 

From Equation ( 4-28 ) it is obvious that 

 lim
𝜉→∞

𝐸(𝜉) = 𝐸𝑒 ( 4-29 ) 
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and 

 Δ𝐸(𝜉 − 𝜉′) = 𝐸(𝜉 − 𝜉′) − 𝐸𝑒 =∑𝐸𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖

𝑁

𝑖=1

 ( 4-30 ) 

 

Substituting from Equation ( 4-30 ) into Equation ( 4-27 ) we have 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 +∑(𝑎𝐹∫𝐸𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁

𝑖=1

 ( 4-31 ) 

 

Now we define the state variables 𝑞𝑖′𝑠 [149] as 

 𝑞𝑖(𝜉) = 𝑎𝐹∫𝐸𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

𝑑𝜉′

𝜉

0

,                𝑖 = 1,2… ,𝑁 ( 4-32 ) 

 

Therefore from Equations ( 4-31 ) and ( 4-32 ) we have 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 +∑𝑞𝑖

𝑁

𝑖=1

 ( 4-33 ) 
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Also, using Leibniz rule for differentiation from Equation ( 4-32 ) we obtain 

 

𝑑𝑞𝑖(𝜉)

𝑑𝜉
= −

𝑎𝐹
𝜏𝑖
∫𝐸𝑖𝑒

−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹𝐸𝑖
𝑑𝜖𝑥
𝑑𝜉

 

              = −
𝑞𝑖(𝜉)

𝜏𝑖
+ 𝑎𝐹𝐸𝑖

𝑑𝜖𝑥
𝑑𝜉

,                𝑖 = 1,2… ,𝑁 

( 4-34 ) 

 

Therefore, 

 
𝑑𝑞𝑖(𝜉)

𝑑𝜉
+
𝑞𝑖(𝜉)

𝜏𝑖
= 𝑎𝐹𝐸𝑖

𝑑𝜖𝑥
𝑑𝜉

,                    𝑖 = 1,2… ,𝑁 ( 4-35 ) 

 

From Equations ( 4-33 ) and ( 4-35 ) we conclude that 𝑞𝑖 can be interpreted as stress of the 𝑖𝑡ℎ 

Maxwell element in a Maxwell chain as shown in Figure 4-56. 
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Figure 4-56 Maxwell Chain, mechanical analogue for Equations ( 4-33 ) and ( 4-35 ) 

 

From the analogue model in Figure 4-56, the initial (unrelaxed) value of the modulus can be written 

as 

 𝐸𝐼(𝑇) = 𝐸𝑒(𝑇) + 𝑎𝐹(𝑇)∑𝐸𝑖

𝑁

𝑖=1

 ( 4-36 ) 

 

According to our experiments for studying the thermo-elastic behaviour of a cured epoxy polymer 

in the glassy regime (see section 4.2), the material behaviour is hypo-elastic, i.e., 
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 �̇�𝑥 = 𝐸𝐼𝜖�̇� ( 4-37 ) 

 

Substituting from Equation ( 4-36 ) into ( 4-37 ) results in 

 �̇�𝑥 = (𝐸𝑒(𝑇) + 𝑎𝐹(𝑇)∑𝐸𝑖

𝑁

𝑖=1

) 𝜖�̇� = 𝐸𝑒(𝑇)𝜖�̇� +∑𝑎𝐹(𝑇)𝐸𝑖

𝑁

𝑖=1

𝜖�̇� = �̇�𝑒 +∑�̇�𝑖

𝑁

𝑖=1

 ( 4-38 ) 

 

where 

 �̇�𝑒 = 𝐸𝑒(𝑇)𝜖�̇�             and               �̇�𝑖 = 𝑎𝐹𝐸𝑖(𝑇)𝜖�̇�,                    𝑖 = 1,2… ,𝑁 ( 4-39 ) 

 

Equation ( 4-39 ) implies that each of the springs in the Maxwell chain in Figure 4-56 is 

instantaneously linear elastic (hypo-elastic). 

So far it is assumed that all strains are mechanical strains (strains due to stresses). Now we will 

consider the effects of free strains as well. 

 

4.3.1 Effect of free strains 

Let us consider the one dimensional constitutive relation for an elastic material first. 
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 𝜎 = 𝐸(𝜖 − 𝛼Δ𝑇) = 𝐸𝜖 − 𝐸𝛼Δ𝑇 ( 4-40 ) 

 

We may rename 𝐸𝛼 as 𝛽 and rewrite Equation ( 4-40 ) as 

 𝜎 = 𝐸𝜖 − 𝛽Δ𝑇 ( 4-41 ) 

 

In Equation ( 4-40 ), 𝛼 which is the coefficient of thermal expansion (CTE) is thermal strain due 

to a unit change in temperature and in the absence of applied stresses. Similarly, in Equation ( 4-41 

), 𝛽 is the magnitude of thermal stress due to a unit change in temperature in a completely 

constrained body. 

Considering these thermal stresses, we may rewrite Equation ( 4-27 ) as 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 + 𝑎𝐹∫𝛥𝐸(𝜉 − 𝜉
′)
𝑑𝜖𝑥
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝛽𝑒Δ𝑇 − 𝑎𝐹∫𝛥𝛽(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 ( 4-42 ) 

 

In Equation ( 4-42 ), 𝛽𝑒 = 𝛽𝑒(𝑇) is the final (relaxed) value of 𝛽 and 𝛥𝛽 = 𝛽(𝜉) − 𝛽𝑒 is the time 

dependent (viscoelastic) part of 𝛽. 

Next we approximate 𝛽(𝜉) by a Prony series 
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 𝛽(𝜉) = 𝛽𝑒 +∑𝛽𝑖𝑒
−
𝜉
𝜏𝑖

𝑁

𝑖=1

 ( 4-43 ) 

 

Relaxation times are chosen arbitrarily and later on we will assume that they are the same for 𝐸 

and 𝛽. Substituting from Equations ( 4-28 ) and ( 4-43 ) into Equation ( 4-42 ) we have 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 − 𝛽𝑒Δ𝑇 +∑(𝑎𝐹∫(𝐸𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

− 𝛽𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

)

𝑁

𝑖=1

 ( 4-44 ) 

 

Now we define the state variables 𝑞𝑖′𝑠 as 

 𝑞𝑖(𝜉) = 𝑎𝐹∫(𝐸𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

− 𝛽𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

,                𝑖 = 1,2… , 𝑁 ( 4-45 ) 

 

Using Leibniz rule of differentiation, the derivative of 𝑞𝑖(𝜉) with respect to 𝜉 will be 

 

𝑑𝑞𝑖(𝜉)

𝑑𝜉
= −

𝑎𝐹
𝜏𝑖
∫(𝐸𝑖𝑒

−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

− 𝛽𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

+ 𝑎𝐹𝐸𝑖
𝑑𝜖𝑥
𝑑𝜉

− 𝛽𝑖
𝑑Δ𝑇

𝑑𝜉
 

( 4-46 ) 
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= −
𝑞𝑖(𝜉)

𝜏𝑖
+ 𝑎𝐹𝐸𝑖

𝑑𝜖𝑥
𝑑𝜉

− 𝛽𝑖
𝑑Δ𝑇

𝑑𝜉
,                  𝑖 = 1,2… ,𝑁 

 

And therefore, 

 
𝑑𝑞𝑖(𝜉)

𝑑𝜉
+
𝑞𝑖(𝜉)

𝜏𝑖
= 𝑎𝐹𝐸𝑖

𝑑𝜖𝑥
𝑑𝜉

− 𝛽𝑖
𝑑Δ𝑇

𝑑𝜉
,                                                   𝑖 = 1,2… ,𝑁 ( 4-47 ) 

 

Also using Equation ( 4-45 ), we may rewrite Equation ( 4-44 ) as 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 − 𝛽𝑒Δ𝑇 +∑𝑞𝑖

𝑁

𝑖=1

 ( 4-48 ) 

 

Now if we consider stresses due to cure/crystallization shrinkage, Equation ( 4-40 ) is rewritten as 

 𝜎 = 𝐸(𝜖 − 𝛼Δ𝑇 − 𝛼𝑐𝑠∆𝑋) = 𝐸𝜖 − 𝛽Δ𝑇 − 𝛾∆𝑋 ( 4-49 ) 

 

In Equation ( 4-49 ), ∆𝑋 is change of degree of cure/crystallinity and 𝛼𝑐𝑠 is free strain due to a unit 

change in degree of cure/crystallinity and 𝛾 is stress due to a unit change in degree of 

cure/crystallinity in a completely constrained body. 
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Similarly if we take into account stresses due to cure/crystallization shrinkage, Equation ( 4-42 ) 

is rewritten as 

 

𝜎𝑥 = 𝐸𝑒𝜖𝑥 + 𝑎𝐹∫𝛥𝐸(𝜉 − 𝜉
′)
𝑑𝜖𝑥
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝛽𝑒Δ𝑇 − 𝑎𝐹∫𝛥𝛽(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝛾𝑒Δ𝑋 − 𝑎𝐹∫𝛥𝛾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( 4-50 ) 

 

In Equation ( 4-50 ), 𝛾𝑒 is the final (relaxed) value of 𝛾 and 𝛥𝛾 = 𝛾(𝜉) − 𝛾𝑒 is the time dependent 

(viscoelastic) part of 𝛾. Similar to the procedure we followed for thermal stresses we approximate 

𝛾(𝜉) by a Prony series 

 𝛾(𝜉) = 𝛾𝑒 +∑𝛾𝑖𝑒
−
𝜉
𝜏𝑖

𝑁

𝑖=1

 ( 4-51 ) 

 

Defining the state variables 𝑞𝑖′𝑠 as 
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𝑞𝑖(𝜉) = 𝑎𝐹∫(𝐸𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖
𝑑𝜖𝑥
𝑑𝜉′

− 𝛽𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′

𝜉

0

− 𝛾𝑖𝑒
−
𝜉−𝜉′

𝜏𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′ ,                𝑖 = 1,2… ,𝑁 

( 4-52 ) 

 

Equation ( 4-50 ) reduces to 

 
𝑑𝑞𝑖(𝜉)

𝑑𝜉
+
𝑞𝑖(𝜉)

𝜏𝑖
= 𝑎𝐹𝐸𝑖

𝑑𝜖𝑥
𝑑𝜉

− 𝛽𝑖
𝑑Δ𝑇

𝑑𝜉
− 𝛾𝑖

𝑑Δ𝑋

𝑑𝜉
,                                 𝑖 = 1,2… ,𝑁 ( 4-53 ) 

 

and 

 𝜎𝑥 = 𝐸𝑒𝜖𝑥 − 𝛽𝑒Δ𝑇 − 𝛾𝑒Δ𝑋 +∑𝑞𝑖

𝑁

𝑖=1

 ( 4-54 ) 

 

Equations ( 4-53 ) and ( 4-54 ) can be interpreted as constitutive equations for a Maxwell chain as 

shown in Figure 4-57, with 𝑞𝑖′𝑠 being stresses of each Maxwell element. 
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Figure 4-57 Maxwell Chain, mechanical analogue for Equations ( 4-53 ) and ( 4-54 ) 

 

In Equation ( 4-53 ), 𝛽𝑖 is equal to 𝐸𝑖𝛼𝑖 and 𝛾𝑖 is equal to 𝐸𝑖𝛼𝑖
𝑐𝑠 with 

𝛼𝑖

𝑎𝐹
  and 

𝛼𝑖
𝑐𝑠

𝑎𝐹
  being the 

coefficient of thermal expansion and the coefficient of cure/crystallization shrinkage for the 𝑖′𝑡ℎ 

Maxwell element, respectively.  

As discussed in the previous section, experimental results show that the material behaviour in the 

glassy regime is instantaneously linear elastic (hypo-elastic) and therefore Equation ( 4-54 ) will 

be modified as 

, , 

, 
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 �̇�𝑥 = 𝐸𝑒𝜖�̇� − 𝛽𝑒Δ�̇� − 𝛾𝑒Δ�̇� +∑�̇�𝑖

𝑁

𝑖=1

 ( 4-55 ) 

 

Thermo-viscoelastic constitutive equations, developed in this chapter are generalized for three 

dimensional isotropic, transversely isotropic and orthotropic cases. Time integration of the 

equations is also carried out to prepare them for implementation in a UMAT. Details and 

derivations are presented in Appendix B  . 

 

4.4 Verification of implementation 

In this section, a simple example is analyzed using the implemented model. The results are 

compared with other available solutions for verification of implementation. This example is 

taken from ABAQUS Benchmark Guide, Version 6.14. 

A rod of the dimensions shown in Figure 4-58, is fixed at one end and a constant axial load is 

applied suddenly to the other end. The magnitude of the load is 100 as shown in the figure.  
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Figure 4-58 Rod subjected to constant axial load 

 

The material properties, shear and bulk modulus, are as follows: 

 

 
𝐺 = 333.7 + 3037.1𝑒(−𝑡 0.9899⁄ ) 

𝐾 = 100000 

( 4-56 ) 

 

A closed form solution is provided in the ABAQUS Benchmark Guide as 

 𝜖22 = 0.1(1 − 0.9𝑒−𝑡 10⁄ ) ( 4-57 ) 

 

This example was also solved by Zobeiry [69], using the differential form of viscoelasticity. 

The analysis results for creep strain are compared with the closed form solution, ABAQUS 

viscoelastic solution and Zobeiry’s  solution in Figure 4-59.  
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Figure 4-59 Rod subjected to constant axial load 

 

It is seen from Figure 4-59 the analysis results from the TVE model is very close to the closed 

form solution and other analysis results. 

 

4.5 Summary 

In this chapter, thermo-viscoelastic behaviour of AS4/PEEK, neat PEEK, fully cured AS4/8552 

and fully cured 8552 resin was characterized using stress relaxation tests. A vertical shift factor 

was defined and the master curves of relaxation moduli were generated. Prony series were fitted 
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to all master curves. Constant load experiments were performed and it was shown that the material 

behaviour of fully cured 8552 resin, in the glassy regime, is hypo-elastic. 

Based on the integral equation of Schapery for creep of thermo-rheologically complex materials, 

a thermo-viscoelastic integral equation was proposed for stress relaxation. The integral equation 

was converted into a system of first order ordinary differential equations.  The developed model 

was generalized for three dimensional isotropic, transversely isotropic and orthotropic cases. 

Finally a simple case study was analyzed and the implementation of the model was verified. 

 

 



188 

 

Chapter 5: Case Studies 

 

In this chapter, two case studies are analyzed and capabilities of the crystallization/melt kinetics 

model and thermo-viscoelastic model for real industrial cases are investigated. 

The first case study is a L-shape angle, manufactured at different tool temperatures in a hot press. 

The developed models are used for studying both crystallization history and distribution, and 

process distortions in the final product. 

The second case study is investigation of crystallization history at a material point during the 

automatic fibre placement (AFP) process. 

 

5.1 L-shape angles 

L-shape angles with a corner angle designed at 90° were manufactured from AS4/PEEK by Fortin 

[128]. Parts were manufactured by thermoforming previously manufactured laminated flat panels 

in a hot press. The laminates consisted of 16 layers with a symmetric quasi-isotropic lay-up; 

[0∕+45∕-45∕90]2S, resulting in a consolidated thickness of 2.20 mm±0.05 mm. A thermocouple 

was embedded in the mid-thickness and in the center of laminate as shown in Figure 5-1. 
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Figure 5-1 Picture and schematic of the thermocouple location (courtesy Fortin [128]) 

 

Flat panels were pre-heated to the processing temperature of 390 ℃ in a furnace next to the hot 

press. The part was transported as rapidly as possible to the forming tool, followed by closure of 

the press. During the process, the platen temperature was held constant at three temperatures: 

290 ℃, 215 ℃, and 105 ℃. The part was cooled down within the tool for 5 min, while the 

consolidation pressure of 40 bar was applied. Finally the part was removed from the tool and was 

allowed to cool down to ambient temperature by natural convection. Male and female tools are 

shown in Figure 5-2. 
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Figure 5-2 Male and female tool assembly (courtesy Fortin [128]) 

 

Spring-in angles and also failure loads for the manufactured samples were measured by Fortin 

[128]. In this chapter, initially the experimental methods and measured results are briefly 

explained. The processing is then simulated using the process modelling package, ABAQUS 

COMPRO CCA, with inputs being the experimental temperature and pressure profiles used during 

manufacturing of the parts. Analysis is performed using the crystallization kinetics model, 

developed in Chapter 3, CHILE constitutive model and the thermo-viscoelastic (TVE) constitutive 

model, developed in Chapter 4. Crystallinity in the part is correlated with the strength (measured 

failure load). Also spring-in angles predicted using CHILE and TVE models are compared with 

experimental measurements. 
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5.1.1 Spring-in angles 

The L-shape angles, manufactured in the hot press, were scanned in a Nikon CMM for measuring 

the spring-in angle. 

 

  

 

 

 

Figure 5-3 (a) Scanning the inside surface of the L-shape angle with the CMM laser head (b) Locations of 

cross-section lines for angle measurement (Courtesy Fortin [128]) 

 

Measurement was performed on the inside surface and the angles were measured at three locations; 

top, middle and bottom and within one inch from the corner region, as shown in Figure 5-3. The 

results of the measured spring-in angles are presented in Table 5-1. Spring-in for the three tool 

temperatures are visually compared in Figure 5-4. 

(a) (b) 
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Figure 5-4 Spring-in of quasi-isotropic L-shape angles consolidated at 𝟐𝟗𝟎 ℃, 𝟐𝟏𝟓 ℃ and 𝟏𝟎𝟓 ℃ (Courtesy 

Fortin [128]) 

 

Table 5-1 Measured spring-in for manufactured L-shape angles (courtesy Fortin [128]) 

Tool Temperature (° C) Spring-in angle (°) Average Spring-in angle (°) 

290 

3.29 

3.28 3.36 

3.18 

215 

2.21 

2.14 

2.21 
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Tool Temperature (° C) Spring-in angle (°) Average Spring-in angle (°) 

2.01 

105 

0.44 

0.58 0.61 

0.70 

 

 

5.1.2 Mechanical strength 

The three specimens were cut according to ASTM D6145 [152] and were tested using a four-point 

bending clamp in an Instron® dual-column system by Fortin [128]. The sample and the test set up 

are shown in Figure 5-5. The failure load results for the samples are presented in Table 5-2. 
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Table 5-2 Measured failure load for manufactured L-shape angles (courtesy Fortin [128]) 

Tool Temperature (° C) Failure Load (N) Average Failure Load (N) 

290 

3516.9 

3379.3 2942.9 

3678.1 

215 

2655.7 

2953.5 2917.4 

3287.4 

105 

857.4 

899.4 921.9 

919.0 
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Figure 5-5 (a) L-shape specimen cut to dimensions (b) Specimen mounted on the test fixture (Courtesy   

Fortin [128]) 

 

5.2 Simulations 

In this section, consolidation of the L-shape angles in the hot press is simulated using ABAQUS 

COMPRO CCA. The composite part, female tool and male tool are all meshed using 20-node solid 

elements and are shown in Figure 5-8. 

The first step in the simulations is performing the heat transfer analysis. The crystallization kinetics 

model is used along with the energy equation for prediction of temperature distribution and degree 

of crystallinity distribution in the part during the process. The next step is stress and deformation 

analysis. The results from the heat transfer analysis are used and stress and deformation analysis 

is performed using CHILE or TVE constitutive models. The coefficients of thermal expansion in 

fibre direction (CTE1), transverse direction (CTE2), and thickness directions (CTE3) for AS4/PEEK 

are taken from Fortin’s M.A.Sc. thesis [128] and are presented in Figure 5-6. For specific heat and 

conductivity, the data provided by Lee and Springer [110] is used. Density data are used from the 

(a) (b) 
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work of Velisaris and Seferis [19].  Cure shrinkage and modulus data is taken from the work of 

Chapman et al [112]. 

 

 

Figure 5-6 CTE values for AS4/PEEK (From Fortin [128]) 
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Figure 5-7 Modulus for neat PEEK, used in CHILE analysis, compared with TVE isochronous modulus at 𝟕 s 

 

The modulus model from reference [112] is used for stress analysis using the CHILE model. The 

constants in the model are modified such that the modulus is consistent with the unrelaxed modulus 

used for TVE analysis. For stress analysis using the TVE model, the material characterization data 

from the section 4.1.5.2 is used. The modulus for neat PEEK, used for CHILE analysis and TVE 

modulus are shown in Figure 5-7. 

Both male and female tools are made of steel and their properties are available from the COMPRO 

CCA material library. 
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5.2.1 Heat transfer analysis 

For thermal analysis, DC3D20 (20 noded diffusive heat transfer quadratic elements) are used. The 

actual temperature profile used for processing the parts is used here for simulations. 

The part temperature is initially at 390 ℃. The male tool temperature is set at the tool target 

temperature (290 ℃, 215 ℃ or 105 ℃). In the first step, the composite part comes into contact 

with the male tool. After 4 sec, in the second step, the female comes into contact with the part and 

both male and female tool stay in contact with the part for 300 sec. In the third step, both male 

and female tools become inactive (tool removal) and the part is cooled down by natural convection 

to the ambient temperature for 2400 sec. The heat transfer coefficient, HTC, is assumed as 

10 W m2K⁄ . 
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Figure 5-8 Meshes for (a) composite part (b) female tool (c) male tool 

  

To validate the heat transfer analysis, the temperature measured by the thermocouple shown in 

Figure 5-1 was compared with the predicted values for the three cases. The results are given in 

Figure 5-9, Figure 5-10 and Figure 5-11. 

(a) 

(b) 

(c) 
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Figure 5-9 Temperature at the location of the thermocouple shown in Figure 5-1, predicted and measured 

values, tool temperature at 𝟐𝟗𝟎 ℃ 
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Figure 5-10 Temperature at the location of the thermocouple shown in Figure 5-1, predicted and measured 

values, tool temperature at 𝟐𝟏𝟓 ℃ 
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Figure 5-11 Temperature at the location of the thermocouple shown in Figure 5-1, predicted and measured 

values, tool temperature at 𝟏𝟎𝟓 ℃ 

 

From the results in Figure 5-9, Figure 5-10 and Figure 5-11, it is seen that model predictions are 

in good agreement with thermocouple measurements. 

Contour plots of the degree of crystallinity in the part at the end of the process for three tool 

temperatures are given in Figure 5-12. 
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Figure 5-12 Crystallinity distribution in the composite part at the end of the process for tool temperature at  

(a) 𝟐𝟗𝟎 ℃ (b) 𝟐𝟏𝟓 ℃ (c) 𝟏𝟎𝟓 ℃ 

 

Plots in Figure 5-12 show that for tool temperature at 290 ℃ and 215 ℃, crystallinity is uniform 

in the sample and the part is fully crystallized (relative). For the tool temperature at 105 ℃, the 

crystallinity is not uniform in the part. The material is fully amorphous in the flanges. Near the 

(a) 

(b) 

(c) 
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corner, the crystallinity increases and the material is fully crystallized (relative) at a narrow region 

around the corner. 

To have some insight into the temperature and crystallinity history and also crystallinity gradient 

through the thickness of the part, some points and paths are defined as described in Table 5-3 and 

shown in the wireframe sketch of a quarter of the part in Figure 5-13. 

 

Table 5-3 List and location of defined points and paths in the part 

Point or Line (path) Location 

Point C At the corner, mid-plane, mid-thickness 

Point F At the corner, edge, mid-thickness 

Point I At the flange tip, edge, mid-thickness 

Point L At the flange tip, mid-plane, mid-thickness 

Line AB At the corner, mid-plane, through the thickness 

Line DE At the corner, edge, through the thickness 

Line GH At the flange tip, edge, through the thickness 

Line JK At the flange tip, mid-plane, through the thickness 
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Figure 5-13 Wireframe sketch of a quarter of the part 
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Figure 5-14 Temperature history for the four points at mid-thickness of the part, tool temperature at 𝟐𝟗𝟎 ℃ 

Temperature and Crystallization history for the four points at the mid-thickness of the part, for tool 

temperature at 290 ℃ are given in Figure 5-14 and Figure 5-15, respectively. 
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Figure 5-15 Crystallinity history for the four points at mid-thickness of the part, tool temperature at 𝟐𝟗𝟎 ℃ 

 

Figure 5-14 and Figure 5-15 show that for the four points, crystallization is complete while the 

part is under the press. The material starts to crystallize at the flange tip and at the edge of the part 

(point I). Crystallization at the flange tip in the middle starts subsequently (Point L). Later, 

crystallization occurs in the corner of the part at the edges (point F). The point in the corner of the 

part at the middle is the last point for crystallization (Point C). The time difference for start of 

crystallization at these points results in time difference in modulus development in the material, 

which in turn results in the residual stresses in the part. Temperature and crystallization history of 

the four points in the material for the part manufactured with the tool temperature at 215 ℃  and 

105 ℃ are given in Figure 5-16, Figure 5-17 Figure 5-18 and Figure 5-19. 
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Figure 5-16 Temperature history for the four points at mid-thickness of the part, tool temperature at 𝟐𝟏𝟓 ℃ 
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Figure 5-17 Crystallinity history for the four points at mid-thickness of the part, tool temperature at 𝟐𝟏𝟓 ℃  

 

0.01

0.06

0.11

0.16

0.21

0.26

0.31

0.36

0 5 10 15 20 25 30

C
ry

st
al

lin
it

y

Time (sec)

Point L

Point I

Point F

Point C



210 

 

 

Figure 5-18 Temperature history for the four points at mid-thickness of the part, tool temperature at 𝟏𝟎𝟓 ℃ 

 

Figure 5-19 Crystallinity history for the four points at mid-thickness of the part, tool temperature at 𝟏𝟎𝟓 ℃  
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Figure 5-17 shows that time priority of start of crystallization for the four points at the mid-

thickness of the part is similar to the case of tool temperature at 290 ℃ . For both tool temperatures 

at 290 ℃ and 215 ℃, material at the four points is fully crystallized at the end of the process and 

there is no crystallinity gradient in the final part. 

The temperature history curves in Figure 5-16 show that subsequent to the rapid cooling and at the 

beginning of isothermal hold, there is a sudden increase in the temperature. After that, the 

temperature is decreasing and is asymptotically approaching the isothermal hold. For explaining 

this sudden change of temperature, we consider the crystallization curves in Figure 5-17. Figure 

5-16 and Figure 5-17 show that approximately at the same time as the sudden increase in the 

temperature, the corresponding crystallization curve is passing through its inflection point. This 

means the crystallization rate is maximum at the same time. Therefore the sudden temperature 

increase is happening when the corresponding heat flow curve is going through an exotherm. The 

latent heat of crystallization released by the material at this time causes a sudden increase in the 

temperature. 

Figure 5-19 shows that at the points L and I (at the flange tip), the material is fully amorphous at 

the end of the process. There is a minor amount of crystallinity (approximately 0.05 ) at point F 

(in the corner of the part at the edge). At point C (in the corner at the middle) the crystallinity 

grows significantly, however, the material is not fully crystalline (relatively) at the end of the 

process.  

Variation of crystallinity through the thickness of the part, manufactured with the tool temperature 

at 105 ℃ , at four different points are presented in Figure 5-20. 
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Figure 5-20 Variation of crystallinity through the thickness of the part, tool temperature at 𝟏𝟎𝟓 ℃ 

 

In the corner at the middle, crystallinity is uniform through the thickness and a slight crystallinity 

gradient is observed in the corner at the edges (approximately 0.04) 
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Figure 5-21 Average failure load for parts consolidated at different tool temperatures (from Fortin [128]) 

 

The average failure load results for the three samples from Table 5-2 are presented in Figure 5-21. 

Strength of the part can be affected by different factors. One important factor is the residual 

stresses. It is also shown in the literature [111] that crystallinity can affect the strength of 

thermoplastic composite parts. 

Comparing the crystallinity history results from Figure 5-15, Figure 5-17, and Figure 5-19 and 

failure load results in Figure 5-21, it is observed that the part processed at 105 ℃ has the lowest 

final crystallinity and the lowest strength. The failure load for the part processed at 215 ℃ is lower 

than that for the part processed at 290 ℃, however, the final crystallinity is the same for these 
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parts. This can be due to more residual stresses in the part manufactured at 215 ℃. Furthermore, 

this can be partially due to spring-in angles in the two parts. 

 

5.2.2 Stress and deformation analysis 

Using the results from heat transfer analysis, stress and deformation analysis is conducted. C3D20 

elements are used which are consistent with the 20-noded elements used in heat transfer analysis. 

Normal contact with no friction is enforced between the part and both female and male tools. The 

temperature profile is the same as was explained in section 5.2.1. In the second step, a uniform 

force, equivalent to a pressure of 40 bar is applied such that the part is under pressure between the 

male and female tool. The pressure is removed in the third step. The analysis is done using CHILE 

and TVE models. As it is always desired to have fully crystalline (relatively) final parts, TVE 

material characterization in section 4.1 was performed for the fully crystalline material. The 

modulus model used for CHILE analysis does not take into account the effect crystallinity. 

Therefore, based on the crystallization history from Figure 5-15, Figure 5-17 and Figure 5-19, only 

the two parts manufactured at 290 ℃ and 215 ℃ were analyzed. 

 

5.2.2.1 Analysis using CHILE model 

Using the heat transfer analysis results, CHILE constitutive model is used and stress and 

deformation analysis is performed for the three tool consolidation temperature cases. Three 
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dimensional contour plots of the displacement magnitude for the deformed composite part at the 

end of the processing, along with the un-deformed part are presented in Figure 5-22. 

 

 

 

Figure 5-22 Displacement magnitude in the composite part at the end of the process for tool temperature at  

(a) 𝟐𝟗𝟎 ℃ (b) 𝟐𝟏𝟓 ℃, predicted using CHILE (scale factor = 5) 

 

(a) 

(b) 
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Figure 5-23 Displacement magnitude in the composite part at the end of the process for tool temperature at  

(a) 𝟐𝟗𝟎 ℃ (b) 𝟐𝟏𝟓 ℃, predicted using CHILE (scale factor = 5) 

 

Three dimensional contours of the deformed parts for the two cases and the un-deformed part are 

displayed in Figure 5-23. Figure 5-23 shows that decreasing the tool temperature results in 

decreasing the spring in angle in the manufactured part.  

 

 

(a) 
(b) 
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Figure 5-24 Displacement magnitude in the composite part at the end of the process for tool temperature at  

(a) 𝟐𝟗𝟎 ℃ (b) 𝟐𝟏𝟓 ℃, predicted using TVE (scale factor = 5) 

 

5.2.2.2 Analysis using TVE model 

Using the results from heat transfer analysis, stress and deformation analysis is performed using 

the TVE model, similar to the CHILE analysis cases. Two cases of tool temperature at 290 ℃ and 

215 ℃ are analyzed.  

Three dimensional contours of displacement magnitude and the un-deformed part are presented in 

Figure 5-24.  

 

(a) 

(b) 
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5.2.2.3 Spring-in angles 

Similar to the experimental measurement of spring-in as explained in 5.1.1, analysis is performed 

on the inside surface and the angles are measured at three locations; top, middle and bottom and 

within one inch from the corner region (Figure 5-3). The spring-in angles, predicted based on 

CHILE analysis are presented in Table 5-4. 

 

Table 5-4 Predicted spring-in for manufactured L-shape angles, CHILE analysis 

Tool Temperature (° C) Spring-in angle (°) Average Spring-in angle (°) 

290 

3.68 

3.75 3.88 

3.68 

215 

3.07 

3.09 3.14 

3.07 

 

The spring-in angles, predicted based on TVE analysis are given in Table 5-5. 
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Predicted spring-in angles based on CHILE and TVE are compared with experimental 

measurements in Figure 5-25. Predicted values using the Nelson-Cairns equation, Equation ( 2-13 

), are taken from work of Fortin [128] and added to the plot for comparison. The results are also 

shown in a bar chart in Figure 5-26. 

 

Table 5-5 Predicted spring-in for manufactured L-shape angles, TVE analysis 

Tool Temperature (° C) Spring-in angle (°) Average Spring-in angle (°) 

290 

3.12 

3.19 3.33 

3.12 

215 

2.46 

2.51 2.60 

2.45 
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Figure 5-25 Average spring-in angle for L-shape angles, processed at different temperatures, model 

predictions and experimental measurements 
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Figure 5-26 Average spring-in angle for L-shape angles, processed at different temperatures, model 

predictions and experimental measurements  

 

The results from Nelson-Cairns equation under-predict the spring-in angle. The spring-in values 

predicted using CHILE are significantly higher than the experimental values. For tool temperature 

at 290 ℃ and 215 ℃, the over-prediction error is approximately 14.4 % and 44.2 %, respectively. 

TVE prediction for the case of tool temperature at 290 ℃ is very accurate. For the case of tool 

temperature at 215 ℃, TVE over-predicts the spring-in with an error of approximately 17 %. 

In the CHILE analysis, the residual stresses develop in the material which result in significant 

values of spring-in after tool removal. In the TVE analysis however, the residual stresses develop 

and relax. At the tool removal step, most of the residual stresses are relaxed. This results in lower 
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values of spring-in angle, compared to CHILE analysis, which are closer to experimental results. 

One reason for over-prediction of distortions in TVE analysis is due to not taking into account the 

effect of crystallinity in the model. TVE material characterization in section 4.1 is performed for 

fully crystalline (relatively) material. For amorphous polymers, relaxation occurs at much smaller 

relaxation times and therefore the residual stresses relax earlier in the process. Therefore, 

modifying the models for taking into account the effect of crystallinity is suggested as part of the 

future work. 

 

5.3 Automated Fibre Placement (AFP) 

Automated fibre placement is an in-situ consolidation process for manufacturing of composite 

structures.  The moving head of the AFP machine consists of a heat source and a roller for 

compaction. During the AFP process, as shown schematically in Figure 5-27, the heat is applied 

by the torch to create a molten zone between the incoming material tape and the composite 

substrate. Based on the temperature of the heating source and the tool, the adjacent layers of the 

material may undergo melting and recrystallization. 
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Figure 5-27 Schematic of AFP process (Courtesy Dr. Ali Yousefpour) 

 

The temperature history for a material point in the first layer, during the AFP process for 

AS4/PEEK was measured using a thermocouple. The manufacturing process was conducted at 

National Research Council Canada, and the temperature data was provided for analysis. 

In order to show how simulations, using the developed crystallization/melt kinetics models, are 

useful for understanding the effects of process parameters on crystallinity history and distribution, 

two different cases of tool temperature at 175 ℃  and 190 ℃ , and two cases of  torch temperature 

at 800 ℃ and 900 ℃ were analyzed.  

Figure 5-28 shows a wide view of the temperature and crystallinity history at a material data point. 

It is seen that during the first few passes, the material becomes highly crystalline, however, it is 

not fully crystallized. Full crystallization occurs later during the process, when the torch is 

sufficiently far from this point, such that there is no significant change in the temperature. 
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Figure 5-28 Temperature and crystallization history, tool temperature at 𝟏𝟕𝟓 ℃, torch temperature at 𝟖𝟎𝟎 ℃ 

To study the effect of tool temperature on crystallization history, the torch temperature is kept 

constant at 800 ℃. Analysis results for two tool temperatures are given in Figure 5-29 and 

Figure 5-30. 
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Figure 5-29 Temperature and crystallization history, tool temperature at 𝟏𝟕𝟓 ℃, torch temperature at 𝟖𝟎𝟎 ℃ 
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Figure 5-30 Temperature and crystallization history, tool temperature at 𝟏𝟗𝟎 ℃, torch temperature at 𝟖𝟎𝟎 ℃ 

Figure 5-29 shows that for tool temperature at 175 ℃ , after the second pass, the material loses a 

significant amount of crystallinity (𝑋 = 0.08). If the tool temperature is increased to 190 ℃, 

according to Figure 5-30, the degree of crystallinity after the second pass is 𝑋 = 0.11. Therefore, 

higher tool temperatures result in lower melting of the material point during the subsequent 

passes. 

Next, the torch temperature is kept constant at 900 ℃ and two tool temperatures are considered. 

The analysis results are shown in Figure 5-31 and Figure 5-32 
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Figure 5-31 Temperature and crystallization history, tool temperature at 𝟏𝟕𝟓 ℃, torch temperature at 𝟗𝟎𝟎 ℃ 
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Figure 5-32 Temperature and crystallization history, tool temperature at 𝟏𝟗𝟎 ℃, torch temperature at 𝟗𝟎𝟎 ℃ 

 

From Figure 5-31 it is seen that for tool temperature at 175 ℃, after the second pass, the material 

is fully melted. An induction time is observed during the subsequent cool down, before the 

crystallization starts. The material is fully melted again after the third pass. By increasing the 

tool temperature to 190 ℃, from Figure 5-32 it is observed that the degree of crystallinity is 

decreased after the second pass, however, the material is not fully melted. 

From these case studies, it is evident that the crystallization/melt kinetics model is a useful tool 

for designing AFP processes with the optimum crystallization history. 
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Stress and deformation analysis can also be performed similar to the L-shape case study. This is 

suggested as a task for future work. 

 



230 

 

Chapter 6: Conclusions and Future Work 

 

6.1 Summary 

In this work, the crystallization kinetics of AS4/PEEK was studied using isothermal and non-

isothermal DSC experiments. Isoconversional data was extracted from the experimental results to 

study the temperature dependence of crystallization rate. Plots of crystallization rate as a function 

of temperature for different constant degrees of crystallinity indicated that the data points for 

isothermal and non-isothermal melt crystallization fall on the same curve. This implied that there 

was no significant difference between isothermal and non-isothermal crystallization mechanisms 

and a unified model should be used for the prediction of both. It was assumed that the 

crystallization kinetics of AS4/PEEK can be modelled using a separable differential form model 

(Equation ( 3-5 )). Isoconversional plots showed that crystallization rate was increased by 

increasing the under-cooling. The data points, extracted from the cold crystallization experiments 

showed that cold crystallization rate increased as the temperature was increased above the glass 

transition temperature. Cold crystallization occurs as the molecular chains, frozen in place due to 

high cooling rates, recover their mobility as the temperature is increased. Following the same logic, 

when the temperature was decreased during the cool down, molecular chains lost their mobility 

gradually. Therefore, the crystallization rate decreased as the temperature approached the glass 

transition temperature. Based on these discussions, a model (Equation ( 3-8 )) was proposed for 

temperature dependence of crystallization rate. 
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Experimental results showed that crystallization started subsequent to an induction time. Induction 

time was measured as the time where the degree of crystallinity reached a small but measurable 

value (𝑋 = 0.001). A simple empirical model (Equation ( 3-9 )) was fitted to the induction time 

data for isothermal crystallization. For non-isothermal cases, the additivity rule (Equation ( 3-10 

)) along with the model for isothermal induction time (Equation ( 3-9 )) were used for calculation 

of the induction time, (or the time when the degree of crystallinity reaches the value 0.001). Using 

the differential model (Equation ( 3-8 )) with the induction time values, degree of crystallinity was 

calculated for all isothermal and non-isothermal cases. Model calculations were in good agreement 

with experimental results. 

Melting kinetics of AS4/PEEK was also studied using DSC experiments. Experimental results 

showed that in comparison with crystallization, melting occurred over a wider temperature range. 

Moreover, unlike crystallization, melting ends approximately at the same temperature for all 

heating rates. Two separate peaks were observed in the heat flow curves of melting tests for all 

heating rates. Some annealing experiments, with different annealing times and temperatures, were 

performed to investigate the double peak behaviour of the material in melting. Experimental results 

showed that with increasing annealing time, at the same annealing temperature, the first peak 

shifted towards higher temperatures. However, the temperature for the second peak did not change. 

This indicated that the melting onset temperature increased with increasing annealing time. In 

other words, the crystals become more stable with increased annealing time. Similar results were 

observed for experiments with the same annealing time but different annealing temperatures, i.e. 

more stable crystals are formed at higher annealing temperatures. From these observations, it was 

concluded that crystals are continuously melting and recrystallizing during both heating and 
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isothermal (annealing) cases. The crystals after recrystallization are more stable in comparison 

with the original crystals. 

Based on the discussions on continuous melting and recrystallization of the crystals during a 

heating cycle, it was concluded that at extremely high heating rates, there would not be sufficient 

time for the melted crystals to crystallize and therefore pure melting would occur as a result of the 

heating cycle. A plot of variation of crystallinity with respect to temperature (𝑑𝑋 𝑑𝑇⁄ ) as a function 

of temperature (𝑇), extracted from the pure melting results should be considered as a ‘master melt 

curve’. This master melt curve, along with the crystallization model, can be used for prediction of 

continuous melting and recrystallization in a heating process. Since extremely high heating rates 

were not possible with the DSC machine, melting results from one of the heating experiments were 

used. Using the crystallization kinetics model, the recrystallization amount was calculated during 

each time step and was subtracted from the net melting results. The resulting melting curve was 

used as an estimation of the pure melting curve and the master curve data was extracted. Using 

this estimated master melt curve, along with the crystallization kinetics model, variations of 

crystallinity for all experiments were calculated. Predicted results were in good agreement with 

the experiments for all melting cases. For the annealing cases, predictions were in reasonable 

agreement with measurements. 

To study the thermo-viscoelastic behaviour of AS4/PEEK, neat PEEK, fully cured AS4/8552 and 

fully cured 8552 resin, stress relaxation experiments were performed at different temperatures in 

a DMA machine. Experimental results showed that for all cases, the unrelaxed values of the moduli 

were temperature dependent. A vertical shift factor was defined using the values of the moduli and 

unrelaxed moduli at each temperature. The relaxation moduli were normalized using the vertical 
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shift factor. The normalized moduli were shifted horizontally in logarithmic time space. Prony 

series were fitted to all master curves. It was shown that how increasing the number of Prony terms 

affect the smoothness of the fit. To further investigate the nature of temperature dependence of the 

unrelaxed moduli, a fully cured 8552 sample was tested in the DMA by being subjected to a 

constant force and temperature change in cool down and heat up. The same temperature cycle was 

repeated without application of any load to measure the deflections due to thermal 

expansion/shrinkage. The change in modulus of the material with temperature was measured 

independently using a constant frequency test. Experimental results showed that the change in 

modulus due to temperature change did not contribute to the beam deflection. In other words, the 

material behaviour in the glassy regime is hypo-elastic. 

Based on the thermo-viscoelastic integral equation of Schapery for creep of thermo-rheologically 

complex materials, a thermo-viscoelastic integral equation was proposed for stress relaxation. By 

defining suitable state variables, the integral equation was converted into a system of first order 

ordinary differential equations.  The developed model was generalized for three dimensional 

isotropic, transversely isotropic and orthotropic cases. Using an integrating factor, the time 

integration of equations was carried out for implementation in a UMAT. 

Two case studies were analyzed as model applications. In case study 1, L-shape angles, 

manufactured at two different tool temperatures were simulated. The temperature history at a point 

in the part was compared with experimental results. Model predictions for temperature are in good 

agreement with the measured values. Spring-in angles, predicted by the model, using both CHILE 

and TVE models were compared with average measured values and the values obtained using a 

simple closed-form equation (thermo-elastic). The TVE model very accurately predicted a spring-
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in value for the higher tool temperature trials. At lower tool temperatures, TVE model 

overpredicted the spring-in angle with an error of approximately 17 %. The overprediction using 

the CHILE model had an error of approximately 45 %. In CHILE analysis, the residual stresses 

are developed in the part during the process. Since the CHILE model is not capable of relaxing 

these stresses, the residual stresses in the final part cause a significant amount of spring-in. 

However, in the TVE analysis, a significant amount of the residual stresses are relaxed during the 

analysis. In material characterization for the TVE analysis, it was assumed that the material is fully 

crystalline. Relaxation times for amorphous material are lower than those for crystalline material. 

Therefore the relaxation times during the analysis are higher than the real values which results in 

some unrelaxed residual stresses in the final part. 

In case study 2, crystallization history of a material point during an AFP process was analyzed, 

using experimentally measured temperature history. Simulation results show how parameters such 

as tool temperature and torch temperature affect the crystallization history of the part. It is 

concluded that the developed models can be used as useful tools for designing optimal and efficient 

process parameters in the AFP process. 

 

6.2 Conclusions 

Based on the research performed in this thesis, conclusions are as follows: 

• There is no significant difference between isothermal and non-isothermal crystallization 

mechanisms of AS4/PEEK and a unified model can be used for the prediction of both. 



235 

 

• Crystallization rate is controlled by two competing mechanisms. Crystallization rate is  

increased by increasing the under-cooling, and is decreased when approaching the glass 

transition temperature. 

• In comparison with crystallization, melting of AS4/PEEK occurs over a wider temperature 

range. Moreover, unlike crystallization, melting ends approximately at the same 

temperature for all heating rates. 

• Crystals continuously melt and recrystallize during both heating and isothermal (annealing) 

cases. The crystals after recrystallization are more stable in comparison with the original 

crystals. 

• Stress relaxation experiments show that for AS4/PEEK, neat PEEK, fully cured AS4/8552 

and fully cured 8552 resin, the unrelaxed values of the moduli are temperature dependent 

and the behaviour is thermo-rheologically complex. 

• The material behaviour of fully cured 8552 resin, in the glassy regime, is hypo-elastic. 

• In process simulation of L-shaped angles, using thermo-viscoelastic models, a significant 

amount of residual stresses relax out. Therefore, predicted spring-in values, compared to 

CHILE predictions, are smaller and closer to experimental measurements. Over estimation 

is due to the fact that the model does not account for incomplete (partial) crystallization.   

 

6.3 Future Work 

The following tasks are suggested as the future work for advancement of this study: 
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• Having the crystallization and melt kinetics model, more case studies will be analyzed for 

validation. A few examples include: 

- L-shape parts manufactured at other tool temperatures for studying the crystallization 

history 

- Thick L-shape parts for studying the through-thickness crystallization gradient 

- Parts processed while a cooling cycle is applied to the platens 

- Parts with complex geometry 

- Stress and deformation analysis in processes such as AFP where the material undergoes 

high heating and cooling rate temperature cycles. 

• Thermo-viscoelastic characterization of both neat PEEK and AS4/PEEK with different 

degrees of crystallinity. The crystallization/melt kinetics model can be used for designing 

temperature cycles that result in different degrees of crystallinity in a flat panel. DMA 

sample will be cut from these panels for performing material characterization.  

• Further developing the TVE model to include the effect of incomplete crystallinity. 

• Studying the relationship between the viscoelastic behaviour of neat resins and their 

composites. 

• Performing constant load experiments for a full range of polymer materials in their glassy 

regime and investigating the hypo-elastic behaviour. 

• Studying the morphology of crystalline structures using other techniques such as polarized 

optical microscopy. 
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Appendices 

 

Appendix A  Prony series constants  

Prony series constants for all samples are given in this appendix. 

 

A.1 Prony series constants for AS4/PEEK samples 

The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for three AS4/PEEK samples are given in Table A-1, Table A-2 

and Table A-3. 

 

Table A-1 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for AS4/PEEK-Sample A 

𝑵 = 𝟑𝟔  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  98.50 𝑬𝒆(MPa)  98.50 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

142.98 3.16E-02 359.10 3.16E-02 

549.74 1.00E+00 1921.20 1.00E+01 

297.91 3.16E+00 1209.08 3.16E+03 

354.05 1.00E+01 588.21 3.16E+05 

441.54 3.16E+01 624.68 3.16E+07 

283.57 1.00E+02 608.20 3.16E+09 

616.88 3.16E+02 545.60 3.16E+11 

475.06 3.16E+03 380.99 3.16E+13 

92.26 1.00E+04 273.87 3.16E+15 

236.28 3.16E+04 127.22 3.16E+18 

71.53 1.00E+05   

273.51 3.16E+05   

23.35 1.00E+06   

306.94 3.16E+06   
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𝑵 = 𝟑𝟔  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  98.50 𝑬𝒆(MPa)  98.50 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

19.47 1.00E+07   

256.60 3.16E+07   

102.37 1.00E+08   

155.65 3.16E+08   

144.66 1.00E+09   

185.25 3.16E+09   

113.78 1.00E+10   

170.15 3.16E+10   

153.04 1.00E+11   

101.60 3.16E+11   

170.12 1.00E+12   

84.53 3.16E+12   

139.55 1.00E+13   

48.20 3.16E+13   

141.10 1.00E+14   

36.73 3.16E+14   

76.41 1.00E+15   

79.62 3.16E+15   

21.67 1.00E+16   

76.32 3.16E+16   

64.23 3.16E+17   

58.57 3.16E+18   
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Table A-2 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for AS4/PEEK-Sample B 

𝑵 = 𝟒𝟎  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  120.00 

 

𝑬𝒆(MPa)  120.00 

 
𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

317.24 1.00E-04 47.73 1.00E-03 

13.24 1.00E-03 489.68 3.16E-01 

94.12 3.16E-02 1596.18 3.16E+01 

64.43 3.16E-01 966.22 3.16E+03 

285.03 1.00E+00 779.28 3.16E+05 

483.08 3.16E+00 740.69 3.16E+08 

72.77 1.00E+01 525.50 3.16E+10 

614.14 3.16E+01 458.01 3.16E+12 

187.95 1.00E+02 332.70 3.16E+14 

456.76 3.16E+02 186.35 1.00E+17 

274.66 1.00E+03 34.23 1.00E+19 

161.18 3.16E+03   

359.72 1.00E+04   

105.84 3.16E+04   

164.99 1.00E+05   

213.97 3.16E+05   

310.43 3.16E+06   

239.99 3.16E+07   

84.94 1.00E+08   

183.29 3.16E+08   

109.95 1.00E+09   

160.67 3.16E+09   

146.40 1.00E+10   

127.46 3.16E+10   

159.70 1.00E+11   

107.60 3.16E+11   

127.70 1.00E+12   
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𝑵 = 𝟒𝟎  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  120.00 

 

𝑬𝒆(MPa)  120.00 

 
𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

106.82 3.16E+12   

140.68 1.00E+13   

25.96 3.16E+13   

174.73 1.00E+14   

18.08 3.16E+14   

78.55 1.00E+15   

70.61 3.16E+15   

60.26 1.00E+16   

54.00 1.00E+17   

44.60 3.16E+17   

6.09 1.00E+18   

36.64 3.16E+18   

7.53 1.00E+19   

 

 

Table A-3 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for AS4/PEEK-Sample C 

𝑵 = 𝟑𝟕  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  91.90 𝑬𝒆(MPa)  91.90 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

124.83 1.00E-05 226.85 1.00E-01 

42.44 1.00E-02 1346.49 3.16E+00 

118.06 1.00E-01 1332.56 3.16E+02 

480.61 1.00E+00 743.23 3.16E+04 

574.15 3.16E+00 580.23 3.16E+06 

61.08 1.00E+01 588.94 3.16E+08 

534.87 3.16E+01 563.61 3.16E+10 

250.00 1.00E+02 493.15 3.16E+12 
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𝑵 = 𝟑𝟕  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  91.90 𝑬𝒆(MPa)  91.90 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

524.10 3.16E+02 350.65 1.00E+15 

56.16 1.00E+03 125.08 1.00E+17 

425.23 3.16E+03 52.67 3.16E+18 

182.93 1.00E+04   

153.17 3.16E+04   

190.87 1.00E+05   

123.98 3.16E+05   

119.78 1.00E+06   

251.97 3.16E+06   

28.47 1.00E+07   

232.26 3.16E+07   

84.34 1.00E+08   

184.30 3.16E+08   

130.08 1.00E+09   

151.49 3.16E+09   

151.44 1.00E+10   

139.76 3.16E+10   

130.39 1.00E+11   

154.10 3.16E+11   

89.15 1.00E+12   

139.19 3.16E+12   

93.89 1.00E+13   

82.79 3.16E+13   

129.29 1.00E+14   

154.71 1.00E+15   

99.18 1.00E+16   

69.49 1.00E+17   

32.67 3.16E+17   
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𝑵 = 𝟑𝟕  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  91.90 𝑬𝒆(MPa)  91.90 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

47.93 3.16E+18   

 

 

A.2 Prony series constants for neat PEEK samples 

The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for two neat PEEK samples are given in Table A-4 and Table 

A-5. 

 

Table A-4 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for neat PEEK-Sample A 

𝑵 = 𝟑𝟏  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  82.20 𝑬𝒆(MPa)  82.20 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

16.66 1.00E-02 5.34 1.00E-02 

28.16 1.00E-01 141.91 1.00E+00 

30.91 1.00E+00 561.67 1.00E+02 

243.63 1.00E+01 405.67 3.16E+03 

192.34 1.00E+02 290.43 3.16E+05 

276.69 3.16E+02 127.95 3.16E+07 

231.35 3.16E+03 101.92 1.00E+10 

40.22 1.00E+04 82.15 1.00E+13 

97.15 3.16E+04 57.52 3.16E+15 

120.67 1.00E+05 25.08 3.16E+17 

53.11 3.16E+05   

47.04 1.00E+06   

54.10 3.16E+06   

51.33 1.00E+07   

8.99 3.16E+07   
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𝑵 = 𝟑𝟏  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  82.20 𝑬𝒆(MPa)  82.20 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

40.18 1.00E+08   

5.95 3.16E+08   

37.89 1.00E+09   

31.65 1.00E+10   

21.86 3.16E+10   

26.97 3.16E+11   

19.06 1.00E+12   

28.72 1.00E+13   

6.13 3.16E+13   

21.28 1.00E+14   

26.84 1.00E+15   

4.29 3.16E+15   

18.17 1.00E+16   

2.05 3.16E+16   

24.94 1.00E+17   

3.26 3.16E+17   

 

 

Table A-5 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for neat PEEK-Sample B 

𝑵 = 𝟑𝟒  𝑵 = 𝟗  

𝑬𝒆(MPa)  73.60 𝑬𝒆(MPa)  73.60 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

48.27 3.16E-02 131.50 3.16E-01 

7.24 3.16E-01 837.62 1.00E+03 

27.80 3.16E+00 385.49 1.00E+05 

172.64 3.16E+01 179.37 3.16E+07 

361.60 3.16E+02 69.10 3.16E+09 
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𝑵 = 𝟑𝟒  𝑵 = 𝟗  

𝑬𝒆(MPa)  73.60 𝑬𝒆(MPa)  73.60 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

25.47 1.00E+03 61.84 3.16E+11 

248.28 3.16E+03 53.87 3.16E+13 

51.33 1.00E+04 51.56 3.16E+15 

193.22 3.16E+04 24.58 3.16E+17 

37.54 1.00E+05   

144.27 3.16E+05   

101.16 3.16E+06   

20.08 1.00E+07   

39.46 3.16E+07   

30.83 1.00E+08   

7.89 3.16E+08   

27.14 1.00E+09   

20.00 3.16E+09   

21.51 1.00E+10   

10.17 3.16E+10   

21.31 1.00E+11   

13.33 3.16E+11   

12.15 1.00E+12   

20.79 3.16E+12   

5.81 1.00E+13   

21.08 3.16E+13   

6.32 1.00E+14   

20.12 3.16E+14   

7.03 1.00E+15   

12.71 3.16E+15   

17.77 1.00E+16   

1.20 3.16E+16   

23.38 1.00E+17   
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𝑵 = 𝟑𝟒  𝑵 = 𝟗  

𝑬𝒆(MPa)  73.60 𝑬𝒆(MPa)  73.60 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

3.71 3.16E+17   

 

 

A.3 Prony series constants for fully cured AS4/8552 samples 

The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for three AS4/8552 samples are given in Table A-6, Table A-7 

and Table A-8. 

 

Table A-6 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for AS4/8552-Sample A 

𝑵 = 𝟏𝟖  𝑵 = 𝟗  

𝑬𝒆(MPa)  149.00 𝑬𝒆(MPa)  149.00 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

106.86 1.00E+00 280.02 1.00E+01 

76.88 1.00E+01 1755.16 3.16E+03 

750.55 3.16E+02 1716.83 1.00E+05 

392.19 3.16E+03 1208.94 3.16E+06 

931.34 1.00E+04 251.93 3.16E+07 

1313.50 1.00E+05 149.40 3.16E+08 

830.04 1.00E+06 92.12 1.00E+10 

184.59 3.16E+06 224.42 1.00E+12 

551.07 1.00E+07 134.19 1.00E+14 

32.60 3.16E+07   

141.65 1.00E+08   

62.09 3.16E+08   

36.67 1.00E+09   

47.47 1.00E+10   
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𝑵 = 𝟏𝟖  𝑵 = 𝟗  

𝑬𝒆(MPa)  149.00 𝑬𝒆(MPa)  149.00 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

78.43 1.00E+11   

119.96 1.00E+12   

113.78 1.00E+13   

78.69 1.00E+14   

 

 

Table A-7 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for AS4/8552-Sample B 

𝑵 = 𝟐𝟓  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  148.00 𝑬𝒆(MPa)  148.00 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

45.28 3.16E-01 345.36 1.00E+01 

67.50 1.00E+00 1841.24 3.16E+03 

100.43 1.00E+01 1803.13 3.16E+05 

150.79 1.00E+02 359.08 3.16E+06 

346.38 3.16E+02 538.65 3.16E+07 

191.42 1.00E+03 59.99 3.16E+08 

504.07 3.16E+03 91.40 3.16E+09 

489.94 1.00E+04 72.79 3.16E+10 

633.77 3.16E+04 207.96 1.00E+12 

431.25 1.00E+05 146.30 1.00E+14 

584.29 3.16E+05   

382.55 1.00E+06   

440.35 3.16E+06   

197.43 1.00E+07   

257.77 3.16E+07   

55.82 1.00E+08   

112.76 3.16E+08   
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𝑵 = 𝟐𝟓  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  148.00 𝑬𝒆(MPa)  148.00 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

25.83 1.00E+09   

21.38 3.16E+09   

52.64 1.00E+10   

2.94 3.16E+10   

83.26 1.00E+11   

106.41 1.00E+12   

133.01 1.00E+13   

77.58 1.00E+14   

 

 

Table A-8 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for AS4/8552-Sample C 

𝑵 = 𝟐𝟓  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  153.00 𝑬𝒆(MPa)  153.00 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

62.58 1.00E+00 373.30 1.00E+00 

89.81 1.00E+01 1490.72 1.00E+03 

205.08 1.00E+02 1998.54 1.00E+05 

314.96 3.16E+02 563.71 1.00E+06 

202.42 1.00E+03 778.66 1.00E+07 

555.32 3.16E+03 195.01 1.00E+08 

480.29 1.00E+04 163.03 1.00E+09 

673.81 3.16E+04 86.21 1.00E+11 

466.31 1.00E+05 182.28 1.00E+12 

649.67 3.16E+05 162.41 1.00E+14 

394.86 1.00E+06   

475.80 3.16E+06   

233.34 1.00E+07   
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𝑵 = 𝟐𝟓  𝑵 = 𝟏𝟎  

𝑬𝒆(MPa)  153.00 𝑬𝒆(MPa)  153.00 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

269.20 3.16E+07   

109.57 1.00E+08   

98.46 3.16E+08   

40.73 1.00E+09   

24.97 3.16E+09   

33.64 1.00E+10   

31.02 3.16E+10   

48.43 1.00E+11   

25.83 3.16E+11   

100.14 1.00E+12   

118.39 1.00E+13   

101.55 1.00E+14   

 

 

A.4 Prony series constants for fully cured 8552 neat resin samples 

The parameters 𝐸𝑒, 𝐸𝑖's and 𝜏𝑖's for two 8552 neat resin samples are given in Table A-9 and 

Table A-10. 

 

Table A-9 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for 8552 resin-Sample A 

𝑵 = 𝟐𝟏  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  11.60 𝑬𝒆(MPa)  11.60 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

47.14 3.16E-01 93.98 1.00E+01 

113.08 1.00E+01 142.23 1.00E+02 

51.69 1.00E+02 317.52 1.00E+03 

192.33 3.16E+02 597.25 1.00E+04 



258 

 

𝑵 = 𝟐𝟏  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  11.60 𝑬𝒆(MPa)  11.60 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

103.40 1.00E+03 718.93 1.00E+05 

209.16 3.16E+03 352.82 1.00E+06 

313.33 1.00E+04 134.76 1.00E+07 

367.55 3.16E+04 54.10 1.00E+08 

375.22 1.00E+05 12.91 3.16E+09 

243.36 3.16E+05 15.23 3.16E+11 

195.77 1.00E+06 19.08 3.16E+13 

109.95 3.16E+06   

50.53 1.00E+07   

66.31 3.16E+07   

5.37 1.00E+08   

24.44 3.16E+08   

5.45 3.16E+09   

5.46 3.16E+10   

7.14 3.16E+11   

10.44 3.16E+12   

13.80 3.16E+13   

 

 

Table A-10 Prony series parameters 𝑬𝒆, 𝑬𝒊's and 𝝉𝒊's for 8552 resin-Sample B 

𝑵 = 𝟐𝟎  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  13.40 𝑬𝒆(MPa)  13.40 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

73.64 1.00E+00 64.05 1.00E+00 

82.41 1.00E+01 94.48 1.00E+01 

57.04 1.00E+02 284.84 3.16E+02 

139.89 3.16E+02 438.43 3.16E+03 
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𝑵 = 𝟐𝟎  𝑵 = 𝟏𝟏  

𝑬𝒆(MPa)  13.40 𝑬𝒆(MPa)  13.40 

𝑬𝒊(MPa)  𝝉𝒊(s)  𝑬𝒊(MPa)  𝝉𝒊(s)  

218.23 1.00E+03 786.29 3.16E+04 

174.72 3.16E+03 559.56 3.16E+05 

320.53 1.00E+04 182.38 3.16E+06 

386.48 3.16E+04 89.78 3.16E+07 

431.06 1.00E+05 18.24 3.16E+09 

210.90 3.16E+05 12.84 3.16E+11 

205.63 1.00E+06 18.09 3.16E+13 

84.45 3.16E+06   

51.27 1.00E+07   

57.47 3.16E+07   

23.05 3.16E+08   

2.76 3.16E+09   

6.58 3.16E+10   

6.24 3.16E+11   

8.54 3.16E+12   

13.75 3.16E+13   
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Appendix B  Three dimensional constitutive relations for thermo-rheologically complex 

materials 

In this appendix, thermo-viscoelastic constitutive equations, developed in section 4.3 are 

generalized for three dimensional cases. Time integration of equations are carried out for 

implementation in a UMAT. 

 

B.1  Isotropic case 

Recall the constitutive relations for an elastic isotropic material (Hooke’s law) 

 

𝜎11 = (𝐾 +
4

3
𝐺) 𝜖11 + (𝐾 −

2

3
𝐺) (𝜖22 + 𝜖33) − 3𝐾𝛼Δ𝑇 − 3𝐾𝛼

𝑐𝑠∆𝑋 

𝜎22 = (𝐾 +
4

3
𝐺) 𝜖22 + (𝐾 −

2

3
𝐺) (𝜖33 + 𝜖11) − 3𝐾𝛼Δ𝑇 − 3𝐾𝛼

𝑐𝑠∆𝑋 

𝜎33 = (𝐾 +
4

3
𝐺) 𝜖33 + (𝐾 −

2

3
𝐺) (𝜖11 + 𝜖22) − 3𝐾𝛼Δ𝑇 − 3𝐾𝛼

𝑐𝑠∆𝑋 

𝜎23 = 𝐺𝛾23 

𝜎13 = 𝐺𝛾13 

𝜎12 = 𝐺𝛾12 

( B-1 ) 

 

In Equation ( B-1 ), 𝐾 is the bulk modulus, 𝐺 is the shear modulus, 𝛼 is the coefficient of thermal 

expansion (linear) and 𝛼𝑐𝑠 is the coefficient of cure/crystallization (linear) shrinkage. Let’s rename 

3𝐾𝛼 as 𝛽𝐾 and 3𝐾𝛼𝑐𝑠 as 𝛾𝐾 and rewrite Equation ( B-1 ) as 

 

𝜎11 = (𝐾 +
4

3
𝐺) 𝜖11 + (𝐾 −

2

3
𝐺) (𝜖22 + 𝜖33) − 𝛽𝐾Δ𝑇 − 𝛾𝐾Δ𝑋 

𝜎22 = (𝐾 +
4

3
𝐺) 𝜖22 + (𝐾 −

2

3
𝐺) (𝜖33 + 𝜖11) − 𝛽𝐾Δ𝑇 − 𝛾𝐾Δ𝑋 

( B-2 ) 
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𝜎33 = (𝐾 +
4

3
𝐺) 𝜖33 + (𝐾 −

2

3
𝐺) (𝜖11 + 𝜖22) − 𝛽𝐾Δ𝑇 − 𝛾𝐾Δ𝑋 

𝜎23 = 𝐺𝛾23 

𝜎13 = 𝐺𝛾13 

𝜎12 = 𝐺𝛾12 

 

Considering Equation ( B-2 ), we generalize Equation ( 4-50 ) for the three-dimensional isotropic 

case as 

 

𝜎11 = (𝐾𝑒 +
4

3
𝐺𝑒) 𝜖11 + (𝐾𝑒 −

2

3
𝐺𝑒) (𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 − 𝛾𝐾𝑒Δ𝑋

+ 𝑎𝐹∫(𝛥𝐾(𝜉 − 𝜉
′) +

4

3
𝛥𝐺(𝜉 − 𝜉′))

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫(𝛥𝐾(𝜉 − 𝜉
′) −

2

3
𝛥𝐺(𝜉 − 𝜉′))

𝑑(𝜖22 + 𝜖33)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽𝐾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛾𝐾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-3 ) 

 

Similarly 
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𝜎22 = (𝐾𝑒 +
4

3
𝐺𝑒) 𝜖22 + (𝐾𝑒 −

2

3
𝐺𝑒) (𝜖33 + 𝜖11) − 𝛽𝐾𝑒Δ𝑇 − 𝛾𝐾𝑒Δ𝑋

+ 𝑎𝐹∫(𝛥𝐾(𝜉 − 𝜉
′) +

4

3
𝛥𝐺(𝜉 − 𝜉′))

𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫(𝛥𝐾(𝜉 − 𝜉
′) −

2

3
𝛥𝐺(𝜉 − 𝜉′))

𝑑(𝜖33 + 𝜖11)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽𝐾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛾𝐾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-4 ) 

 

𝜎33 = (𝐾𝑒 +
4

3
𝐺𝑒) 𝜖33 + (𝐾𝑒 −

2

3
𝐺𝑒) (𝜖11 + 𝜖22) − 𝛽𝐾𝑒Δ𝑇 − 𝛾𝐾𝑒Δ𝑋

+ 𝑎𝐹∫(𝛥𝐾(𝜉 − 𝜉
′) +

4

3
𝛥𝐺(𝜉 − 𝜉′))

𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫(𝛥𝐾(𝜉 − 𝜉
′) −

2

3
𝛥𝐺(𝜉 − 𝜉′))

𝑑(𝜖11 + 𝜖22)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽𝐾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛾𝐾(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-5 ) 

 𝜎23 = 𝐺𝑒𝛾23 + 𝑎𝐹∫𝛥𝐺(𝜉 − 𝜉
′)
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-6 ) 
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 𝜎13 = 𝐺𝑒𝛾13 + 𝑎𝐹∫𝛥𝐺(𝜉 − 𝜉
′)
𝑑𝛾13
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-7 ) 

 𝜎12 = 𝐺𝑒𝛾12 + 𝑎𝐹∫𝛥𝐺(𝜉 − 𝜉
′)
𝑑𝛾12
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-8 ) 

 

Next we approximate 𝐾(𝜉), 𝐺(𝜉), 𝛽𝐾(𝜉) and 𝛾𝐾(𝜉) by Prony series as 

 

𝐾(𝜉) = 𝐾𝑒 +∑𝐾𝑖𝑒
−
𝜉
𝜏𝐾𝑖

𝑁𝐾

𝑖=1

, 

𝐺(𝜉) = 𝐺𝑒 +∑𝐾𝑗𝑒
−
𝜉
𝜏𝐺𝑗

𝑁𝐺

𝑗=1

, 

𝛽𝐾(𝜉) = 𝛽𝐾𝑒 +∑𝛽𝐾𝑖𝑒
−
𝜉
𝜏𝐾𝑖

𝑁𝐾

𝑖=1

 

𝛾𝐾(𝜉) = 𝛾𝐾𝑒 +∑𝛾𝐾𝑖𝑒
−
𝜉
𝜏𝐾𝑖

𝑁𝐾

𝑖=1

 

( B-9 ) 

 

Substituting from Equation ( B-9 ) into Equations ( B-3 ) to ( B-8 ) yields 
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𝜎11 = 𝐾𝑒(𝜖11 + 𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 +
2

3
𝐺𝑒(2𝜖11 − 𝜖22 − 𝜖33)

+∑(𝑎𝐹∫(𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖
𝑑(𝜖11 + 𝜖22 + 𝜖33)

𝑑𝜉′

𝜉

0

𝑁𝐾

𝑖=1

− 𝛽𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
− 𝛾𝐾𝑖𝑒

−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′)

+
2

3
∑(𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑(2𝜖11 − 𝜖22 − 𝜖33)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

)

𝑁𝐺

𝑗=1

 

( B-10 ) 

 

𝜎22 = 𝐾𝑒(𝜖11 + 𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 +
2

3
𝐺𝑒(2𝜖22 − 𝜖33 − 𝜖11)

+∑(𝑎𝐹∫(𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖
𝑑(𝜖11 + 𝜖22 + 𝜖33)

𝑑𝜉′

𝜉

0

𝑁𝐾

𝑖=1

− 𝛽𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
− 𝛾𝐾𝑖𝑒

−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′)

+
2

3
∑(𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑(2𝜖22 − 𝜖33 − 𝜖11)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

)

𝑁𝐺

𝑗=1

 

( B-11 ) 
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𝜎33 = 𝐾𝑒(𝜖11 + 𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 +
2

3
𝐺𝑒(2𝜖33 − 𝜖11 − 𝜖22)

+∑(𝑎𝐹∫(𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖
𝑑(𝜖11 + 𝜖22 + 𝜖33)

𝑑𝜉′

𝜉

0

𝑁𝐾

𝑖=1

− 𝛽𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
− 𝛾𝐾𝑖𝑒

−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′)

+
2

3
∑(𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑(2𝜖33 − 𝜖11 − 𝜖22)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

)

𝑁𝐺

𝑗=1

 

( B-12 ) 

 𝜎23 = 𝐺𝑒𝛾23 +∑(𝑎𝐹∫(𝐺𝑗𝑒
−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑𝛾23
𝑑𝜉′

)𝑑𝜉′

𝜉

0

)

𝑁𝐺

𝑗=1

 ( B-13 ) 

 𝜎13 = 𝐺𝑒𝛾13 +∑(𝑎𝐹∫(𝐺𝑗𝑒
−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑𝛾13
𝑑𝜉′

)𝑑𝜉′

𝜉

0

)

𝑁𝐺

𝑗=1

 ( B-14 ) 

 𝜎12 = 𝐺𝑒𝛾12 +∑(𝑎𝐹∫(𝐺𝑗𝑒
−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑𝛾12
𝑑𝜉′

)𝑑𝜉′

𝜉

0

)

𝑁𝐺

𝑗=1

 ( B-15 ) 

 

Now we define the following state variables 

 

𝑞𝐾𝑖(𝜉) = 𝑎𝐹∫(𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖
𝑑(𝜖11 + 𝜖22 + 𝜖33)

𝑑𝜉′
− 𝛽𝐾𝑖𝑒

−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′

𝜉

0

− 𝛾𝐾𝑖𝑒
−
𝜉−𝜉′

𝜏𝐾𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
)𝑑𝜉′ ,                                          𝑖 = 1,2… ,𝑁𝐾 

( B-16 ) 
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 𝑞𝐺𝑗
11(𝜉) =

2

3
𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑(2𝜖11 − 𝜖22 − 𝜖33)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

,                  𝑗 = 1,2… , 𝑁𝐺 ( B-17 ) 

 𝑞𝐺𝑗
22(𝜉) =

2

3
𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑(2𝜖22 − 𝜖33 − 𝜖11)

𝑑𝜉′
)𝑑𝜉′

𝜉

0

,                  𝑗 = 1,2… ,𝑁𝐺 ( B-18 ) 

 𝑞𝐺𝑗
23(𝜉) = 𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑𝛾23
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                                  𝑗 = 1,2… ,𝑁𝐺  ( B-19 ) 

 𝑞𝐺𝑗
13(𝜉) = 𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑𝛾13
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                                  𝑗 = 1,2… ,𝑁𝐺  ( B-20 ) 

 𝑞𝐺𝑗
12(𝜉) = 𝑎𝐹∫(𝐺𝑗𝑒

−
𝜉−𝜉′

𝜏𝐺𝑗
𝑑𝛾12
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                                  𝑗 = 1,2… ,𝑁𝐺  ( B-21 ) 

 

Using Leibniz rule of differentiation, we take the derivative of each of the state variables in 

Equations ( B-16 ) to ( B-21 ) and obtain 

 

𝑑𝑞𝐾𝑖(𝜉)

𝑑𝜉
+
𝑞𝐾𝑖(𝜉)

𝜏𝐾𝑖
= 𝑎𝐹𝐾𝑖 (

𝑑𝜖11
𝑑𝜉

+
𝑑𝜖22
𝑑𝜉

+
𝑑𝜖33
𝑑𝜉

) − 𝛽𝐾𝑖
𝑑Δ𝑇

𝑑𝜉
− 𝛾𝐾𝑖

𝑑Δ𝑋

𝑑𝜉
,

𝑖 = 1,2… ,𝑁𝐾 

( B-22 ) 

 
𝑑𝑞𝐺𝑗

11(𝜉)

𝑑𝜉
+
𝑞𝐺𝑗
11(𝜉)

𝜏𝐺𝑗
=
2

3
𝑎𝐹𝐺𝑗 (2

𝑑𝜖11
𝑑𝜉

−
𝑑𝜖22
𝑑𝜉

−
𝑑𝜖33
𝑑𝜉

) ,                     𝑖 = 1,2… ,𝑁𝐺  ( B-23 ) 

 
𝑑𝑞𝐺𝑗

22(𝜉)

𝑑𝜉
+
𝑞𝐺𝑗
22(𝜉)

𝜏𝐺𝑗
=
2

3
𝑎𝐹𝐺𝑗 (2

𝑑𝜖22
𝑑𝜉

−
𝑑𝜖33
𝑑𝜉

−
𝑑𝜖11
𝑑𝜉

) ,                     𝑖 = 1,2… ,𝑁𝐺  ( B-24 ) 

 
𝑑𝑞𝐺𝑗

23(𝜉)

𝑑𝜉
+
𝑞𝐺𝑗
23(𝜉)

𝜏𝐺𝑗
= 𝑎𝐹𝐺𝑗

𝑑𝛾23
𝑑𝜉

,                                                            𝑖 = 1,2… ,𝑁𝐺  ( B-25 ) 
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𝑑𝑞𝐺𝑗

13(𝜉)

𝑑𝜉
+
𝑞𝐺𝑗
13(𝜉)

𝜏𝐺𝑗
= 𝑎𝐹𝐺𝑗

𝑑𝛾13
𝑑𝜉

,                                                            𝑖 = 1,2… , 𝑁𝐺 ( B-26 ) 

 
𝑑𝑞𝐺𝑗

12(𝜉)

𝑑𝜉
+
𝑞𝐺𝑗
12(𝜉)

𝜏𝐺𝑗
= 𝑎𝐹𝐺𝑗

𝑑𝛾12
𝑑𝜉

,                                                            𝑖 = 1,2… , 𝑁𝐺 ( B-27 ) 

 

Also substituting from Equations ( B-16 ) to ( B-21 ) into Equations ( B-10 ) to ( B-15 ) we conclude 

 

𝜎11 = 𝐾𝑒(𝜖11 + 𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 − 𝛾𝐾𝑒Δ𝑋 +
2

3
𝐺𝑒(2𝜖11 − 𝜖22 − 𝜖33)

+∑𝑞𝐾𝑖

𝑁𝐾

𝑖=1

+∑𝑞𝐺𝑗
11

𝑁𝐺

𝑗=1

 

( B-28 ) 

 

𝜎22 = 𝐾𝑒(𝜖11 + 𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 − 𝛾𝐾𝑒Δ𝑋 +
2

3
𝐺𝑒(2𝜖22 − 𝜖33 − 𝜖11)

+∑𝑞𝐾𝑖

𝑁𝐾

𝑖=1

+∑𝑞𝐺𝑗
22

𝑁𝐺

𝑗=1

 

( B-29 ) 

 

𝜎33 = 𝐾𝑒(𝜖11 + 𝜖22 + 𝜖33) − 𝛽𝐾𝑒Δ𝑇 − 𝛾𝐾𝑒Δ𝑋 +
2

3
𝐺𝑒(2𝜖33 − 𝜖11 − 𝜖22)

+∑𝑞𝐾𝑖

𝑁𝐾

𝑖=1

−∑(𝑞𝐺𝑗
11 + 𝑞𝐺𝑗

22)

𝑁𝐺

𝑗=1

 

( B-30 ) 

 𝜎23 = 𝐺𝑒𝛾23 +∑𝑞𝐺𝑗
23

𝑁𝐺

𝑗=1

 ( B-31 ) 

 𝜎13 = 𝐺𝑒𝛾13 +∑𝑞𝐺𝑗
13

𝑁𝐺

𝑗=1

 ( B-32 ) 

 𝜎12 = 𝐺𝑒𝛾12 +∑𝑞𝐺𝑗
12

𝑁𝐺

𝑗=1

 ( B-33 ) 
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Finally, based on our discussions about hypo-elastic behaviour of the material in the glassy regime, 

Equations ( B-28 ) to ( B-33 ) are modified as 

 

�̇�11 = 𝐾𝑒(𝜖1̇1 + 𝜖2̇2 + 𝜖3̇3) − 𝛽𝐾𝑒Δ�̇� − 𝛾𝐾𝑒Δ�̇� +
2

3
𝐺𝑒(2𝜖1̇1 − 𝜖2̇2 − 𝜖3̇3)

+∑�̇�𝐾𝑖

𝑁𝐾

𝑖=1

+∑�̇�𝐺𝑗
11

𝑁𝐺

𝑗=1

 

( B-34 ) 

 

�̇�22 = 𝐾𝑒(𝜖1̇1 + 𝜖2̇2 + 𝜖3̇3) − 𝛽𝐾𝑒Δ�̇� − 𝛾𝐾𝑒Δ�̇� +
2

3
𝐺𝑒(2𝜖2̇2 − 𝜖3̇3 − 𝜖1̇1)

+∑�̇�𝐾𝑖

𝑁𝐾

𝑖=1

+∑�̇�𝐺𝑗
22

𝑁𝐺

𝑗=1

 

( B-35 ) 

 

�̇�33 = 𝐾𝑒(𝜖1̇1 + 𝜖2̇2 + 𝜖3̇3) − 𝛽𝐾𝑒Δ�̇� − 𝛾𝐾𝑒Δ�̇� +
2

3
𝐺𝑒(2𝜖3̇3 − 𝜖1̇1 − 𝜖2̇2)

+∑�̇�𝐾𝑖

𝑁𝐾

𝑖=1

−∑(�̇�𝐺𝑗
11 + �̇�𝐺𝑗

22)

𝑁𝐺

𝑗=1

 

( B-36 ) 

 �̇�23 = 𝐺𝑒�̇�23 +∑�̇�𝐺𝑗
23

𝑁𝐺

𝑗=1

 ( B-37 ) 

 �̇�13 = 𝐺𝑒�̇�13 +∑�̇�𝐺𝑗
13

𝑁𝐺

𝑗=1

 ( B-38 ) 

 �̇�12 = 𝐺𝑒�̇�12 +∑�̇�𝐺𝑗
12

𝑁𝐺

𝑗=1

 ( B-39 ) 

 

Next step is solving (time integrating) Equations ( B-22 ) to ( B-27 ) and Equations ( B-34 ) to ( 

B-39 ) in order to prepare them for implementation in UMAT. 
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We start with one of the state variables, say  𝑞𝐺𝑗
23. We may use a numerical time integration scheme 

such as Euler forward, Euler backward, Crank-Nicolson, etc. and discretize Equation ( B-25 ) and 

find the value of the state variable at each time step in terms of the values in previous time steps. 

Alternatively, we can assume some simplified variations of strain during a time step and create 

semi-analytical solutions [81], [153].  

Let’s use the following convention for any general variable 𝑃 

 

𝑃(𝑡 = 𝑡𝑛−1) = 𝑃𝑛−1 

𝑃(𝑡 = 𝑡𝑛) = 𝑃𝑛 

Δ𝑃𝑛 = 𝑃𝑛 − 𝑃𝑛−1 

Δ𝜉𝑛 = 𝜉𝑛 − 𝜉𝑛−1 

Δ𝑡𝑛 = 𝑡𝑛 − 𝑡𝑛−1 

( B-40 ) 

 

Multiplying both sides of Equation ( B-25 ) by the integrating factor  𝑒
𝜉

𝜏𝐺𝑗  yields 

 

𝑒
𝜉
𝜏𝐺𝑗 (

𝑑𝑞𝐺𝑗
23(𝜉)

𝑑𝜉
+
𝑞𝐺𝑗
23(𝜉)

𝜏𝐺𝑗
) =

𝑑 (𝑒
𝜉
𝜏𝐺𝑗𝑞𝐺𝑗

23(𝜉))

𝑑𝜉
= 𝑎𝐹𝐺𝑗𝑒

𝜉
𝜏𝐺𝑗
𝑑𝛾23
𝑑𝜉

,   𝑖 = 1,2… , 𝑁𝐺 

( B-41 ) 

 

Now we integrate from  𝜉𝑛−1 to 𝜉𝑛 

 
∫

𝑑(𝑒
𝜉′

𝜏𝐺𝑗𝑞𝐺𝑗
23(𝜉′))

𝑑𝜉′
𝑑𝜉′

𝜉𝑛

𝜉𝑛−1

= ∫ 𝑎𝐹𝐺𝑗𝑒
𝜉′

𝜏𝐺𝑗
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉𝑛

𝜉𝑛−1

,                       𝑗 = 1,2… ,𝑁𝐺  
( B-42 ) 
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That is  

 
𝑒
𝜉𝑛−1+Δ𝜉𝑛

𝜏𝐺𝑗 𝑞𝐺𝑗
23(𝜉𝑛) − 𝑒

𝜉𝑛−1

𝜏𝐺𝑗 𝑞𝐺𝑗
23(𝜉𝑛−1) = ∫ 𝑎𝐹𝐺𝑗𝑒

𝜉′

𝜏𝐺𝑗
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉𝑛

𝜉𝑛−1

,

𝑗 = 1,2… ,𝑁𝐺                      

( B-43 ) 

 

Now we assume 𝛾23 varies linearly with 𝜉 in the interval [𝜉𝑛−1, 𝜉𝑛], i.e., 
𝑑𝛾23

𝑑𝜉
 is constant and we 

replace it with 
Δ𝛾23

𝑛

Δ𝜉𝑛
. Therefore Equation ( B-43 ) reduces to  

 𝑞𝐺𝑗
23(𝜉𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗 𝑞𝐺𝑗
23(𝜉𝑛−1) + 𝑎𝐹𝐺𝑗Δ𝛾23

𝑛(
1 − 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗

Δ𝜉𝑛

𝜏𝐺𝑗

) ,              𝑗 = 1,2… ,𝑁𝐺 ( B-44 ) 

 

Following the same procedure for all other state variables in Equations ( B-16 ) to ( B-21 ) results 

in 

 

𝑞𝐾𝑖(𝜉
𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐾𝑖 𝑞𝐾𝑖(𝜉
𝑛−1)

+ (𝑎𝐹𝐾𝑖(Δ𝜖11
𝑛 + Δ𝜖22

𝑛 + Δ𝜖33
𝑛) − 𝛽𝐾𝑖Δ𝑇

𝑛

− 𝛾𝐾𝑖Δ𝑋
𝑛)(

1 − 𝑒
−
Δ𝜉𝑛

𝜏𝐾𝑖

Δ𝜉𝑛

𝜏𝐾𝑖

) ,                                          𝑖 = 1,2… ,𝑁𝐾 

( B-45 ) 
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𝑞𝐺𝑗
11(𝜉𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗 𝑞𝐺𝑗
11(𝜉𝑛−1)

+
2

3
𝑎𝐹𝐺𝑗(2Δ𝜖11

𝑛 − Δ𝜖22
𝑛 − Δ𝜖33

𝑛)(
1 − 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗

Δ𝜉𝑛

𝜏𝐺𝑗

) ,

𝑗 = 1,2… ,𝑁𝐺  

( B-46 ) 

 

𝑞𝐺𝑗
22(𝜉𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗 𝑞𝐺𝑗
22(𝜉𝑛−1)

+
2

3
𝑎𝐹𝐺𝑗(2Δ𝜖22

𝑛 − Δ𝜖33
𝑛 − Δ𝜖11

𝑛)(
1 − 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗

Δ𝜉𝑛

𝜏𝐺𝑗

) ,

𝑗 = 1,2… ,𝑁𝐺  

( B-47 ) 

 𝑞𝐺𝑗
13(𝜉𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗 𝑞𝐺𝑗
13(𝜉𝑛−1) + 𝑎𝐹𝐺𝑗Δ𝛾13

𝑛(
1 − 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗

Δ𝜉𝑛

𝜏𝐺𝑗

) ,             𝑗 = 1,2… ,𝑁𝐺  ( B-48 ) 

 𝑞𝐺𝑗
12(𝜉𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗 𝑞𝐺𝑗
12(𝜉𝑛−1) + 𝑎𝐹𝐺𝑗Δ𝛾12

𝑛(
1 − 𝑒

−
Δ𝜉𝑛

𝜏𝐺𝑗

Δ𝜉𝑛

𝜏𝐺𝑗

) ,             𝑗 = 1,2… ,𝑁𝐺  ( B-49 ) 

 

In Equations ( B-44 ) to ( B-49 ) we replace 𝜏𝐺𝑗 and 𝜏𝐾𝑖 by 𝑎𝑇𝜏𝐾𝑖 and 𝑎𝑇𝜏𝐺𝑗 (𝑎𝑇 is the horizontal 

shift factor) and rewrite the equations for real time as 



272 

 

 

𝑞𝐾𝑖(𝑡
𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐾𝑖𝑞𝐾𝑖(𝑡
𝑛−1)

+ (𝑎𝐹𝐾𝑖(Δ𝜖11
𝑛 + Δ𝜖22

𝑛 + Δ𝜖33
𝑛) − 𝛽𝐾𝑖Δ𝑇

𝑛

− 𝛾𝐾𝑖Δ𝑋
𝑛)(

1 − 𝑒
−
Δ𝑡𝑛

𝑎𝑇𝜏𝐾𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐾𝑖

) ,                                        𝑖 = 1,2… ,𝑁𝐾 

( B-50 ) 

 

𝑞𝐺𝑗
11(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗𝑞𝐺𝑗
11(𝑡𝑛−1)

+
2

3
𝑎𝐹𝐺𝑗(2Δ𝜖11

𝑛 − Δ𝜖22
𝑛 − Δ𝜖33

𝑛)(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

) ,

𝑗 = 1,2… , 𝑁𝐺 

( B-51 ) 

 

𝑞𝐺𝑗
22(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗𝑞𝐺𝑗
22(𝑡𝑛−1)

+
2

3
𝑎𝐹𝐺𝑗(2Δ𝜖22

𝑛 − Δ𝜖33
𝑛 − Δ𝜖11

𝑛)(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

) ,

𝑗 = 1,2… , 𝑁𝐺 

( B-52 ) 

 𝑞𝐺𝑗
23(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑖𝑞𝐺𝑗
23(𝑡𝑛−1) + 𝑎𝐹𝐺𝑗Δ𝛾23

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑖

) ,         𝑗 = 1,2… ,𝑁𝐺 ( B-53 ) 

 𝑞𝐺𝑗
13(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗𝑞𝐺𝑗
13(𝑡𝑛−1) + 𝑎𝐹𝐺𝑗Δ𝛾13

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

) ,         𝑗 = 1,2… ,𝑁𝐺  ( B-54 ) 

 𝑞𝐺𝑗
12(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗𝑞𝐺𝑗
12(𝑡𝑛−1) + 𝑎𝐹𝐺𝑗Δ𝛾12

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

Δ𝑡𝑛

𝑎𝑇𝜏𝐺𝑗

) ,         𝑗 = 1,2… ,𝑁𝐺  ( B-55 ) 
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Using Equations ( B-50 ) to ( B-65 ), we can calculate the value of each state variable at each time 

step in terms of its value at the previous time step and other parameters. 

Now we use Equations ( B-34 ) to ( B-39 ) for evaluation of stresses. Let’s start with Equation ( 

B-34 ) and integrate both sides from  𝑡𝑛−1 to 𝑡𝑛  

 

∫
𝑑𝜎11
𝑑𝑡′

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′ = ∫ [𝐾𝑒 (
𝑑𝜖11
𝑑𝑡′

+
𝑑𝜖22
𝑑𝑡′

+
𝑑𝜖33
𝑑𝑡′

) − 𝛽𝐾𝑒
𝑑∆𝑇

𝑑𝑡′
− 𝛾𝐾𝑒

𝑑∆𝑋

𝑑𝑡′

𝑡𝑛

𝑡𝑛−1

+
2

3
𝐺𝑒 (2

𝑑𝜖11
𝑑𝑡′

−
𝑑𝜖22
𝑑𝑡′

−
𝑑𝜖33
𝑑𝑡′

) +∑
𝑑𝑞𝐾𝑖
𝑑𝑡′

𝑁𝐾

𝑖=1

+∑
𝑑𝑞𝐺𝑗

11

𝑑𝑡′

𝑁𝐺

𝑗=1

] 𝑑𝑡′ 

( B-56 ) 

 

Now we assume 
𝑑𝜖11

𝑑𝑡
,
𝑑𝜖22

𝑑𝑡
,
𝑑𝜖33

𝑑𝑡
,
𝑑∆𝑇

𝑑𝑡
  and 

𝑑∆𝑋

𝑑𝑡
 are constant in the interval [𝑡𝑛−1, 𝑡𝑛] and replace 

them with 
Δ𝜖11

𝑛

Δ𝑡𝑛
,
Δ𝜖22

𝑛

Δ𝑡𝑛
,
Δ𝜖33

𝑛

Δ𝑡𝑛
,
Δ𝑇𝑛

Δ𝑡𝑛
 and 

Δ𝑋𝑛

Δ𝑡𝑛
, respectively. Therefore we rewrite Equation ( B-56 ) as 

 

𝜎11
𝑛 − 𝜎11

𝑛−1 = (
Δ𝜖11

𝑛

Δ𝑡𝑛
+ 
Δ𝜖22

𝑛

Δ𝑡𝑛
+
Δ𝜖33

𝑛

Δ𝑡𝑛
) ∫ 𝐾𝑒

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′ −
Δ𝑇𝑛

Δ𝑡𝑛
∫ 𝛽𝐾𝑒

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′

−
Δ𝑋𝑛

Δ𝑡𝑛
∫ 𝛾𝐾𝑒

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′ +
2

3
(2
Δ𝜖11

𝑛

Δ𝑡𝑛
−
Δ𝜖22

𝑛

Δ𝑡𝑛
−
Δ𝜖33

𝑛

Δ𝑡𝑛
) ∫ 𝐺𝑒

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′

+∑(𝑞𝐾𝑖
𝑛 − 𝑞𝐾𝑖

𝑛−1)

𝑁𝐾

𝑖=1

+∑(𝑞𝐺𝑗
11𝑛 − 𝑞𝐺𝑗

11𝑛−1)

𝑁𝐺

𝑗=1

 

( B-57 ) 

 

Approximating the integrals in Equation ( B-57 ) using Simpson’s rule we will have 
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𝜎11
𝑛 = 𝜎11

𝑛−1 + [
1

2
(𝐾𝑒

𝑛 + 𝐾𝑒
𝑛−1) +

2

3
(𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1)] Δ𝜖11

𝑛

+ [
1

2
(𝐾𝑒

𝑛 +𝐾𝑒
𝑛−1) −

1

3
(𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1)] (Δ𝜖22

𝑛 + Δ𝜖33
𝑛)

− Δ𝑇𝑛 (
𝛽𝐾𝑒

𝑛 + 𝛽𝐾𝑒
𝑛−1

2
) − ΔX𝑛 (

𝛾𝐾𝑒
𝑛 + 𝛾𝐾𝑒

𝑛−1

2
)

+∑(𝑞𝐾𝑖
𝑛 − 𝑞𝐾𝑖

𝑛−1)

𝑁𝐾

𝑖=1

+∑(𝑞𝐺𝑗
11𝑛 − 𝑞𝐺𝑗

11𝑛−1)

𝑁𝐺

𝑗=1

 

( B-58 ) 

 

Similarly for all other stress components we will have 

 

𝜎22
𝑛 = 𝜎22

𝑛−1 + [
1

2
(𝐾𝑒

𝑛 + 𝐾𝑒
𝑛−1) +

2

3
(𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1)] Δ𝜖22

𝑛

+ [
1

2
(𝐾𝑒

𝑛 + 𝐾𝑒
𝑛−1) −

1

3
(𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1)] (Δ𝜖33

𝑛 + Δ𝜖11
𝑛)

− Δ𝑇𝑛 (
𝛽𝐾𝑒

𝑛 + 𝛽𝐾𝑒
𝑛−1

2
) − ΔX𝑛 (

𝛾𝐾𝑒
𝑛 + 𝛾𝐾𝑒

𝑛−1

2
)

+∑(𝑞𝐾𝑖
𝑛 − 𝑞𝐾𝑖

𝑛−1)

𝑁𝐾

𝑖=1

+∑(𝑞𝐺𝑗
22𝑛 − 𝑞𝐺𝑗

22𝑛−1)

𝑁𝐺

𝑗=1

 

( B-59 ) 
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𝜎33
𝑛 = 𝜎33

𝑛−1 + [
1

2
(𝐾𝑒

𝑛 + 𝐾𝑒
𝑛−1) +

2

3
(𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1)] Δ𝜖33

𝑛

+ [
1

2
(𝐾𝑒

𝑛 + 𝐾𝑒
𝑛−1) −

1

3
(𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1)] (Δ𝜖11

𝑛 + Δ𝜖22
𝑛)

− Δ𝑇𝑛 (
𝛽𝐾𝑒

𝑛 + 𝛽𝐾𝑒
𝑛−1

2
) − ΔX𝑛 (

𝛾𝐾𝑒
𝑛 + 𝛾𝐾𝑒

𝑛−1

2
)

+∑(𝑞𝐾𝑖
𝑛 − 𝑞𝐾𝑖

𝑛−1)

𝑁𝐾

𝑖=1

−∑(𝑞𝐺𝑗
11𝑛 − 𝑞𝐺𝑗

11𝑛−1)

𝑁𝐺

𝑗=1

−∑(𝑞𝐺𝑗
22𝑛 − 𝑞𝐺𝑗

22𝑛−1)

𝑁𝐺

𝑗=1

 

( B-60 ) 

 𝜎23
𝑛 = 𝜎23

𝑛−1 + (
𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1

2
)Δ𝛾23

𝑛 +∑(𝑞𝐺𝑗
23𝑛 − 𝑞𝐺𝑗

23𝑛−1)

𝑁𝐺

𝑗=1

 ( B-61 ) 

 𝜎13
𝑛 = 𝜎13

𝑛−1 + (
𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1

2
)Δ𝛾13

𝑛 +∑(𝑞𝐺𝑗
13𝑛 − 𝑞𝐺𝑗

13𝑛−1)

𝑁𝐺

𝑗=1

 ( B-62 ) 

 𝜎12
𝑛 = 𝜎12

𝑛−1 + (
𝐺𝑒

𝑛 + 𝐺𝑒
𝑛−1

2
)Δ𝛾12

𝑛 +∑(𝑞𝐺𝑗
12𝑛 − 𝑞𝐺𝑗

12𝑛−1)

𝑁𝐺

𝑗=1

 ( B-63 ) 

 

Using Equations ( B-58 ) to ( B-63 ), we may evaluate the value of each stress component at each 

time step in terms of its value at the previous time step, state variables and other parameters. In 

turn, the values of state variables will be obtained using Equations ( B-50 ) to ( B-55 ). 

 

B.2 Transversely-isotropic case 

Let’s assume plane 2-3 is the plane of isotropy for a transversely isotropic material. We may write 

Hooke’s law for the linear elastic transversely isotropic material as 
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𝜎11 = 𝐶11(𝜖11 − 𝛼1Δ𝑇 − 𝛼1
𝑐𝑠∆𝑋) + 𝐶12(𝜖22 − 𝛼2Δ𝑇 − 𝛼2

𝑐𝑠∆𝑋)

+ 𝐶12(𝜖33 − 𝛼2Δ𝑇 − 𝛼2
𝑐𝑠∆𝑋) 

        = 𝐶11𝜖11 + 𝐶12(𝜖22 + 𝜖33) − (𝐶11𝛼1 + 2𝐶12𝛼2)Δ𝑇

− (𝐶11𝛼1
𝑐𝑠 + 2𝐶12𝛼2

𝑐𝑠)Δ𝑋 

𝜎22 = 𝐶12(𝜖11 − 𝛼1Δ𝑇 − 𝛼1
𝑐𝑠∆𝑋) + 𝐶22(𝜖22 − 𝛼2Δ𝑇 − 𝛼2

𝑐𝑠∆𝑋)

+ 𝐶23(𝜖33 − 𝛼2Δ𝑇 − 𝛼2
𝑐𝑠∆𝑋) 

        = 𝐶12𝜖11 + 𝐶22𝜖22 + 𝐶23𝜖33 − (𝐶12𝛼1 + (𝐶22 + 𝐶23)𝛼2)Δ𝑇

− (𝐶12𝛼1
𝑐𝑠 + (𝐶22 + 𝐶23)𝛼2

𝑐𝑠)Δ𝑋 

𝜎33 = 𝐶12(𝜖11 − 𝛼1Δ𝑇 − 𝛼1
𝑐𝑠∆𝑋) + 𝐶23(𝜖22 − 𝛼2Δ𝑇 − 𝛼2

𝑐𝑠∆𝑋)

+ 𝐶22(𝜖33 − 𝛼2Δ𝑇 − 𝛼2
𝑐𝑠∆𝑋) 

        = 𝐶12𝜖11 + 𝐶23𝜖22 + 𝐶22𝜖33 − (𝐶12𝛼1 + (𝐶22 + 𝐶23)𝛼2)Δ𝑇

− (𝐶12𝛼1
𝑐𝑠 + (𝐶22 + 𝐶23)𝛼2

𝑐𝑠)Δ𝑋 

𝜎23 =
1

2
(𝐶22 − 𝐶23)𝛾23 

𝜎13 = 𝐶66𝛾13 

𝜎12 = 𝐶66𝛾12 

( B-64 ) 

 

Defining 

 

𝛽1 = 𝐶11𝛼1 + 2𝐶12𝛼2, 𝛽2 = 𝐶12𝛼1 + (𝐶22 + 𝐶23)𝛼2 

𝛾1 = 𝐶11𝛼1
𝑐𝑠 + 2𝐶12𝛼2

𝑐𝑠, 𝛾2 = 𝐶12𝛼1
𝑐𝑠 + (𝐶22 + 𝐶23)𝛼2

𝑐𝑠 
( B-65 ) 

 

We will rewrite Equation ( B-64 ) as 
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𝜎11 = 𝐶11𝜖11 + 𝐶12(𝜖22 + 𝜖33) − 𝛽1Δ𝑇 − 𝛾1Δ𝑋 

𝜎22 = 𝐶12𝜖11 + 𝐶22𝜖22 + 𝐶23𝜖33 − 𝛽2Δ𝑇 − 𝛾2Δ𝑋 

𝜎33 = 𝐶12𝜖11 + 𝐶23𝜖22 + 𝐶22𝜖33 − 𝛽2Δ𝑇 − 𝛾2Δ𝑋 

𝜎23 =
1

2
(𝐶22 − 𝐶23)𝛾23 

𝜎13 = 𝐶66𝛾13 

𝜎12 = 𝐶66𝛾12 

( B-66 ) 

 

From Equations ( B-66 ) and Equation ( 4-42 ), we may write the thermo-viscoelastic (TVE) 

constitutive relations for a transversely isotropic material as 

 

𝜎11 = 𝐶11𝑒𝜖11 + 𝐶12𝑒(𝜖22 + 𝜖33) − 𝛽1𝑒Δ𝑇 + 𝑎𝐹∫𝛥𝐶11(𝜉 − 𝜉
′)
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶12(𝜉 − 𝜉
′)
𝑑(𝜖22 + 𝜖33)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽1(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-67 ) 

 

𝜎22 = 𝐶12𝑒𝜖11 + 𝐶22𝑒𝜖22 + 𝐶23𝑒𝜖33 − 𝛽2𝑒Δ𝑇 + 𝑎𝐹∫𝛥𝐶12(𝜉 − 𝜉
′)
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶22(𝜉 − 𝜉
′)
𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶23(𝜉 − 𝜉
′)
𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽2(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-68 ) 
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𝜎33 = 𝐶12𝑒𝜖11 + 𝐶23𝑒𝜖22 + 𝐶22𝑒𝜖33 − 𝛽2𝑒Δ𝑇 + 𝑎𝐹∫𝛥𝐶12(𝜉 − 𝜉
′)
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶23(𝜉 − 𝜉
′)
𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶22(𝜉 − 𝜉
′)
𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽2(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-69 ) 

 𝜎23 =
1

2
(𝐶22𝑒 − 𝐶23𝑒)𝛾23 + 𝑎𝐹∫

1

2
(𝛥𝐶22(𝜉 − 𝜉

′) − 𝛥𝐶23(𝜉 − 𝜉
′))
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-70 ) 

 𝜎13 = 𝐶66𝑒𝛾13 + 𝑎𝐹∫𝛥𝐶66(𝜉 − 𝜉
′)
𝑑𝛾13
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-71 ) 

 𝜎12 = 𝐶66𝑒𝛾12 + 𝑎𝐹∫𝛥𝐶66(𝜉 − 𝜉
′)
𝑑𝛾12
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-72 ) 

 

Approximating 𝐶𝑖𝑗′𝑠, 𝛽1, 𝛽2, 𝛾1 and 𝛾2 by Prony series we will have 

 

𝐶𝑖𝑗(𝜉) = 𝐶𝑖𝑗𝑒 +∑𝐶𝑖𝑗𝑘𝑒
−

𝜉
𝜏𝐶𝑖𝑗𝑘

𝑁𝐶𝑖𝑗

𝑘=1

, 

𝛽1(𝜉) = 𝛽1𝑒 +∑𝛽1𝑘𝑒
−

𝜉
𝜏𝛽1𝑘

𝑁𝛽1

𝑘=1

, 𝛽2(𝜉) = 𝛽2𝑒 +∑𝛽2𝑘𝑒
−

𝜉
𝜏𝛽2𝑘

𝑁𝛽2

𝑘=1

, 

𝛾1(𝜉) = 𝛾1𝑒 +∑𝛾1𝑘𝑒
−

𝜉
𝜏𝛾1𝑘

𝑁𝛾1

𝑘=1

, 𝛾2(𝜉) = 𝛾2𝑒 +∑𝛾2𝑘𝑒
−

𝜉
𝜏𝛾2𝑘

𝑁𝛾2

𝑘=1

 

( B-73 ) 
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Substituting from Equations ( B-73 ) into Equations ( B-67 ) to ( B-72 ) gives us 

 

𝜎11 = 𝐶11𝑒𝜖11 + 𝐶12𝑒(𝜖22 + 𝜖33) − 𝛽1𝑒Δ𝑇 − 𝛾1𝑒Δ𝑋

+ ∑ (𝑎𝐹∫𝐶11𝑖𝑒
−

𝜉
𝜏𝐶11𝑖

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶11

𝑖=1

+ ∑ (𝑎𝐹∫𝐶12𝑖𝑒
−

𝜉
𝜏𝐶12𝑖

𝑑(𝜖22 + 𝜖33)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝐶12

𝑖=1

−∑(𝑎𝐹∫𝛽1𝑖𝑒
−

𝜉
𝜏𝛽1𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛽1

𝑖=1

−∑(𝑎𝐹∫𝛾1𝑖𝑒
−

𝜉
𝜏𝛾1𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛾1

𝑖=1

 

( B-74 ) 
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𝜎22 = 𝐶12𝑒𝜖11 + 𝐶22𝑒𝜖22 + 𝐶23𝑒𝜖33 − 𝛽2𝑒Δ𝑇 − 𝛾2𝑒Δ𝑋

+ ∑ (𝑎𝐹∫𝐶12𝑖𝑒
−

𝜉
𝜏𝐶12𝑖

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶12

𝑖=1

+ ∑ (𝑎𝐹∫𝐶22𝑖𝑒
−

𝜉
𝜏𝐶22𝑖

𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶22

𝑖=1

+ ∑ (𝑎𝐹∫𝐶23𝑖𝑒
−

𝜉
𝜏𝐶23𝑖

𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶23

𝑖=1

−∑(𝑎𝐹∫𝛽2𝑖𝑒
−

𝜉
𝜏𝛽2𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛽2

𝑖=1

−∑(𝑎𝐹∫𝛾2𝑖𝑒
−

𝜉
𝜏𝛾2𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛾2

𝑖=1

 

( B-75 ) 



281 

 

 

𝜎33 = 𝐶12𝑒𝜖11 + 𝐶23𝑒𝜖22 + 𝐶22𝑒𝜖33 − 𝛽2𝑒Δ𝑇

+ ∑ (𝑎𝐹∫𝐶12𝑖𝑒
−

𝜉
𝜏𝐶12𝑖

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶12

𝑖=1

+ ∑ (𝑎𝐹∫𝐶23𝑖𝑒
−

𝜉
𝜏𝐶23𝑖

𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶23

𝑖=1

+ ∑ (𝑎𝐹∫𝐶22𝑖𝑒
−

𝜉
𝜏𝐶22𝑖

𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶22

𝑖=1

−∑(𝑎𝐹∫𝛽2𝑖𝑒
−

𝜉
𝜏𝛽2𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛽2

𝑖=1

−∑(𝑎𝐹∫𝛾2𝑖𝑒
−

𝜉
𝜏𝛾2𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛾2

𝑖=1

 

( B-76 ) 

 

𝜎23 =
1

2
(𝐶22𝑒 − 𝐶23𝑒)𝛾23 +

1

2
∑ (𝑎𝐹∫𝐶22𝑖𝑒

−
𝜉

𝜏𝐶22𝑖
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶22

𝑖=1

−
1

2
∑ (𝑎𝐹∫𝐶23𝑖𝑒

−
𝜉

𝜏𝐶23𝑖
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶23

𝑖=1

 

( B-77 ) 

 𝜎13 = 𝐶66𝑒𝛾13 + ∑ (𝑎𝐹∫𝐶66𝑖𝑒
−

𝜉
𝜏𝐶66𝑖

𝑑𝛾13
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶66

𝑖=1

 ( B-78 ) 

 𝜎12 = 𝐶66𝑒𝛾12 + ∑ (𝑎𝐹∫𝐶66𝑖𝑒
−

𝜉
𝜏𝐶66𝑖

𝑑𝛾12
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶66

𝑖=1

 ( B-79 ) 
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Defining the state variables 

 𝑞𝐶11𝑖
11 (𝜉) = 𝑎𝐹∫(𝐶11𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶11𝑖
𝑑𝜖11
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶11 ( B-80 ) 

 𝑞𝐶12𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶12𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶12𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶12 ( B-81 ) 

 𝑞𝐶12𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶12𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶12𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶12 ( B-82 ) 

 𝑞𝐶12𝑖
33 (𝜉) = 𝑎𝐹∫(𝐶12𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶12𝑖
𝑑𝜖33
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶12 ( B-83 ) 

 𝑞𝐶12𝑖
11 (𝜉) = 𝑎𝐹∫(𝐶12𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶12𝑖
𝑑𝜖11
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶12 ( B-84 ) 

 𝑞𝐶22𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶22𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶22𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶22 ( B-85 ) 

 𝑞𝐶23𝑖
33 (𝜉) = 𝑎𝐹∫(𝐶23𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶23𝑖
𝑑𝜖33
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶23 ( B-86 ) 

 𝑞𝐶23𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶23𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶23𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶23 ( B-87 ) 

 𝑞𝐶22𝑖
33 (𝜉) = 𝑎𝐹∫(𝐶22𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶22𝑖
𝑑𝜖33
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                        𝑖 = 1,2… ,𝑁𝐶22 ( B-88 ) 

 𝑞𝐶22𝑖
23 (𝜉) = 𝑎𝐹∫(𝐶22𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶22𝑖
𝑑𝛾23
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… , 𝑁𝐶22 ( B-89 ) 
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 𝑞𝐶23𝑖
23 (𝜉) = 𝑎𝐹∫(𝐶23𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶23𝑖
𝑑𝛾23
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… , 𝑁𝐶23 ( B-90 ) 

 𝑞𝐶66𝑖
13 (𝜉) = 𝑎𝐹∫(𝐶66𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶66𝑖
𝑑𝛾13
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… , 𝑁𝐶66 ( B-91 ) 

 𝑞𝐶66𝑖
12 (𝜉) = 𝑎𝐹∫(𝐶66𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶66𝑖
𝑑𝛾12
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… , 𝑁𝐶66 ( B-92 ) 

 𝑞𝛽1 𝑖
(𝜉) = 𝑎𝐹∫𝛽1𝑖𝑒

−
𝜉

𝜏𝛽1𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛽1 
( B-93 ) 

 𝑞𝛽2 𝑖
(𝜉) = 𝑎𝐹∫𝛽2𝑖𝑒

−
𝜉

𝜏𝛽2𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛽2 ( B-94 ) 

 𝑞𝛾1 𝑖
(𝜉) = 𝑎𝐹∫𝛾1𝑖𝑒

−
𝜉
𝜏𝛾1𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛾1 ( B-95 ) 

 𝑞𝛾2 𝑖
(𝜉) = 𝑎𝐹∫𝛾2𝑖𝑒

−
𝜉
𝜏𝛾2𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛾2 ( B-96 ) 

 

Using Leibniz rule of differentiation, we take the derivative of each of the state variables in 

Equations ( B-80 ) to ( B-96 ) and conclude 

 
𝑑𝑞𝐶11𝑖

11 (𝜉)

𝑑𝜉
+
𝑞𝐶11𝑖
11 (𝜉)

𝜏𝐶11𝑖
= 𝑎𝐹𝐶11𝑖

𝑑𝜖11
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶11 ( B-97 ) 

 
𝑑𝑞𝐶12𝑖

22 (𝜉)

𝑑𝜉
+
𝑞𝐶12𝑖
22 (𝜉)

𝜏𝐶12𝑖
= 𝑎𝐹𝐶12𝑖

𝑑𝜖22
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶12 ( B-98 ) 
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𝑑𝑞𝐶12𝑖

33 (𝜉)

𝑑𝜉
+
𝑞𝐶12𝑖
33 (𝜉)

𝜏𝐶12𝑖
= 𝑎𝐹𝐶12𝑖

𝑑𝜖33
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶12 ( B-99 ) 

 
𝑑𝑞𝐶12𝑖

11 (𝜉)

𝑑𝜉
+
𝑞𝐶12𝑖
11 (𝜉)

𝜏𝐶12𝑖
= 𝑎𝐹𝐶12𝑖

𝑑𝜖11
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶12 ( B-100 ) 

 
𝑑𝑞𝐶22𝑖

22 (𝜉)

𝑑𝜉
+
𝑞𝐶22𝑖
22 (𝜉)

𝜏𝐶22𝑖
= 𝑎𝐹𝐶22𝑖

𝑑𝜖22
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶22 ( B-101 ) 

 
𝑑𝑞𝐶23𝑖

33 (𝜉)

𝑑𝜉
+
𝑞𝐶23𝑖
33 (𝜉)

𝜏𝐶23𝑖
= 𝑎𝐹𝐶23𝑖

𝑑𝜖33
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶23 ( B-102 ) 

 
𝑑𝑞𝐶23𝑖

22 (𝜉)

𝑑𝜉
+
𝑞𝐶23𝑖
22 (𝜉)

𝜏𝐶23𝑖
= 𝑎𝐹𝐶23𝑖

𝑑𝜖22
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶23 ( B-103 ) 

 
𝑑𝑞𝐶22𝑖

33 (𝜉)

𝑑𝜉
+
𝑞𝐶22𝑖
33 (𝜉)

𝜏𝐶22𝑖
= 𝑎𝐹𝐶22𝑖

𝑑𝜖33
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶22 ( B-104 ) 

 
𝑑𝑞𝐶22𝑖

23 (𝜉)

𝑑𝜉
+
𝑞𝐶22𝑖
23 (𝜉)

𝜏𝐶22𝑖
= 𝑎𝐹𝐶22𝑖

𝑑𝛾23
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶22 ( B-105 ) 

 
𝑑𝑞𝐶23𝑖

23 (𝜉)

𝑑𝜉
+
𝑞𝐶23𝑖
23 (𝜉)

𝜏𝐶23𝑖
= 𝑎𝐹𝐶23𝑖

𝑑𝛾23
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶23 ( B-106 ) 

 
𝑑𝑞𝐶66𝑖

13 (𝜉)

𝑑𝜉
+
𝑞𝐶66𝑖
13 (𝜉)

𝜏𝐶66𝑖
= 𝑎𝐹𝐶66𝑖

𝑑𝛾13
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶66 ( B-107 ) 

 
𝑑𝑞𝐶66𝑖

12 (𝜉)

𝑑𝜉
+
𝑞𝐶66𝑖
12 (𝜉)

𝜏𝐶66𝑖
= 𝑎𝐹𝐶66𝑖

𝑑𝛾12
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶66 ( B-108 ) 

 
𝑑𝑞𝛽1 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛽1 𝑖

(𝜉)

𝜏𝛽1𝑖
= 𝛽1𝑖

𝑑𝑇

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛽1 ( B-109 ) 

 
𝑑𝑞𝛽2 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛽2 𝑖

(𝜉)

𝜏𝛽2𝑖
= 𝛽2𝑖

𝑑𝑇

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛽2 ( B-110 ) 

 
𝑑𝑞𝛾1 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛾1 𝑖

(𝜉)

𝜏𝛾1𝑖
= 𝛾1𝑖

𝑑𝑋

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛾1 ( B-111 ) 
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𝑑𝑞𝛾2 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛾2 𝑖

(𝜉)

𝜏𝛾2𝑖
= 𝛾2𝑖

𝑑𝑋

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛾2 ( B-112 ) 

 

Also using Equations ( B-80 ) to ( B-96 ) we rewrite Equations ( B-74 ) to ( B-79 ) as 

 

𝜎11 = 𝐶11𝑒𝜖11 + 𝐶12𝑒(𝜖22 + 𝜖33) − 𝛽1𝑒Δ𝑇 − 𝛾1𝑒Δ𝑋 + ∑ 𝑞𝐶11𝑖
11

𝑁𝐶11

𝑖=1

+ ∑(𝑞𝐶12𝑖
22 + 𝑞𝐶12𝑖

33 )

𝑁𝐶12

𝑖=1

−∑𝑞𝛽1 𝑖

𝑁𝛽1

𝑖=1

−∑𝑞𝛾1 𝑖

𝑁𝛾1

𝑖=1

 

( B-113 ) 

 

𝜎22 = 𝐶12𝑒𝜖11 + 𝐶22𝑒𝜖22 + 𝐶23𝑒𝜖33 − 𝛽2𝑒Δ𝑇 − 𝛾2𝑒Δ𝑋 + ∑ 𝑞𝐶12𝑖
11

𝑁𝐶12

𝑖=1

+ ∑ 𝑞𝐶22𝑖
22

𝑁𝐶22

𝑖=1

+ ∑ 𝑞𝐶23𝑖
33

𝑁𝐶23

𝑖=1

−∑𝑞𝛽2𝑖

𝑁𝛽2

𝑖=1

−∑𝑞𝛾2 𝑖

𝑁𝛾2

𝑖=1

 

( B-114 ) 

 

𝜎33 = 𝐶12𝑒𝜖11 + 𝐶23𝑒𝜖22 + 𝐶22𝑒𝜖33 − 𝛽2𝑒Δ𝑇 − 𝛾2𝑒Δ𝑋 + ∑ 𝑞𝐶12𝑖
11

𝑁𝐶12

𝑖=1

+ ∑ 𝑞𝐶23𝑖
22

𝑁𝐶23

𝑖=1

+ ∑ 𝑞𝐶22𝑖
33

𝑁𝐶22

𝑖=1

−∑𝑞𝛽2𝑖

𝑁𝛽2

𝑖=1

−∑𝑞𝛾2 𝑖

𝑁𝛾2

𝑖=1

 

( B-115 ) 

 𝜎23 =
1

2
(𝐶22𝑒 − 𝐶23𝑒)𝛾23 +

1

2
∑ 𝑞𝐶22𝑖

23

𝑁𝐶22

𝑖=1

−
1

2
∑ 𝑞𝐶23𝑖

23

𝑁𝐶23

𝑖=1

 ( B-116 ) 

 𝜎13 = 𝐶66𝑒𝛾13 + ∑ 𝑞𝐶66𝑖
13

𝑁𝐶66

𝑖=1

 ( B-117 ) 

 𝜎12 = 𝐶66𝑒𝛾12 + ∑ 𝑞𝐶66𝑖
12

𝑁𝐶66

𝑖=1

 ( B-118 ) 
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Finally, based on our discussions about hypo-elastic behaviour of the material in the glassy regime, 

Equations ( B-113 ) to ( B-118 ) are modified as 

 

�̇�11 = 𝐶11𝑒𝜖1̇1 + 𝐶12𝑒(𝜖2̇2 + 𝜖3̇3) − 𝛽1𝑒Δ�̇� − 𝛾1𝑒Δ�̇� + ∑ �̇�𝐶11𝑖
11

𝑁𝐶11

𝑖=1

+ ∑(�̇�𝐶12𝑖
22 + �̇�𝐶12𝑖

33 )

𝑁𝐶12

𝑖=1

−∑�̇�𝛽1 𝑖

𝑁𝛽1

𝑖=1

−∑�̇�𝛾1 𝑖

𝑁𝛾1

𝑖=1

 

( B-119 ) 

 

�̇�22 = 𝐶12𝑒𝜖1̇1 + 𝐶22𝑒𝜖2̇2 + 𝐶23𝑒𝜖3̇3 − 𝛽2𝑒Δ�̇� − 𝛾2𝑒Δ�̇� + ∑ �̇�𝐶12𝑖
11

𝑁𝐶12

𝑖=1

+ ∑ �̇�𝐶22𝑖
22

𝑁𝐶22

𝑖=1

+ ∑ �̇�𝐶23𝑖
33

𝑁𝐶23

𝑖=1

−∑�̇�𝛽2𝑖

𝑁𝛽2

𝑖=1

−∑�̇�𝛾2 𝑖

𝑁𝛾2

𝑖=1

 

( B-120 ) 

 

�̇�33 = 𝐶12𝑒𝜖1̇1 + 𝐶23𝑒𝜖2̇2 + 𝐶22𝑒𝜖3̇3 − 𝛽2𝑒Δ�̇� − 𝛾2𝑒Δ�̇� + ∑ �̇�𝐶12𝑖
11

𝑁𝐶12

𝑖=1

+ ∑ �̇�𝐶23𝑖
22

𝑁𝐶23

𝑖=1

+ ∑ �̇�𝐶22𝑖
33

𝑁𝐶22

𝑖=1

−∑�̇�𝛽2𝑖

𝑁𝛽2

𝑖=1

−∑�̇�𝛾2 𝑖

𝑁𝛾2

𝑖=1

 

( B-121 ) 

 �̇�23 =
1

2
(𝐶22𝑒 − 𝐶23𝑒)�̇�23 +

1

2
∑ �̇�𝐶22𝑖

23

𝑁𝐶22

𝑖=1

−
1

2
∑ �̇�𝐶23𝑖

23

𝑁𝐶23

𝑖=1

 ( B-122 ) 

 �̇�13 = 𝐶66𝑒�̇�13 + ∑ �̇�𝐶66𝑖
13

𝑁𝐶66

𝑖=1

 ( B-123 ) 

 �̇�12 = 𝐶66𝑒�̇�12 + ∑ �̇�𝐶66𝑖
12

𝑁𝐶66

𝑖=1

 ( B-124 ) 
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Next similar to the isotropic case, we carry out the time integration of equations to prepare them 

for implementation in UMAT. 

Multiplying both sides of Equation ( B-97 ) by the integrating factor  𝑒
𝜉

𝜏𝐶11𝑖 yields 

 𝑒
𝜉

𝜏𝐶11𝑖 (
𝑑𝑞𝐶11𝑖

11 (𝜉)

𝑑𝜉
+
𝑞𝐶11𝑖
11 (𝜉)

𝜏𝐶11𝑖
) =

𝑑 (𝑒
𝜉

𝜏𝐶11𝑖𝑞𝐶11𝑖
11 (𝜉))

𝑑𝜉
= 𝑎𝐹𝐶11𝑖𝑒

𝜉
𝜏𝐶11𝑖

𝑑𝜖11
𝑑𝜉

,

𝑖 = 1,2… ,𝑁𝐶11 

( B-125 ) 

 

Now we integrate from  𝜉𝑛−1 to 𝜉𝑛 to obtain 

 

𝑒
𝜉𝑛−1+Δ𝜉𝑛

𝜏𝐶11𝑖 𝑞𝐶11𝑖
11 (𝜉𝑛) − 𝑒

𝜉𝑛−1

𝜏𝐶11𝑖𝑞𝐶11𝑖
11 (𝜉𝑛−1) = ∫ 𝑎𝐹𝐶11𝑖𝑒

𝜉′

𝜏𝐶11𝑖
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉𝑛

𝜉𝑛−1

,

𝑖 = 1,2… ,𝑁𝐶11 

( B-126 ) 

 

Now we assume 𝜖11 varies linearly with 𝜉 in the interval [𝜉𝑛−1, 𝜉𝑛], i.e., 
𝑑𝜖11

𝑑𝜉
 is constant and we 

replace it with 
Δ𝜖11

𝑛

Δ𝜉𝑛
. Therefore we simplify Equation ( B-126 ) as 

 

𝑞𝐶11𝑖
11 (𝜉𝑛) = 𝑒

−
Δ𝜉𝑛

𝜏𝐶11𝑖𝑞𝐶11𝑖
11 (𝜉𝑛−1) + 𝑎𝐹𝐶11𝑖Δ𝜖11

𝑛(
1 − 𝑒

−
Δ𝜉𝑛

𝜏𝐶11𝑖

Δ𝜉𝑛

𝜏𝐶11𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶11 

( B-127 ) 

 

Following the same procedure for all other state variables and replacing 𝜏𝐶𝑘𝑙𝑖 and 𝜏𝛽𝑘𝑖 by 𝑎𝑇𝜏𝐶𝑘𝑙𝑖 

and 𝑎𝑇𝜏𝛽𝑘𝑖 we obtain 
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𝑞𝐶11𝑖
11 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖𝑞𝐶11𝑖
11 (𝑡𝑛−1) + 𝑎𝐹𝐶11𝑖Δ𝜖11

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶11 

( B-128 ) 

 

𝑞𝐶12𝑖
22 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
22 (𝑡𝑛−1) + 𝑎𝐹𝐶12𝑖Δ𝜖22

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶12 

( B-129 ) 

 

𝑞𝐶12𝑖
33 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
33 (𝑡𝑛−1) + 𝑎𝐹𝐶12𝑖Δ𝜖33

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶12 

( B-130 ) 

 

𝑞𝐶12𝑖
11 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
11 (𝑡𝑛−1) + 𝑎𝐹𝐶12𝑖Δ𝜖11

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶12 

( B-131 ) 

 

𝑞𝐶22𝑖
22 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖𝑞𝐶22𝑖
22 (𝑡𝑛−1) + 𝑎𝐹𝐶22𝑖Δ𝜖22

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶22 

( B-132 ) 

 

𝑞𝐶23𝑖
33 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
33 (𝑡𝑛−1) + 𝑎𝐹𝐶23𝑖Δ𝜖33

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶23 

( B-133 ) 
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𝑞𝐶23𝑖
22 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
22 (𝑡𝑛−1) + 𝑎𝐹𝐶23𝑖Δ𝜖22

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶23 

( B-134 ) 

 

𝑞𝐶22𝑖
33 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖𝑞𝐶22𝑖
33 (𝑡𝑛−1) + 𝑎𝐹𝐶22𝑖Δ𝜖33

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶22 

( B-135 ) 

 

𝑞𝐶22𝑖
23 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖𝑞𝐶22𝑖
23 (𝑡𝑛−1) + 𝑎𝐹𝐶22𝑖Δ𝛾23

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶22 

( B-136 ) 

 

𝑞𝐶23𝑖
23 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
23 (𝑡𝑛−1) + 𝑎𝐹𝐶23𝑖Δ𝛾23

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶23 

( B-137 ) 

 

𝑞𝐶66𝑖
13 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖𝑞𝐶66𝑖
13 (𝑡𝑛−1) + 𝑎𝐹𝐶66𝑖Δ𝛾13

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶66 

( B-138 ) 

 

𝑞𝐶66𝑖
12 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖𝑞𝐶66𝑖
12 (𝑡𝑛−1) + 𝑎𝐹𝐶66𝑖Δ𝛾12

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶66 

( B-139 ) 
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 𝑞𝛽1 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖𝑞𝛽1 𝑖
(𝑡𝑛−1) + 𝛽1𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖

) , 𝑖 = 1,2… ,𝑁𝛽1 ( B-140 ) 

 𝑞𝛽2𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖𝑞𝛽2 𝑖
(𝑡𝑛−1) + 𝛽2𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖

) , 𝑖 = 1,2… , 𝑁𝛽2 ( B-141 ) 

 𝑞𝛾1 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖𝑞𝛾1 𝑖
(𝑡𝑛−1) + 𝛾1𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖

) , 𝑖 = 1,2… ,𝑁𝛾1 ( B-142 ) 

 𝑞𝛾2 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖𝑞𝛾2 𝑖
(𝑡𝑛−1) + 𝛾2𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖

) , 𝑖 = 1,2… ,𝑁𝛾2 ( B-143 ) 

 

Next we integrate both sides of Equation ( B-119 ) from  𝑡𝑛−1 to 𝑡𝑛 

 

∫
𝑑𝜎11
𝑑𝑡′

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′ = ∫ [𝐶11𝑒
𝑑𝜖11
𝑑𝑡′

+ 𝐶12𝑒 (
𝑑𝜖22
𝑑𝑡′

+
𝑑𝜖33
𝑑𝑡′

) − 𝛽1𝑒
𝑑∆𝑇

𝑑𝑡′
− 𝛾1𝑒

𝑑∆𝑋

𝑑𝑡′

𝑡𝑛

𝑡𝑛−1

+ ∑
𝑑𝑞𝐶11𝑖

11

𝑑𝑡′

𝑁𝐶11

𝑖=1

+ ∑ (
𝑑𝑞𝐶12𝑖

22

𝑑𝑡′
+
𝑑𝑞𝐶12𝑖

33

𝑑𝑡′
)

𝑁𝐶12

𝑖=1

−∑
𝑑𝑞𝛽1 𝑖
𝑑𝑡′

𝑁𝛽1

𝑖=1

−∑
𝑑𝑞𝛾1 𝑖
𝑑𝑡′

𝑁𝛾1

𝑖=1

] 𝑑𝑡′ 

( B-144 ) 

 

Now we assume 
𝑑𝜖11

𝑑𝑡
,
𝑑𝜖22

𝑑𝑡
,
𝑑𝜖33

𝑑𝑡
, 
𝑑∆𝑇

𝑑𝑡
  and 

𝑑∆𝑋

𝑑𝑡
 are constant in the interval [𝑡𝑛−1, 𝑡𝑛] and replace 

them with 
Δ𝜖11

𝑛

Δ𝑡𝑛
,
Δ𝜖22

𝑛

Δ𝑡𝑛
,
Δ𝜖33

𝑛

Δ𝑡𝑛
,
Δ𝑇𝑛

Δ𝑡𝑛
 and 

Δ𝑋𝑛

Δ𝑡𝑛
, respectively. Also we approximate the integrals using 

Simpson’s rule and rewrite Equation ( B-144 ) as 
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𝜎11
𝑛 = 𝜎11

𝑛−1 + Δ𝜖11
𝑛 (
𝐶11𝑒

𝑛 + 𝐶11𝑒
𝑛−1

2
)

+ ( Δ𝜖22
𝑛 + Δ𝜖33

𝑛) (
𝐶12𝑒

𝑛 + 𝐶12𝑒
𝑛−1

2
)

− Δ𝑇𝑛 (
𝛽1𝑒

𝑛 + 𝛽1𝑒
𝑛−1

2
) − Δ𝑋𝑛 (

𝛾1𝑒
𝑛 + 𝛾1𝑒

𝑛−1

2
)

+ ∑ (𝑞𝐶11𝑖
11 𝑛

− 𝑞𝐶11𝑖
11 𝑛−1

)

𝑁𝐶11

𝑖=1

+ ∑ (𝑞𝐶12𝑖
22 𝑛

− 𝑞𝐶12𝑖
22 𝑛−1

+ 𝑞𝐶12𝑖
33 𝑛

− 𝑞𝐶12𝑖
33 𝑛−1

)

𝑁𝐶12

𝑖=1

−∑(𝑞𝛽1 𝑖
𝑛 − 𝑞𝛽1 𝑖

𝑛−1)

𝑁𝛽1

𝑖=1

−∑(𝑞𝛾1 𝑖
𝑛 − 𝑞𝛾1 𝑖

𝑛−1)

𝑁𝛾1

𝑖=1

 

( B-145 ) 

Similarly for all other stress components we have 

 

𝜎22
𝑛 = 𝜎22

𝑛−1 + Δ𝜖11
𝑛 (
𝐶12𝑒

𝑛 + 𝐶12𝑒
𝑛−1

2
) + Δ𝜖22

𝑛 (
𝐶22𝑒

𝑛 + 𝐶22𝑒
𝑛−1

2
)

+ Δ𝜖33
𝑛 (
𝐶23𝑒

𝑛 + 𝐶23𝑒
𝑛−1

2
) − Δ𝑇𝑛 (

𝛽2𝑒
𝑛 + 𝛽2𝑒

𝑛−1

2
)

− Δ𝑋𝑛 (
𝛾2𝑒

𝑛 + 𝛾2𝑒
𝑛−1

2
) + ∑ (𝑞𝐶12𝑖

11 𝑛
− 𝑞𝐶12𝑖

11 𝑛−1
)

𝑁𝐶12

𝑖=1

+ ∑ (𝑞𝐶22𝑖
22 𝑛

− 𝑞𝐶22𝑖
22 𝑛−1

)

𝑁𝐶22

𝑖=1

+ ∑ (𝑞𝐶23𝑖
33 𝑛

− 𝑞𝐶23𝑖
33 𝑛−1

)

𝑁𝐶23

𝑖=1

−∑(𝑞𝛽2 𝑖
𝑛 − 𝑞𝛽2 𝑖

𝑛−1)

𝑁𝛽2

𝑖=1

−∑(𝑞𝛾2 𝑖
𝑛 − 𝑞𝛾2 𝑖

𝑛−1)

𝑁𝛾2

𝑖=1

 

( B-146 ) 
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𝜎33
𝑛 = 𝜎33

𝑛−1 + Δ𝜖11
𝑛 (
𝐶12𝑒

𝑛 + 𝐶12𝑒
𝑛−1

2
) + Δ𝜖22

𝑛 (
𝐶23𝑒

𝑛 + 𝐶23𝑒
𝑛−1

2
)

+ Δ𝜖33
𝑛 (
𝐶22𝑒

𝑛 + 𝐶22𝑒
𝑛−1

2
) − Δ𝑇𝑛 (

𝛽2𝑒
𝑛 + 𝛽2𝑒

𝑛−1

2
)

− Δ𝑋𝑛 (
𝛾2𝑒

𝑛 + 𝛾2𝑒
𝑛−1

2
) + ∑ (𝑞𝐶12𝑖

11 𝑛
− 𝑞𝐶12𝑖

11 𝑛−1
)

𝑁𝐶12

𝑖=1

+ ∑ (𝑞𝐶23𝑖
22 𝑛

− 𝑞𝐶23𝑖
22 𝑛−1

)

𝑁𝐶23

𝑖=1

+ ∑ (𝑞𝐶22𝑖
33 𝑛

− 𝑞𝐶22𝑖
33 𝑛−1

)

𝑁𝐶22

𝑖=1

−∑(𝑞𝛽2 𝑖
𝑛 − 𝑞𝛽2 𝑖

𝑛−1)

𝑁𝛽2

𝑖=1

−∑(𝑞𝛾2 𝑖
𝑛 − 𝑞𝛾2 𝑖

𝑛−1)

𝑁𝛾2

𝑖=1

 

 

( B-147 ) 

 

𝜎23
𝑛 = 𝜎23

𝑛−1 + Δ𝛾23
𝑛 (
𝐶22𝑒

𝑛 + 𝐶22𝑒
𝑛−1 − 𝐶23𝑒

𝑛 − 𝐶23𝑒
𝑛−1

4
)

+
1

2
∑ (𝑞𝐶22𝑖

23 𝑛
− 𝑞𝐶22𝑖

23 𝑛−1
)

𝑁𝐶22

𝑖=1

−
1

2
∑ (𝑞𝐶23𝑖

23 𝑛
− 𝑞𝐶23𝑖

23 𝑛−1
)

𝑁𝐶23

𝑖=1

 

( B-148 ) 

 𝜎13
𝑛 = 𝜎13

𝑛−1 + Δ𝛾13
𝑛 (
𝐶66𝑒

𝑛 + 𝐶66𝑒
𝑛−1

2
) + ∑ (𝑞𝐶66𝑖

13 𝑛
− 𝑞𝐶66𝑖

13 𝑛−1
)

𝑁𝐶66

𝑖=1

 ( B-149 ) 

 𝜎12
𝑛 = 𝜎12

𝑛−1 + Δ𝛾12
𝑛 (
𝐶66𝑒

𝑛 + 𝐶66𝑒
𝑛−1

2
) + ∑ (𝑞𝐶66𝑖

12 𝑛
− 𝑞𝐶66𝑖

12 𝑛−1
)

𝑁𝐶66

𝑖=1

 ( B-150 ) 

 

B.3  Orthotropic case 

We may write Hooke’s law for a linear elastic orthotropic material as 
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𝜎11 = 𝐶11(𝜖11 − 𝛼1Δ𝑇 − 𝛼1
𝑐𝑠∆𝑋) + 𝐶12(𝜖22 − 𝛼2Δ𝑇 − 𝛼2

𝑐𝑠∆𝑋)

+ 𝐶13(𝜖33 − 𝛼3Δ𝑇 − 𝛼3
𝑐𝑠∆𝑋) 

        = 𝐶11𝜖11 + 𝐶12𝜖22 + 𝐶13𝜖33 − (𝐶11𝛼1 + 𝐶12𝛼2 + 𝐶13𝛼3)Δ𝑇

− (𝐶11𝛼1
𝑐𝑠 + 𝐶12𝛼2

𝑐𝑠 + 𝐶13𝛼3
𝑐𝑠)Δ𝑋 

𝜎22 = 𝐶12(𝜖11 − 𝛼1Δ𝑇 − 𝛼1
𝑐𝑠∆𝑋) + 𝐶22(𝜖22 − 𝛼2Δ𝑇 − 𝛼2

𝑐𝑠∆𝑋)

+ 𝐶23(𝜖33 − 𝛼3Δ𝑇 − 𝛼3
𝑐𝑠∆𝑋) 

        = 𝐶12𝜖11 + 𝐶22𝜖22 + 𝐶23𝜖33 − (𝐶12𝛼1 + 𝐶22𝛼2 + 𝐶23𝛼3)Δ𝑇

− (𝐶12𝛼1
𝑐𝑠 + 𝐶22𝛼2

𝑐𝑠 + 𝐶23𝛼3
𝑐𝑠)Δ𝑋 

𝜎33 = 𝐶13(𝜖11 − 𝛼1Δ𝑇 − 𝛼1
𝑐𝑠∆𝑋) + 𝐶23(𝜖22 − 𝛼2Δ𝑇 − 𝛼2

𝑐𝑠∆𝑋)

+ 𝐶33(𝜖33 − 𝛼3Δ𝑇 − 𝛼3
𝑐𝑠∆𝑋) 

        = 𝐶13𝜖11 + 𝐶23𝜖22 + 𝐶33𝜖33 − (𝐶13𝛼1 + 𝐶23𝛼2 + 𝐶33𝛼3)Δ𝑇

− (𝐶13𝛼1
𝑐𝑠 + 𝐶23𝛼2

𝑐𝑠 + 𝐶33𝛼3
𝑐𝑠)Δ𝑋 

𝜎23 = 𝐶44𝛾23 

𝜎13 = 𝐶55𝛾13 

𝜎12 = 𝐶66𝛾12 

( B-151 ) 

 

Defining 

 

𝛽1 = 𝐶11𝛼1 + 𝐶12𝛼2 + 𝐶13𝛼3, 𝛾1 = 𝐶11𝛼1
𝑐𝑠 + 𝐶12𝛼2

𝑐𝑠 + 𝐶13𝛼3
𝑐𝑠 

𝛽2 = 𝐶12𝛼1 + 𝐶22𝛼2 + 𝐶23𝛼3, 𝛾2 = 𝐶12𝛼1
𝑐𝑠 + 𝐶22𝛼2

𝑐𝑠 + 𝐶23𝛼3
𝑐𝑠 

𝛽3 = 𝐶13𝛼1 + 𝐶23𝛼2 + 𝐶33𝛼3, 𝛾3 = 𝐶13𝛼1
𝑐𝑠 + 𝐶23𝛼2

𝑐𝑠 + 𝐶33𝛼3
𝑐𝑠 

( B-152 ) 

 

We rewrite Equation ( B-151 ) as 



294 

 

 

𝜎11 = 𝐶11𝜖11 + 𝐶12𝜖22 + 𝐶13𝜖33 − 𝛽1Δ𝑇 − 𝛾1Δ𝑋 

𝜎22 = 𝐶12𝜖11 + 𝐶22𝜖22 + 𝐶23𝜖33 − 𝛽2Δ𝑇 − 𝛾2Δ𝑋 

𝜎33 = 𝐶13𝜖11 + 𝐶23𝜖22 + 𝐶33𝜖33 − 𝛽3Δ𝑇 − 𝛾3Δ𝑋 

𝜎23 = 𝐶44𝛾23 

𝜎13 = 𝐶55𝛾13 

𝜎12 = 𝐶66𝛾12 

( B-153 ) 

 

Considering Equation ( B-153 ), we may generalize Equation ( 4-50 ) as the thermo-viscoelastic 

(TVE) constitutive relations for an orthotropic material as 

 

𝜎11 = 𝐶11𝑒𝜖11 + 𝐶12𝑒𝜖22 + 𝐶13𝑒𝜖33 − 𝛽1𝑒Δ𝑇 − 𝛾1𝑒Δ𝑋

+ 𝑎𝐹∫𝛥𝐶11(𝜉 − 𝜉
′)
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶12(𝜉 − 𝜉
′)
𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶13(𝜉 − 𝜉
′)
𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽1(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛾1(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-154 ) 
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𝜎22 = 𝐶12𝑒𝜖11 + 𝐶22𝑒𝜖22 + 𝐶23𝑒𝜖33 − 𝛽2𝑒Δ𝑇 − 𝛾2𝑒Δ𝑋

+ 𝑎𝐹∫𝛥𝐶12(𝜉 − 𝜉
′)
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶22(𝜉 − 𝜉
′)
𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶23(𝜉 − 𝜉
′)
𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽2(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛾2(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-155 ) 

 

𝜎33 = 𝐶13𝑒𝜖11 + 𝐶23𝑒𝜖22 + 𝐶33𝑒𝜖33 − 𝛽3𝑒Δ𝑇 − 𝛾3𝑒Δ𝑋

+ 𝑎𝐹∫𝛥𝐶13(𝜉 − 𝜉
′)
𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶23(𝜉 − 𝜉
′)
𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

+ 𝑎𝐹∫𝛥𝐶33(𝜉 − 𝜉
′)
𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛽3(𝜉 − 𝜉
′)
𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

− 𝑎𝐹∫𝛥𝛾3(𝜉 − 𝜉
′)
𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

 

( B-156 ) 

 𝜎23 = 𝐶44𝑒𝛾23 + 𝑎𝐹∫𝛥𝐶44(𝜉 − 𝜉
′)
𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-157 ) 

 𝜎13 = 𝐶55𝑒𝛾13 + 𝑎𝐹∫𝛥𝐶55(𝜉 − 𝜉
′)
𝑑𝛾13
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-158 ) 

 𝜎12 = 𝐶66𝑒𝛾12 + 𝑎𝐹∫𝛥𝐶66(𝜉 − 𝜉
′)
𝑑𝛾12
𝑑𝜉′

𝑑𝜉′

𝜉

0

 ( B-159 ) 
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Next we approximate 𝐶𝑖𝑗
′ 𝑠, 𝛽𝑖′𝑠  and 𝛾𝑖′𝑠 by Prony series 

 

𝐶𝑖𝑗(𝜉) = 𝐶𝑖𝑗𝑒 +∑ 𝐶𝑖𝑗𝑘𝑒
−

𝜉
𝜏𝐶𝑖𝑗𝑘

𝑁𝐶𝑖𝑗

𝑘=1

, 

𝛽𝑖(𝜉) = 𝛽𝑖𝑒 +∑𝛽𝑖𝑘𝑒
−

𝜉
𝜏𝛽𝑖𝑘

𝑁𝛽𝑖

𝑘=1

, 

𝛾𝑖(𝜉) = 𝛾𝑖𝑒 +∑𝛾𝑖𝑘𝑒
−

𝜉
𝜏𝛾𝑖𝑘

𝑁𝛾𝑖

𝑘=1

  

( B-160 ) 

 

Substituting from Equation ( B-160 ) into Equations ( B-154 ) to ( B-159 ) results in 

 

𝜎11 = 𝐶11𝑒𝜖11 + 𝐶12𝑒𝜖22 + 𝐶13𝑒𝜖33 − 𝛽1𝑒Δ𝑇 − 𝛾1𝑒Δ𝑋

+ ∑ (𝑎𝐹∫𝐶11𝑖𝑒
−

𝜉
𝜏𝐶11𝑖

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶11

𝑖=1

+ ∑ (𝑎𝐹∫𝐶12𝑖𝑒
−

𝜉
𝜏𝐶12𝑖

𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶12

𝑖=1

+ ∑ (𝑎𝐹∫𝐶13𝑖𝑒
−

𝜉
𝜏𝐶13𝑖

𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶13

𝑖=1

−∑(𝑎𝐹∫𝛽1𝑖𝑒
−

𝜉
𝜏𝛽1𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛽1

𝑖=1

−∑(𝑎𝐹∫𝛾1𝑖𝑒
−

𝜉
𝜏𝛾1𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛾1

𝑖=1

  

( B-161 ) 
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𝜎22 = 𝐶12𝑒𝜖11 + 𝐶22𝑒𝜖22 + 𝐶23𝑒𝜖33 − 𝛽2𝑒Δ𝑇 − 𝛾2𝑒Δ𝑋

+ ∑ (𝑎𝐹∫𝐶12𝑖𝑒
−

𝜉
𝜏𝐶12𝑖

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶12

𝑖=1

+ ∑ (𝑎𝐹∫𝐶22𝑖𝑒
−

𝜉
𝜏𝐶22𝑖

𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶22

𝑖=1

+ ∑ (𝑎𝐹∫𝐶23𝑖𝑒
−

𝜉
𝜏𝐶23𝑖

𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶23

𝑖=1

−∑(𝑎𝐹∫𝛽2𝑖𝑒
−

𝜉
𝜏𝛽2𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛽2

𝑖=1

−∑(𝑎𝐹∫𝛾2𝑖𝑒
−

𝜉
𝜏𝛾2𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛾2

𝑖=1

  

( B-162 ) 
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𝜎33 = 𝐶13𝑒𝜖11 + 𝐶23𝑒𝜖22 + 𝐶33𝑒𝜖33 − 𝛽3𝑒Δ𝑇 − 𝛾3𝑒Δ𝑋

+ ∑ (𝑎𝐹∫𝐶13𝑖𝑒
−

𝜉
𝜏𝐶13𝑖

𝑑𝜖11
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶13

𝑖=1

+ ∑ (𝑎𝐹∫𝐶23𝑖𝑒
−

𝜉
𝜏𝐶23𝑖

𝑑𝜖22
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶23

𝑖=1

+ ∑ (𝑎𝐹∫𝐶33𝑖𝑒
−

𝜉
𝜏𝐶33𝑖

𝑑𝜖33
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶33

𝑖=1

−∑(𝑎𝐹∫𝛽3𝑖𝑒
−

𝜉
𝜏𝛽3𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛽3

𝑖=1

−∑(𝑎𝐹∫𝛾3𝑖𝑒
−

𝜉
𝜏𝛾3𝑖

𝑑 (
Δ𝑋
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

)

𝑁𝛾3

𝑖=1

  

( B-163 ) 

 𝜎23 = 𝐶44𝑒𝛾23 + ∑ (𝑎𝐹∫𝐶44𝑖𝑒
−

𝜉
𝜏𝐶44𝑖

𝑑𝛾23
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶44

𝑖=1

  ( B-164 ) 

 𝜎13 = 𝐶55𝑒𝛾13 + ∑ (𝑎𝐹∫𝐶55𝑖𝑒
−

𝜉
𝜏𝐶55𝑖

𝑑𝛾13
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶55

𝑖=1

  ( B-165 ) 

 𝜎12 = 𝐶66𝑒𝛾12 + ∑ (𝑎𝐹∫𝐶66𝑖𝑒
−

𝜉
𝜏𝐶66𝑖

𝑑𝛾12
𝑑𝜉′

𝑑𝜉′

𝜉

0

)

𝑁𝐶66

𝑖=1

  ( B-166 ) 

 

Now we define the state variables as follows 
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 𝑞𝐶11𝑖
11 (𝜉) = 𝑎𝐹∫(𝐶11𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶11𝑖
𝑑𝜖11
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶11   ( B-167 ) 

 𝑞𝐶12𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶12𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶12𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶12   ( B-168 ) 

 𝑞𝐶13𝑖
33 (𝜉) = 𝑎𝐹∫(𝐶13𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶13𝑖
𝑑𝜖33
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶13   ( B-169 ) 

 𝑞𝐶12𝑖
11 (𝜉) = 𝑎𝐹∫(𝐶12𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶12𝑖
𝑑𝜖11
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶12   ( B-170 ) 

 𝑞𝐶22𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶22𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶22𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶22   ( B-171 ) 

 𝑞𝐶23𝑖
33 (𝜉) = 𝑎𝐹∫(𝐶23𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶23𝑖
𝑑𝜖33
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶23   ( B-172 ) 

 𝑞𝐶13𝑖
11 (𝜉) = 𝑎𝐹∫(𝐶13𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶13𝑖
𝑑𝜖11
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶13   ( B-173 ) 

 𝑞𝐶23𝑖
22 (𝜉) = 𝑎𝐹∫(𝐶23𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶23𝑖
𝑑𝜖22
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶23   ( B-174 ) 

 𝑞𝐶33𝑖
33 (𝜉) = 𝑎𝐹∫(𝐶33𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶33𝑖
𝑑𝜖33
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                       𝑖 = 1,2… ,𝑁𝐶33   ( B-175 ) 

 𝑞𝐶44𝑖
23 (𝜉) = 𝑎𝐹∫(𝐶44𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶44𝑖
𝑑𝛾23
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                      𝑖 = 1,2… , 𝑁𝐶44   ( B-176 ) 
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 𝑞𝐶55𝑖
13 (𝜉) = 𝑎𝐹∫(𝐶55𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶55𝑖
𝑑𝛾13
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                      𝑖 = 1,2… ,𝑁𝐶55   ( B-177 ) 

 𝑞𝐶66𝑖
12 (𝜉) = 𝑎𝐹∫(𝐶66𝑖𝑒

−
𝜉−𝜉′

𝜏𝐶66𝑖
𝑑𝛾12
𝑑𝜉′

)𝑑𝜉′

𝜉

0

,                                      𝑖 = 1,2… ,𝑁𝐶66   ( B-178 ) 

 𝑞𝛽1 𝑖
(𝜉) = 𝑎𝐹∫𝛽1𝑖𝑒

−
𝜉

𝜏𝛽1𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛽1 
( B-179 ) 

 𝑞𝛽2 𝑖
(𝜉) = 𝑎𝐹∫𝛽2𝑖𝑒

−
𝜉

𝜏𝛽2𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛽2 ( B-180 ) 

 𝑞𝛽3 𝑖
(𝜉) = 𝑎𝐹∫𝛽3𝑖𝑒

−
𝜉

𝜏𝛽3𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛽3 ( B-181 ) 

 𝑞𝛾1 𝑖
(𝜉) = 𝑎𝐹∫𝛾1𝑖𝑒

−
𝜉
𝜏𝛾1𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛾1 ( B-182 ) 

 𝑞𝛾2 𝑖
(𝜉) = 𝑎𝐹∫𝛾2𝑖𝑒

−
𝜉
𝜏𝛾2𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛾2 ( B-183 ) 

 𝑞𝛾3 𝑖
(𝜉) = 𝑎𝐹∫𝛾3𝑖𝑒

−
𝜉
𝜏𝛾3𝑖

𝑑 (
Δ𝑇
𝑎𝐹
)

𝑑𝜉′
𝑑𝜉′

𝜉

0

,                                              𝑖 = 1,2… ,𝑁𝛾3 ( B-184 ) 

 

Calculating the derivative of each state variable in Equations ( B-167 ) to ( B-184 ) using Leibniz 

rule of differentiation we conclude 

 
𝑑𝑞𝐶11𝑖

11 (𝜉)

𝑑𝜉
+
𝑞𝐶11𝑖
11 (𝜉)

𝜏𝐶11𝑖
= 𝑎𝐹𝐶11𝑖

𝑑𝜖11
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶11 ( B-185 ) 
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𝑑𝑞𝐶12𝑖

22 (𝜉)

𝑑𝜉
+
𝑞𝐶12𝑖
22 (𝜉)

𝜏𝐶12𝑖
= 𝑎𝐹𝐶12𝑖

𝑑𝜖22
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶12 ( B-186 ) 

 
𝑑𝑞𝐶13𝑖

33 (𝜉)

𝑑𝜉
+
𝑞𝐶13𝑖
33 (𝜉)

𝜏𝐶13𝑖
= 𝑎𝐹𝐶13𝑖

𝑑𝜖33
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶13 ( B-187 ) 

 
𝑑𝑞𝐶12𝑖

11 (𝜉)

𝑑𝜉
+
𝑞𝐶12𝑖
11 (𝜉)

𝜏𝐶12𝑖
= 𝑎𝐹𝐶12𝑖

𝑑𝜖11
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶12 ( B-188 ) 

 
𝑑𝑞𝐶22𝑖

22 (𝜉)

𝑑𝜉
+
𝑞𝐶22𝑖
22 (𝜉)

𝜏𝐶22𝑖
= 𝑎𝐹𝐶22𝑖

𝑑𝜖22
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶22 ( B-189 ) 

 
𝑑𝑞𝐶23𝑖

33 (𝜉)

𝑑𝜉
+
𝑞𝐶23𝑖
33 (𝜉)

𝜏𝐶23𝑖
= 𝑎𝐹𝐶23𝑖

𝑑𝜖33
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶23 ( B-190 ) 

 
𝑑𝑞𝐶13𝑖

11 (𝜉)

𝑑𝜉
+
𝑞𝐶13𝑖
11 (𝜉)

𝜏𝐶13𝑖
= 𝑎𝐹𝐶13𝑖

𝑑𝜖11
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶13 ( B-191 ) 

 
𝑑𝑞𝐶23𝑖

22 (𝜉)

𝑑𝜉
+
𝑞𝐶23𝑖
22 (𝜉)

𝜏𝐶23𝑖
= 𝑎𝐹𝐶23𝑖

𝑑𝜖22
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶23 ( B-192 ) 

 
𝑑𝑞𝐶33𝑖

33 (𝜉)

𝑑𝜉
+
𝑞𝐶33𝑖
33 (𝜉)

𝜏𝐶33𝑖
= 𝑎𝐹𝐶33𝑖

𝑑𝜖33
𝑑𝜉

,                                               𝑖 = 1,2… , 𝑁𝐶33 ( B-193 ) 

 
𝑑𝑞𝐶44𝑖

23 (𝜉)

𝑑𝜉
+
𝑞𝐶44𝑖
23 (𝜉)

𝜏𝐶44𝑖
= 𝑎𝐹𝐶44𝑖

𝑑𝛾23
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶44 ( B-194 ) 

 
𝑑𝑞𝐶55𝑖

13 (𝜉)

𝑑𝜉
+
𝑞𝐶55𝑖
13 (𝜉)

𝜏𝐶55𝑖
= 𝑎𝐹𝐶55𝑖

𝑑𝛾13
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶55 ( B-195 ) 

 
𝑑𝑞𝐶66𝑖

12 (𝜉)

𝑑𝜉
+
𝑞𝐶66𝑖
12 (𝜉)

𝜏𝐶66𝑖
= 𝑎𝐹𝐶66𝑖

𝑑𝛾12
𝑑𝜉

,                                               𝑖 = 1,2… ,𝑁𝐶66 ( B-196 ) 

 
𝑑𝑞𝛽1 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛽1 𝑖

(𝜉)

𝜏𝛽1𝑖
= 𝛽1𝑖

𝑑𝑇

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛽1 ( B-197 ) 

 
𝑑𝑞𝛽2 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛽2 𝑖

(𝜉)

𝜏𝛽2𝑖
= 𝛽2𝑖

𝑑𝑇

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛽2 ( B-198 ) 
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𝑑𝑞𝛽3 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛽3 𝑖

(𝜉)

𝜏𝛽3𝑖
= 𝛽3𝑖

𝑑𝑇

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛽2 ( B-199 ) 

 
𝑑𝑞𝛾1 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛾1 𝑖

(𝜉)

𝜏𝛾1𝑖
= 𝛾1𝑖

𝑑𝑋

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛾1 ( B-200 ) 

 
𝑑𝑞𝛾2 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛾2 𝑖

(𝜉)

𝜏𝛾2𝑖
= 𝛾2𝑖

𝑑𝑋

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛾2 ( B-201 ) 

 
𝑑𝑞𝛾3 𝑖

(𝜉)

𝑑𝜉
+
𝑞𝛾3 𝑖

(𝜉)

𝜏𝛾3𝑖
= 𝛾3𝑖

𝑑𝑋

𝑑𝜉
,                                                             𝑖 = 1,2… ,𝑁𝛾3 ( B-202 ) 

 

Using Equations ( B-167 ) to ( B-184 ) we rewrite Equations ( B-161 ) to ( B-166 ) as 

 

𝜎11 = 𝐶11𝑒𝜖11 + 𝐶12𝑒𝜖22 + 𝐶13𝑒𝜖33 − 𝛽1𝑒Δ𝑇 − 𝛾1𝑒Δ𝑋 + ∑ 𝑞𝐶11𝑖
11

𝑁𝐶11

𝑖=1

+ ∑ 𝑞𝐶12𝑖
22

𝑁𝐶12

𝑖=1

+ ∑ 𝑞𝐶13𝑖
33

𝑁𝐶13

𝑖=1

−∑𝑞𝛽1 𝑖

𝑁𝛽1

𝑖=1

−∑𝑞𝛾1 𝑖

𝑁𝛾1

𝑖=1

 

( B-203 ) 

 

𝜎22 = 𝐶12𝑒𝜖11 + 𝐶22𝑒𝜖22 + 𝐶23𝑒𝜖33 − 𝛽2𝑒Δ𝑇 − 𝛾2𝑒Δ𝑋 + ∑ 𝑞𝐶12𝑖
11

𝑁𝐶12

𝑖=1

+ ∑ 𝑞𝐶22𝑖
22

𝑁𝐶22

𝑖=1

+ ∑ 𝑞𝐶23𝑖
33

𝑁𝐶23

𝑖=1

−∑𝑞𝛽2𝑖

𝑁𝛽2

𝑖=1

−∑𝑞𝛾2 𝑖

𝑁𝛾2

𝑖=1

 

( B-204 ) 

 

𝜎33 = 𝐶13𝑒𝜖11 + 𝐶23𝑒𝜖22 + 𝐶33𝑒𝜖33 − 𝛽3𝑒Δ𝑇 − 𝛾3𝑒Δ𝑋 + ∑ 𝑞𝐶13𝑖
11

𝑁𝐶13

𝑖=1

+ ∑ 𝑞𝐶23𝑖
22

𝑁𝐶23

𝑖=1

+ ∑ 𝑞𝐶33𝑖
33

𝑁𝐶33

𝑖=1

−∑𝑞𝛽3𝑖

𝑁𝛽3

𝑖=1

−∑𝑞𝛾3 𝑖

𝑁𝛾3

𝑖=1

 

( B-205 ) 
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 𝜎23 = 𝐶44𝑒𝛾23 + ∑ 𝑞𝐶44𝑖
23

𝑁𝐶44

𝑖=1

 ( B-206 ) 

 𝜎13 = 𝐶55𝑒𝛾13 + ∑ 𝑞𝐶55𝑖
13

𝑁𝐶55

𝑖=1

 ( B-207 ) 

 𝜎12 = 𝐶66𝑒𝛾12 + ∑ 𝑞𝐶66𝑖
12

𝑁𝐶66

𝑖=1

 ( B-208 ) 

 

Finally, based on our discussions about hypo-elastic behaviour of the material in the glassy regime, 

Equations ( B-203 ) to ( B-208 ) are modified as 

 

�̇�11 = 𝐶11𝑒𝜖1̇1 + 𝐶12𝑒𝜖2̇2 + 𝐶13𝑒𝜖3̇3 − 𝛽1𝑒Δ�̇� − 𝛾1𝑒Δ�̇� + ∑ �̇�𝐶11𝑖
11

𝑁𝐶11

𝑖=1

+ ∑ �̇�𝐶12𝑖
22

𝑁𝐶12

𝑖=1

+ ∑ �̇�𝐶13𝑖
33

𝑁𝐶13

𝑖=1

−∑�̇�𝛽1 𝑖

𝑁𝛽1

𝑖=1

−∑�̇�𝛾1 𝑖

𝑁𝛾1

𝑖=1

 

( B-209 ) 

 

�̇�22 = 𝐶12𝑒𝜖1̇1 + 𝐶22𝑒𝜖2̇2 + 𝐶23𝑒𝜖3̇3 − 𝛽2𝑒Δ�̇� − 𝛾2𝑒Δ�̇� + ∑ �̇�𝐶12𝑖
11

𝑁𝐶12

𝑖=1

+ ∑ �̇�𝐶22𝑖
22

𝑁𝐶22

𝑖=1

+ ∑ �̇�𝐶23𝑖
33

𝑁𝐶23

𝑖=1

−∑�̇�𝛽2𝑖

𝑁𝛽2

𝑖=1

−∑�̇�𝛾2 𝑖

𝑁𝛾2

𝑖=1

 

( B-210 ) 

 

�̇�33 = 𝐶13𝑒𝜖1̇1 + 𝐶23𝑒𝜖2̇2 + 𝐶33𝑒𝜖3̇3 − 𝛽3𝑒Δ�̇� − 𝛾3𝑒Δ�̇� + ∑ �̇�𝐶13𝑖
11

𝑁𝐶13

𝑖=1

+ ∑ �̇�𝐶23𝑖
22

𝑁𝐶23

𝑖=1

+ ∑ �̇�𝐶33𝑖
33

𝑁𝐶33

𝑖=1

−∑�̇�𝛽3𝑖

𝑁𝛽3

𝑖=1

−∑�̇�𝛾3 𝑖

𝑁𝛾3

𝑖=1

 

( B-211 ) 
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 �̇�23 = 𝐶44𝑒�̇�23 + ∑ �̇�𝐶44𝑖
23

𝑁𝐶44

𝑖=1

 ( B-212 ) 

 �̇�13 = 𝐶55𝑒�̇�13 + ∑ �̇�𝐶55𝑖
13

𝑁𝐶55

𝑖=1

 ( B-213 ) 

 �̇�12 = 𝐶66𝑒�̇�12 + ∑ �̇�𝐶66𝑖
12

𝑁𝐶66

𝑖=1

 ( B-214 ) 

 

Next similar to the isotropic and transversely isotropic cases, we carry out the time integration of 

equations to prepare them for implementation in a UMAT. 

Following a procedure similar to what we did for derivation of Equation ( B-127 ), for state 

variables in Equations ( B-167 ) to ( B-184 ), and replacing 𝜏𝐶𝑘𝑙𝑖 , 𝜏𝛽𝑘𝑖 and 𝜏𝛾𝑘𝑖 by 𝑎𝑇𝜏𝐶𝑘𝑙𝑖, 𝑎𝑇𝜏𝛽𝑘𝑖 

and 𝑎𝑇𝜏𝛾𝑘𝑖, respectively, we have 

 

𝑞𝐶11𝑖
11 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖𝑞𝐶11𝑖
11 (𝑡𝑛−1) + 𝑎𝐹𝐶11𝑖Δ𝜖11

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶11   

( B-215 ) 

 

𝑞𝐶12𝑖
22 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
22 (𝑡𝑛−1) + 𝑎𝐹𝐶12𝑖Δ𝜖22

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶12  

( B-216 ) 
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𝑞𝐶13𝑖
33 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖𝑞𝐶13𝑖
33 (𝑡𝑛−1) + 𝑎𝐹𝐶13𝑖Δ𝜖33

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶13  

( B-217 ) 

 

𝑞𝐶12𝑖
11 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
11 (𝑡𝑛−1) + 𝑎𝐹𝐶12𝑖Δ𝜖11

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶12   

( B-218 ) 

 

𝑞𝐶22𝑖
22 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖𝑞𝐶22𝑖
22 (𝑡𝑛−1) + 𝑎𝐹𝐶22𝑖Δ𝜖22

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶22   

( B-219 ) 

 

𝑞𝐶23𝑖
33 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
33 (𝑡𝑛−1) + 𝑎𝐹𝐶23𝑖Δ𝜖33

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶23   

( B-220 ) 

 

𝑞𝐶13𝑖
11 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖𝑞𝐶13𝑖
11 (𝑡𝑛−1) + 𝑎𝐹𝐶13𝑖Δ𝜖11

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

) ,

𝑖 = 1,2… , 𝑁𝐶13   

( B-221 ) 

 

𝑞𝐶23𝑖
22 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
22 (𝑡𝑛−1) + 𝑎𝐹𝐶23𝑖Δ𝜖22

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶23   

( B-222 ) 
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𝑞𝐶33𝑖
33 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖𝑞𝐶33𝑖
33 (𝑡𝑛−1) + 𝑎𝐹𝐶33𝑖Δ𝜖33

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶33   

( B-223 ) 

 

𝑞𝐶44𝑖
23 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖𝑞𝐶44𝑖
23 (𝑡𝑛−1) + 𝑎𝐹𝐶44𝑖Δ𝛾23

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶44   

( B-224 ) 

 

𝑞𝐶55𝑖
13 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖𝑞𝐶55𝑖
13 (𝑡𝑛−1) + 𝑎𝐹𝐶55𝑖Δ𝛾13

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶55   

( B-225 ) 

 

𝑞𝐶66𝑖
12 (𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖𝑞𝐶66𝑖
12 (𝑡𝑛−1) + 𝑎𝐹𝐶66𝑖Δ𝛾12

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

) ,

𝑖 = 1,2… ,𝑁𝐶66   

( B-226 ) 

 𝑞𝛽1 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖𝑞𝛽1 𝑖
(𝑡𝑛−1) + 𝛽1𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖

) , 𝑖 = 1,2… ,𝑁𝛽1  ( B-227 ) 

 𝑞𝛽2𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖𝑞𝛽2 𝑖
(𝑡𝑛−1) + 𝛽2𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖

) , 𝑖 = 1,2… , 𝑁𝛽2   ( B-228 ) 

 𝑞𝛽3𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖𝑞𝛽3 𝑖
(𝑡𝑛−1) + 𝛽3𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖

) , 𝑖 = 1,2… , 𝑁𝛽3   ( B-229 ) 
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 𝑞𝛾1 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖𝑞𝛾1 𝑖
(𝑡𝑛−1) + 𝛾1𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖

) , 𝑖 = 1,2… ,𝑁𝛾1   ( B-230 ) 

 𝑞𝛾2 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖𝑞𝛾2 𝑖
(𝑡𝑛−1) + 𝛾2𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖

) , 𝑖 = 1,2… ,𝑁𝛾2   ( B-231 ) 

 𝑞𝛾3 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖𝑞𝛾3 𝑖
(𝑡𝑛−1) + 𝛾3𝑖Δ𝑇

𝑛(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖

) , 𝑖 = 1,2… ,𝑁𝛾3   ( B-232 ) 

 

Next we integrate both sides of Equation ( B-209 ) from  𝑡𝑛−1 to 𝑡𝑛 

 

∫
𝑑𝜎11
𝑑𝑡′

𝑡𝑛

𝑡𝑛−1

𝑑𝑡′ = ∫ [𝐶11𝑒
𝑑𝜖11
𝑑𝑡′

+ 𝐶12𝑒
𝑑𝜖22
𝑑𝑡′

+ 𝐶13𝑒
𝑑𝜖33
𝑑𝑡′

− 𝛽1𝑒
𝑑∆𝑇

𝑑𝑡′

𝑡𝑛

𝑡𝑛−1

− 𝛾1𝑒
𝑑∆𝑋

𝑑𝑡′
+ ∑

𝑑𝑞𝐶11𝑖
11

𝑑𝑡′

𝑁𝐶11

𝑖=1

+ ∑
𝑑𝑞𝐶12𝑖

22

𝑑𝑡′

𝑁𝐶12

𝑖=1

+ ∑
𝑑𝑞𝐶13𝑖

33

𝑑𝑡′

𝑁𝐶13

𝑖=1

−∑
𝑑𝑞𝛽1 𝑖
𝑑𝑡′

𝑁𝛽1

𝑖=1

−∑
𝑑𝑞𝛾1 𝑖
𝑑𝑡′

𝑁𝛾1

𝑖=1

] 𝑑𝑡′ 

( B-233 ) 

 

Now we assume 
𝑑𝜖11

𝑑𝑡
,
𝑑𝜖22

𝑑𝑡
,
𝑑𝜖33

𝑑𝑡
,
𝑑∆𝑇

𝑑𝑡
  and 

𝑑∆𝑋

𝑑𝑡
 are constant in the interval [𝑡𝑛−1, 𝑡𝑛] and replace 

them with 
Δ𝜖11

𝑛

Δ𝑡𝑛
,
Δ𝜖22

𝑛

Δ𝑡𝑛
,
Δ𝜖33

𝑛

Δ𝑡𝑛
,
Δ𝑇𝑛

Δ𝑡𝑛
 and 

Δ𝑋𝑛

Δ𝑡𝑛
, respectively. Also we approximate the integrals using 

Simpson’s rule. Equation ( B-233 ) is rewritten as 
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𝜎11
𝑛 = 𝜎11

𝑛−1 + Δ𝜖11
𝑛 (
𝐶11𝑒

𝑛 + 𝐶11𝑒
𝑛−1

2
) + Δ𝜖22

𝑛 (
𝐶12𝑒

𝑛 + 𝐶12𝑒
𝑛−1

2
)

+ Δ𝜖33
𝑛 (
𝐶13𝑒

𝑛 + 𝐶13𝑒
𝑛−1

2
) − Δ𝑇𝑛 (

𝛽1𝑒
𝑛 + 𝛽1𝑒

𝑛−1

2
)

− Δ𝑋𝑛 (
𝛾1𝑒

𝑛 + 𝛾1𝑒
𝑛−1

2
) + ∑ (𝑞𝐶11𝑖

11 𝑛
− 𝑞𝐶11𝑖

11 𝑛−1
)

𝑁𝐶11

𝑖=1

+ ∑ (𝑞𝐶12𝑖
22 𝑛

− 𝑞𝐶12𝑖
22 𝑛−1

)

𝑁𝐶12

𝑖=1

+ ∑ (𝑞𝐶13𝑖
33 𝑛

− 𝑞𝐶13𝑖
33 𝑛−1

)

𝑁𝐶13

𝑖=1

−∑(𝑞𝛽1 𝑖
𝑛 − 𝑞𝛽1 𝑖

𝑛−1)

𝑁𝛽1

𝑖=1

−∑(𝑞𝛾1 𝑖
𝑛 − 𝑞𝛾1 𝑖

𝑛−1)

𝑁𝛾1

𝑖=1

 

( B-234 ) 

 

Similarly for all other stress components we will have 

 

𝜎22
𝑛 = 𝜎22

𝑛−1 + Δ𝜖11
𝑛 (
𝐶12𝑒

𝑛 + 𝐶12𝑒
𝑛−1

2
) + Δ𝜖22

𝑛 (
𝐶22𝑒

𝑛 + 𝐶22𝑒
𝑛−1

2
)

+ Δ𝜖33
𝑛 (
𝐶23𝑒

𝑛 + 𝐶23𝑒
𝑛−1

2
) − Δ𝑇𝑛 (

𝛽2𝑒
𝑛 + 𝛽2𝑒

𝑛−1

2
)

− Δ𝑋𝑛 (
𝛾2𝑒

𝑛 + 𝛾2𝑒
𝑛−1

2
) + ∑ (𝑞𝐶12𝑖

11 𝑛
− 𝑞𝐶12𝑖

11 𝑛−1
)

𝑁𝐶12

𝑖=1

+ ∑ (𝑞𝐶22𝑖
22 𝑛

− 𝑞𝐶22𝑖
22 𝑛−1

)

𝑁𝐶22

𝑖=1

+ ∑ (𝑞𝐶23𝑖
33 𝑛

− 𝑞𝐶23𝑖
33 𝑛−1

)

𝑁𝐶23

𝑖=1

−∑(𝑞𝛽2 𝑖
𝑛 − 𝑞𝛽2 𝑖

𝑛−1)

𝑁𝛽2

𝑖=1

−∑(𝑞𝛾2 𝑖
𝑛 − 𝑞𝛾2 𝑖

𝑛−1)

𝑁𝛾2

𝑖=1

 

( B-235 ) 
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𝜎33
𝑛 = 𝜎33

𝑛−1 + Δ𝜖11
𝑛 (
𝐶13𝑒

𝑛 + 𝐶13𝑒
𝑛−1

2
) + Δ𝜖22

𝑛 (
𝐶23𝑒

𝑛 + 𝐶23𝑒
𝑛−1

2
)

+ Δ𝜖33
𝑛 (
𝐶33𝑒

𝑛 + 𝐶33𝑒
𝑛−1

2
) − Δ𝑇𝑛 (

𝛽3𝑒
𝑛 + 𝛽3𝑒

𝑛−1

2
)

− Δ𝑋𝑛 (
𝛾3𝑒

𝑛 + 𝛾3𝑒
𝑛−1

2
) + ∑ (𝑞𝐶13𝑖

11 𝑛
− 𝑞𝐶13𝑖

11 𝑛−1
)

𝑁𝐶13

𝑖=1

+ ∑ (𝑞𝐶23𝑖
22 𝑛

− 𝑞𝐶23𝑖
22 𝑛−1

)

𝑁𝐶23

𝑖=1

+ ∑ (𝑞𝐶33𝑖
33 𝑛

− 𝑞𝐶33𝑖
33 𝑛−1

)

𝑁𝐶33

𝑖=1

−∑(𝑞𝛽3 𝑖
𝑛 − 𝑞𝛽3 𝑖

𝑛−1)

𝑁𝛽3

𝑖=1

−∑(𝑞𝛾3 𝑖
𝑛 − 𝑞𝛾3 𝑖

𝑛−1)

𝑁𝛾3

𝑖=1

 

( B-236 ) 

 𝜎23
𝑛 = 𝜎23

𝑛−1 + Δ𝛾23
𝑛 (
𝐶44𝑒

𝑛 + 𝐶44𝑒
𝑛−1

2
) + ∑ (𝑞𝐶44𝑖

23 𝑛
− 𝑞𝐶44𝑖

23 𝑛−1
)

𝑁𝐶44

𝑖=1

 ( B-237 ) 

 𝜎13
𝑛 = 𝜎13

𝑛−1 + Δ𝛾13
𝑛 (
𝐶55𝑒

𝑛 + 𝐶55𝑒
𝑛−1

2
) + ∑ (𝑞𝐶55𝑖

13 𝑛
− 𝑞𝐶55𝑖

13 𝑛−1
)

𝑁𝐶55

𝑖=1

 ( B-238 ) 

 𝜎12
𝑛 = 𝜎12

𝑛−1 + Δ𝛾12
𝑛 (
𝐶66𝑒

𝑛 + 𝐶66𝑒
𝑛−1

2
) + ∑ (𝑞𝐶66𝑖

12 𝑛
− 𝑞𝐶66𝑖

12 𝑛−1
)

𝑁𝐶66

𝑖=1

 ( B-239 ) 

 

Using Equations ( B-215 ) to ( B-232 ) and Equations ( B-234 ) to ( B-239 ), we can find stress 

components at each time step in terms of their peers at previous time step and other parameters. 

Now we consider Equations ( B-215 ) to ( B-232 ) for some extreme cases of relaxation times. 

From Equation ( B-215 ) we have 

 lim
𝑎𝑇𝜏𝐶11𝑖→0

𝑞𝐶11𝑖
11 (𝑡𝑛) = 0                                                                       , 𝑖 = 1,2… ,𝑁𝐶11 ( B-240 ) 
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Similarly, for all other state variables, for very short relaxation times we may write 

 lim
𝑎𝑇𝜏𝐶𝑘𝑙𝑖→0

𝑞𝐶𝑘𝑙𝑖
𝑚𝑠 (𝑡𝑛) = 0                                                                       , 𝑖 = 1,2… ,𝑁𝐶𝑘𝑙  ( B-241 ) 

 

Equation ( B-241 ) implies that when relaxation times are very short, the stresses in Maxwell 

elements relax very fast. 

On the other hand, for very long relaxation times, i.e. when 𝑎𝑇𝜏𝐶11𝑖 → ∞ ,  
1−𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

 is 

indeterminate. Using L’Hospital’s rule we have 

 lim
𝑎𝑇𝜏𝐶11𝑖→∞

1 − 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

= lim
𝑥→0

1 − 𝑒−𝑥

𝑥
= lim

𝑥→0

𝑒−𝑥

1
= 1 ( B-242 ) 

 

and therefore, 

 lim
𝑎𝑇𝜏𝐶11𝑖→∞

𝑞𝐶11𝑖
11 (𝑡𝑛) = 𝑞𝐶11𝑖

11 (𝑡𝑛−1) + 𝑎𝐹𝐶11𝑖Δ𝜖11
𝑛,                       𝑖 = 1,2… ,𝑁𝐶11 ( B-243 ) 

 

Similarly for all other state variables 

 lim
𝑎𝑇𝜏𝐶𝑘𝑙𝑖→∞

𝑞𝐶𝑘𝑙𝑖
𝑚𝑠 (𝑡𝑛) = 𝑞𝐶𝑘𝑙𝑖

𝑚𝑠 (𝑡𝑛−1) + 𝑎𝐹𝐶𝑘𝑙𝑖Δ𝜖𝑚𝑠
𝑛,                       𝑖 = 1,2… , 𝑁𝐶𝑘𝑙 ( B-244 ) 

 

As an alternative way of fixing the indeterminacy for large relaxation times, we consider 
1−𝑒−𝑥

𝑥
  

and expand a Taylor series around 𝑥 = 0 
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1 − 𝑒−𝑥

𝑥
= 1 −

1

2
𝑥 +

1

6
𝑥2 + 𝑂(𝑥3) ( B-245 ) 

 

From the plots in Figure B-1we observe that for 𝑥 < 0.2, the Taylor expansion in Equation ( B-245 

) is accurate. 

 

 

Figure B-1  
𝟏−𝒆−𝒙

𝒙
 compared with its Taylor expansion 

 

Therefore, we rewrite Equations ( B-215 ) to ( B-232 ) as 
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𝑞𝐶11𝑖
11 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖𝑞𝐶11𝑖
11 (𝑡𝑛−1)

+ 𝑎𝐹𝐶11𝑖Δ𝜖11
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶11𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶11 

( B-246 ) 

 

𝑞𝐶12𝑖
22 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
22 (𝑡𝑛−1)

+ 𝑎𝐹𝐶12𝑖Δ𝜖22
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶12 

( B-247 ) 
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𝑞𝐶13𝑖
33 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖𝑞𝐶13𝑖
33 (𝑡𝑛−1)

+ 𝑎𝐹𝐶13𝑖Δ𝜖33
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶13 

( B-248 ) 

 

𝑞𝐶12𝑖
11 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖𝑞𝐶12𝑖
11 (𝑡𝑛−1)

+ 𝑎𝐹𝐶12𝑖Δ𝜖11
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶12𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶12 

( B-249 ) 
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𝑞𝐶22𝑖
22 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖𝑞𝐶22𝑖
22 (𝑡𝑛−1)

+ 𝑎𝐹𝐶22𝑖Δ𝜖22
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶22𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶22 

( B-250 ) 

 

𝑞𝐶23𝑖
33 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
33 (𝑡𝑛−1)

+ 𝑎𝐹𝐶23𝑖Δ𝜖33
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶23 

( B-251 ) 



315 

 

 

𝑞𝐶13𝑖
11 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖𝑞𝐶13𝑖
11 (𝑡𝑛−1)

+ 𝑎𝐹𝐶13𝑖Δ𝜖11
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶13𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶13 

( B-252 ) 

 

𝑞𝐶23𝑖
22 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖𝑞𝐶23𝑖
22 (𝑡𝑛−1)

+ 𝑎𝐹𝐶23𝑖Δ𝜖22
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶23𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶23 

( B-253 ) 
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𝑞𝐶33𝑖
33 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖𝑞𝐶33𝑖
33 (𝑡𝑛−1)

+ 𝑎𝐹𝐶33𝑖Δ𝜖33
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶33𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶33 

( B-254 ) 

 

𝑞𝐶44𝑖
23 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖𝑞𝐶44𝑖
23 (𝑡𝑛−1)

+ 𝑎𝐹𝐶44𝑖Δ𝛾23
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶44𝑖
≤ 0.2

,

𝑖 = 1,2… , 𝑁𝐶44 

( B-255 ) 
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𝑞𝐶55𝑖
13 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖𝑞𝐶55𝑖
13 (𝑡𝑛−1)

+ 𝑎𝐹𝐶55𝑖Δ𝛾13
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶55𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶55 

( B-256 ) 

 

𝑞𝐶66𝑖
12 (𝑡𝑛)

= 𝑒
−

Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖𝑞𝐶66𝑖
12 (𝑡𝑛−1)

+ 𝑎𝐹𝐶66𝑖Δ𝛾12
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝐶66𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝐶66 

( B-257 ) 

 

𝑞𝛽1 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖𝑞𝛽1 𝑖
(𝑡𝑛−1)

+ 𝛽1𝑖Δ𝑇
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛽1𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝛽1 

( B-258 ) 
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𝑞𝛽2 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖𝑞𝛽2 𝑖
(𝑡𝑛−1)

+ 𝛽2𝑖Δ𝑇
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛽2𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝛽2 

( B-259 ) 

 

𝑞𝛽3 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖𝑞𝛽3 𝑖
(𝑡𝑛−1)

+ 𝛽3𝑖Δ𝑇
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛽3𝑖
≤ 0.2

 

, 𝑖 = 1,2… ,𝑁𝛽3 

( B-260 ) 

 

𝑞𝛾1 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖𝑞𝛾1 𝑖
(𝑡𝑛−1)

+ 𝛾1𝑖Δ𝑇
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛾1𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝛾1 

( B-261 ) 
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𝑞𝛾2 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖𝑞𝛾2 𝑖
(𝑡𝑛−1)

+ 𝛾2𝑖Δ𝑇
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛾2𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝛾2 

( B-262 ) 

 

𝑞𝛾3 𝑖
(𝑡𝑛) = 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖𝑞𝛾3 𝑖
(𝑡𝑛−1)

+ 𝛾3𝑖Δ𝑇
𝑛

{
  
 

  
 

(
1 − 𝑒

−
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖

Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖
≥ 0.2

(1 −
1

2

Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖
+
1

6
(
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖
)

2

)
Δ𝑡𝑛

𝑎𝑇𝜏𝛾3𝑖
≤ 0.2

,

𝑖 = 1,2… ,𝑁𝛾3 

( B-263 ) 

 

Using Equations ( B-234 ) to ( B-239 ), we evaluate each stress component at each time step in 

terms of its value at the previous time step, state variables and other parameters. In turn, the values 

of state variables are obtained using Equations ( B-246 ) to ( B-263 ). 

 


