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Abstract 

The performance of some polymeric materials is profoundly affected by long-term exposure to 

moisture during service. This poses problems for high precision and/or load bearing components in 

engineering applications where moisture-induced changes in mechanical properties and dimensional 

stability could compromise the reliability of the device or structure. In addition to external factors 

such as moisture, the material properties are also evolving due to inherent structural relaxation within 

the polymeric material through a process known as physical aging. Based on the current knowledge 

of both mechanisms, they have opposite effects on material properties. 

The common approach to studying the effects of moisture is to expose the polymeric material to 

combined moisture and heat, also referred to as hygrothermal conditions. The application of heat not 

only increases the rate of moisture diffusion but also accelerates physical aging processes which 

would otherwise be very slow. In spite of this coupled response, nearly all hygrothermal studies 

ignore physical aging in their investigations due to the complexity of the coupled problem.  

The goal of this work is to develop a numerical model for simulating the interactive effects of 

moisture diffusion and physical aging in a glassy polymer.  The intent is to develop a capability that 

would also allow one to model these effects under various mechanical loading and heat transfer 

conditions. The study has chosen to model the response of polycarbonate/acrylonitrile-butadiene-

styrene (PC/ABS), which is a glassy polymer blend that has very similar behaviour to polycarbonate.   

In this study, a comprehensive approach which considers four physical mechanisms – structural 

mechanics, moisture diffusion, heat conduction, and physical aging – has been applied. The most 

current analytical models in the literature usually attempt to model two or three coupled physical 

phenomena. To develop the four coupled phenomena model, the current work has undertaken an 

extensive scope of work involving experimental characterization and finite element modeling.   

In the experimental part of this work, seven sets of different tests were conducted to characterize the 

behaviour of PC/ABS exposed to moisture diffusion and accelerated physical aging. These 

experiments provided a comparative study between the effects of physical aging and moisture 

diffusion on the material’s behaviour; and at the same time, provided data for the numerical 

modeling. The dual glass transition temperatures (Tg) of the material were determined using two 

techniques: dynamic mechanical analysis (DMA) and thermo-mechanical analysis (TMA). The DMA 

tests provided data for studying the effects of hygrothermal aging on the Tg’s of the material and were 
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also useful for mechanical tests such as creep and stress relaxation performed using the DMA. The 

Tg’s obtained using the TMA were also required for physical aging experiments using the dilatometry 

mode of TMA. Structural relaxation of the blend was studied by aging the material at 80 °C for 7 

aging times in the TMA. These experiments gave an insight into the volume relaxation behaviour of 

the blend at a constant temperature. Specific heat capacity of the PC/ABS blend was also measured 

using another thermal analysis technique; i.e., differential scanning calorimeter (DSC), before and 

after test specimens were exposed to hygrothermal aging for 168 hours. 

The interactive effects of physical aging and moisture diffusion on the moisture uptake of the material 

were studied using gravimetric experiments performed at 5 different hygrothermal conditions. The 

experimental results were used to determine the coefficient of diffusion as well as the equilibrium 

moisture uptake of the samples. Furthermore, the effects of both moisture diffusion and physical 

aging on the mechanical behaviour of the polymer blend were investigated using stress relaxation 

tests. The comparison of the results of the tests performed on un-aged specimens with those of 

thermally and hygrothermally aged samples showed how physical aging effects competed with 

moisture diffusion. Also, the coefficient of hygroscopic expansion of the PC/ABS blend was 

determined using a so-called TMA/TGA technique. 

The numerical modeling of the four-coupled physics was achieved using the governing equations in 

the form of partial differential equations. Modeling was performed using the commercial finite 

element software package, COMSOL Multiphysics®. First, the uncoupled physical mechanisms of 

structural mechanics, moisture diffusion, and heat conduction were modeled separately to investigate 

the validity of the PDEs for each individual phenomenon. The modeling of the coupled physics was 

undertaken in two parts. The three coupled physics of structural mechanics, moisture diffusion, and 

heat conduction was first simulated for a gas pipe having a linear elastic behaviour. The comparison 

of the results with similar analysis available in the literature showed the capability of the developed 

model for the analysis of the triple coupled mechanisms. The second part modeled the four coupled 

phenomena by incorporating the experimentally determined coupling coefficients. In the developed 

numerical model, the material behaviour was considered to be linear viscoelastic, which complicated 

the model further but provided more realistic results for the behaviour of the polymer blend. 

Moreover, an approximation method was proposed for estimating the coupling coefficients that exist 

between different coupled physics in this study. It was also suggested that the anomalous moisture 

diffusion in the material can be modeled using a time varying boundary condition. Finally, the model 
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was successfully verified and demonstrated using test case studies with thin thermoplastic plates. The 

proposed four-coupled physics model was able to predict with good accuracy the deflection of thin 

thermoplastic plates under bending for a set of hygorthermal test condition. 
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Chapter 1 

Introduction 

1.1 Hygrothermal Aging in Glassy Polymers 

The continuous exposure of polymers to combined moisture and temperature (hygrothermal) is 

widely known to be highly undesirable due to the profound effects of these conditions on the 

thermophysical and mechanical properties of the polymeric materials and their composites. Each 

condition adversely affects the polymer properties and dimensional stability but the mechanisms 

responsible for these changes are different.  In the case of moisture exposure, the rate of moisture 

movement from the atmosphere into the material is proportional to the concentration gradient. In the 

absence of heat, the direct effect of absorbed moisture in polymeric materials due to humidity 

includes plasticization [1, 2], hydrolysis [3-8], swelling of the material [9], and reduction in the glass 

transition temperature as well as storage modulus [10]. In the presence of heat, these deleterious 

effects are exacerbated as heat accelerates the movement of moisture. 

If we only consider the condition of thermal exposure, the polymer material will undergo 

spontaneous structural molecular relaxation, especially in glassy polymers. The structural relaxation 

process, known as physical aging, is due to the non-equilibrium state of polymeric structure evolving 

towards equilibrium. Physical aging is characterized by the inherent mechanical relaxation of the 

polymer chains: it occurs naturally at very long time scales but is accelerated when the polymer is 

heated. This is not to be confused with chemical aging which breaks secondary or even primary 

bonds. There is significant interest in understanding physical aging in thermoplastics where the 

relaxation process is more prominent in glassy polymers than in semi-crystalline polymers. The 

processing techniques of thermoplastics typically involve quenching from melted state to room 

temperature, which results in a non-equilibrium polymer structure that will evolve with time. 

Consequently, the properties of the final thermoplastic products change during their service lifetimes 

due to physical aging processes [11]. The main changes include increased stiffness and loss in 

toughness to molecular densification and volumetric contraction. 

Therefore, under prolonged hygrothermal exposure or hygrothermal aging, two main processes are 

at play: moisture diffusion and physical aging. Both are distinctly different and are in fact, opposing 

processes. The most obvious physical difference is volumetric: moisture swells the polymer volume 
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while physical aging contracts it. Accordingly, the modeling of interaction of these two processes is a 

coupled problem that is both complex and challenging. 

1.2 Motivation for the Present Work 

As polymer-based materials are increasingly utilized in engineering applications, the consequences 

of hygrothermal exposure of these materials in service conditions are of significant industrial interest. 

In the electronics industry, for example, polymeric packaging materials are used widely in integrated 

circuit packages and plastic encapsulated microcircuits. The hygroscopic and thermal stresses induced 

by hot and humid conditions are important issues as they affect component reliability. Another 

example is the oil and gas industry, where the behaviour of polymers used as sheaths and gaskets in 

oil production machinery can vary during the service lifetime, causing leaks and failures. In structural 

applications such as aircraft, moisture absorption in structural adhesives can result in debonding, 

which can adversely affect the structural integrity of aged composite sandwich structures. In mobile 

device applications, changes in dimensional stability and properties of thin components, such as 

housings for cellular phones and polymer-based chip substrates, can lead to warpage.   

 So far, the majority of experimental studies on moisture diffusion and physical aging phenomena 

have been conducted independently because of the traditional materials science approach to 

investigating structure-property relationships. Of the two processes, there is greater body of work 

published on the effects of moisture diffusion and/or hygrothermal exposure on mechanical 

properties. A more representative approach should couple the effects of heat (especially for 

hygorthermal conditions) on physical aging processes although it significantly adds to the complexity 

to the problem.  

Studies using numerical methods, on the other hand, tend to approach the problem by performing 

structural analysis with consideration of the effects of moisture absorption and temperature on 

mechanical response. The physical aging process is usually integrated by assuming its effect on the 

material's modulus. Again, the two phenomena are assumed not to interact, and hence uncoupled in 

the analysis.  

While there is a relatively large volume of independent work for each phenomenon, there are very 

few studies on the combined effects of physical aging and moisture diffusion on mechanical 

properties and volume of polymer materials. Moreover, another effect, the mechanical stresses on 

moisture diffusion, has not been considered in most of them. From an engineering standpoint, it is 
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important to be able to predict the multiple coupled effects, especially in high precision or load 

critical applications, since they interact as well as modify the mechanical properties and dimensional 

stability of the polymeric material.  A more comprehensive analysis will enable polymer material 

users to predict the long-term behavior in conditions which more closely represent the service. 

Ultimately, the model for mechanical and physical (dimensional change) response of polymer-

based materials subjected to long-term hygrothermal exposure should include the interactive effects 

of four physical phenomenon - physical aging, moisture diffusion, structural mechanics, and heat 

transfer - in thin thermoplastic plates. Moisture diffusion in the thermoplastic material studied here 

does not follow the well known Fickian behaviour and therefore requires greater consideration in the 

modeling. The added effect of physical aging to moisture diffusion makes the modeling even more 

challenging. In spite of these challenges, the author believes that the scientific knowledge for each 

process and computational modeling tools have advanced sufficiently to warrant more study on the 

four coupled effects. 

1.3 Research Objectives and Scope of Work 

The primary objective of this study is to develop a numerical model for simulating the mechanical 

and physical response of thin polymer plates subjected to two coupled phenomena – moisture 

diffusion and physical aging. In this approach, all four physics will be coupled in the analysis. To 

achieve this objective, a material model is developed by experimental characterization to obtain the 

material properties of a thermoplastic polymer blend. The blend used in this study is a commonly 

used glassy polymer blend consisting of polycarbonate and acrylonitrile-butadiene-styrene (PC/ABS). 

Although blend materials are generally more complex than single polymer systems, earlier work has 

shown that the physical aging behaviour of PC/ABS system is very similar to PC material. The 

current work will adopt a phenomenological approach to material characterization. 

The scope of the research work, therefore, consists of the following four main steps: 

1. Material characterization through experimental tests, 

2. Finite element modeling of the uncoupled physical phenomena, 

3. Modeling fully coupled physics by considering all possible couplings, and 

4. Verification of the model through test cases. 
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1.4 Summary of Thesis 

This thesis is presented in six chapters. Basic definitions and theories of diffusion and physical 

aging are briefly discussed in the background section of Chapter 2. A review of available work in 

literature on multi-coupled physics, and more specifically on numerical modeling of the coupled 

physics will follow the background section in the second chapter. Chapter 3 covers the experimental 

methods including the material and the techniques used for material characterization tests. The 

experimental results and the discussion of the results are presented in Chapter 4. The numerical 

modeling of both uncoupled and coupled physics is discussed in Chapter 5 and finally, Chapter 6 

outlines a summary and conclusion of the current work as well as the suggestions for the future work.  
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Chapter 2 

Background and Literature Review 

2.1 Background 

Basic definitions and theories on diffusion and physical aging of polymers are briefly discussed in 

this section. First, the governing equations of diffusion in their simplest forms are introduced and 

then, different types of diffusion are explained. This is followed by the definition of physical aging 

and its effect on material response of polymers. 

2.1.1 Diffusion 

The first and the most well-known theory for diffusion was presented by Fick in 1855, based on an 

analogy between diffusion and heat flow, as follows [12]: 

 

ܬ ൌ െܦ
ܥ݀
ݔ݀

 (2-1)

 

where J and C are the flux and concentration of the diffusion species, respectively; and D is known as 

the coefficient of diffusion. The above equation expresses a steady state diffusion in a one-

dimensional system (direction x) and is referred to as Fick’s first law of diffusion. 

Fick’s second law of diffusion introduces a relation for non-steady state diffusion, as follows [12]: 

 

ܥ߲
ݐ߲

ൌ
߲

ݔ߲
൬ܦ

ܥ߲
ݔ߲

൰ (2-2)

 

There are three classes of diffusion in matrix polymers, which are defined based on the relative rate 

of mobility of the diffusing substance and the polymer [13]: 

1. Case I or Fickian diffusion, in which the rate of the diffusion process is much smaller than 

that of the relaxation modes of the polymeric matrix. 
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2. Case II or non-Fickian diffusion, in which the rate of the diffusion process is bigger than 

that of the relaxation modes of the polymeric matrix. 

3. Anomalous diffusion, in which both rates of the diffusion process and the relaxation modes 

are comparable. 

In order to recognize the type of diffusion, a mathematical law is used, as follows: 

 

௧ܯ

ஶܯ
ൌ ௡ (2-3)ݐ݇

 

where Mt is the mass uptake of the diffusing substance at time t, and M∞  is the mass uptake at the 

time when equilibrium reaches. k is a constant and n specifies the type of diffusion: n = 0.5 relates to 

Fickian diffusion, n = 1 indicates non-Fickian diffusion, and intermediate values of n suggest a 

combination of these two categories. 

As mentioned in Chapter 1, the effects of moisture diffusion in a polymeric material include 

hygroscopic swelling, glass transition temperature change, mechanical and electrical properties 

alteration, and material degradation. 

2.1.2 Physical Aging 

The term of physical aging, according to Hutchinson [11], refers to a process in which the change 

in a physical property is recorded with time at constant temperature. Figure  2-1 illustrates how 

physical aging occurs in a glassy polymer from a thermodynamic standpoint.  When a polymer is 

cooled down from a temperature above its glass transition temperature (Tg) to below it (step 1, in 

Figure  2-1), its behaviour deviates from thermodynamic equilibrium state (step 2). Consequently, 

there remains an excess amount of thermodynamic quantities (such as excess specific volume or 

enthalpy) in the material. At constant temperature (aging temperature, Ta), the excess thermodynamic 

quantities will reduce as the material moves towards equilibrium state (step 3). 
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Figure  2-1 Schematic illustration of physical aging process (adopted from [11]). 

 

The reductions of volume and enthalpy in step 3 of Figure  2-1 are referred to as volume and 

enthalpy relaxations, respectively. Volume relaxation can be experimentally investigated using 

dilatometry or Thermo-Mechanical Analysis (TMA), and enthalpy relaxation can be studied using 

Differential Scanning Calorimetry (DSC). 

Some investigators have found similarities between the two volume and enthalpy relaxations. 

Therefore, there have been attempts to relate these two phenomena. This was achieved through 

introducing a term called the apparent bulk modulus, Ka, which is defined as the ratio of enthalpy 

change to volume change [14]. 

It is well known that the properties of polymers are inherently time- and temperature-dependent or 

viscoelastic. Since the study of viscoelasticity is already well established, research in physical aging 

has adopted the same methods to measure dynamic mechanical properties, creep compliance, or stress 

relaxation modulus. These experiments are performed using a Dynamic Mechanical Analyzer 

(DMA).  The effect of physical aging on creep compliance (or stress relaxation modulus) appears as a 

shift in the timescale to longer times on isothermal annealing. This effect will be more explored in the 

experiments described in Chapters 3 and 4. 

2.2 Literature Review 

To study the coupled processes of moisture diffusion and physical aging, two more physical 

mechanisms need to be considered: structural mechanics and heat transfer. The various combinations 

of the coupling of the four mentioned physics have been studied for polymeric materials. Figure  2-2 
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shows the four mentioned physical concepts and the combination of them, which are dual, triple, and 

quadruple coupled physics. 

 

 

Figure  2-2 Schematic of the dual, triple, and quadruple coupled physics (M: Structural Mechanics, D: 

Diffusion, A: Physical Aging, T: Heat Transfer). 

 

Table  2-1 presents a summary of the various studies published in the open literature which the 

author considers to be coupled physical approaches. Earlier works dealt with theoretical studies (e.g. 

[15-20]), whose results were used to develop mathematical models (e.g. [21, 22]) and became the 

basis for subsequent works. Experimental approaches were used in the majority of works studying the 

coupled physics (e.g. [23-28]). More than a third of the published work is experimental. In these 

works, the effects of diffusion and physical aging on mechanical response of polymers and polymer 

composites, and vice versa have been experimentally investigated. Several authors have also worked 

on the analytical (e.g. [29, 30]) as well as numerical (e.g. [31]) solutions for governing equations of 

the coupled physics. Among the numerical solutions considered for these physics, many authors have 

used finite element analysis. The third largest body of work is related to finite element analysis. Since 

the present work is focused on this approach, a brief review of the literature in this area is presented 

in the following section. 

 

Quadruple Coupling 

Triple Coupling 

Dual Coupling 

Coupled Physics

Structural Mechanics Diffusion Physical Aging Heat Transfer 

M – D M – A D – A A – T

M – D – TM – D – A M – A – T

M – D – A – T 

M – T D – T

D – A – T



 

 9 

Table  2-1 Number of published studies on coupled physics. 

 Type of Study 

Coupling Physics* Experimental Theoretical FEM 

Dual 

M – D 9 20 7 

M – A 17 6 - 

D – T 6 - 3 

D – A 1 - - 

Triple 

M – D – T 1 6 16 

M – D – A - 1 - 

M – A – T 2 - 1 

Quadruple M – D – A – T 1 - 3 

Total 37 33 30 

Percentage 37 % 33 % 30 % 
* M: Structural Mechanics, D: Diffusion, A: Physical Aging, T: Heat Transfer 

2.2.1 Dual Coupled Physics 

The studies on the dual coupled physics have been performed on polymers as well as polymer 

composites. The first dual coupled physics studies are related to coupled mechanical and diffusion 

phenomena. Vijalapura and Govindjee [32] presented a numerical simulation of a coupled diffusion-

deformation phenomenon. The simulation was aimed for glassy polymers with case II diffusion. They 

used the balance laws to develop an initial boundary value problem in the form of nonlinear partial 

differential equations (PDEs). In order to solve the complicate set of nonlinear equations, they 

performed space and time discretizations using finite element and finite difference methods, 

respectively. They solved a one dimensional problem to find the formation and propagation of the 

sharp solvent front caused by case II diffusion. They concluded that finite element method has 

advantage over finite difference in global mass conservation. 

There are also a few other works on polymers, which were used in electronic packaging industry 

[9, 33, 34]. Holalkere et al. [33] in their study of plastic package delamination, used finite element 

stress analysis together with fracture mechanics to evaluate moisture sensitivity of plastic 

encapsulated microcircuits. In the procedure they employed, moisture diffusion and hygrothermal 

stress analyses were numerically performed, which led to the prediction of new package delamination 

before prototyping and reliability testing. Hygroscopic modeling of plastic ball grid array (PBGA) 

packages has been the subject of the work of Wong et al. [9]. Hygrothermal stresses were found using 

finite element analysis with the similarity between hygroscopic swelling and thermal expansion. It 
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was found that hygroscopic stresses are significant compared to thermal stresses during solder reflow. 

Moisture induced failure of adhesive flip chip was investigated by Teh et al. [34]. In that work, finite 

element analysis was used to study the effect of the coefficient of moisture expansion mismatch on 

hygroscopic swelling stress induced in the package. The finite element analysis showed that the 

hygroscopic stress has the largest value in the center of the package, suggesting that the failure 

initiates in the middle of the package. There was fairly good agreement between the presented 

modeling and the experimental observations. 

A number of works were devoted to the coupled behaviour of structural mechanics and diffusion in 

polymer composites.  Moisture diffusion in adhesively bonded carbon fibre composite joints was 

investigated by Abdel Wahab et al. [35]. First, a nonlinear transient moisture analysis was performed 

using finite element analysis. Then, moisture dependent mechanical properties were incorporated in 

the finite element model using the calculated moisture concentrations as input data in the subsequent 

stress analysis.  The comparison between the obtained results and those resulted from analytical 

solutions showed that the thinner the adhesive layer is, the closer the finite element results are to 

analytical solutions. In order to fit both results, a correction factor was proposed for the results of 

finite element analysis. This sequential application of moisture diffusion and stress analyses was used 

in another study by Abdel Wahab et al. [36]. They studied the durability of single lap joints and butt 

joints by applying a transient moisture diffusion followed by a nonlinear stress analysis. The swelling 

strains were also incorporated into the stress analysis according to the moisture distribution at a 

particular time. The results of the simulation were then used to explain the effect of moisture on joint 

strength.  

The work of Wong et al. [37] was associated to the coupled diffusion and thermal processes. They 

discussed the implementation of modeling moisture diffusion in electronic multi-material packages 

using finite element analysis technique. The boundary conditions consisting of temperature and 

humidity were taken to be dynamic. Based on experimental and simulation results, suggestions have 

been made on the application of finite element analysis for modeling moisture diffusion in integrated 

circuit (IC) packages with dynamic temperature and humidity conditions. Yu and Pochiraju [38] 

presented a three-dimensional Glaerkin finite element methodology for modeling the coupled 

moisture diffusion and thermal processes in polymer composite materials. The modeling approach 

considered anisotropic as well as temperature-dependent diffusion coefficients. Several numerical 

examples were used to illustrate the modeling of the coupled phenomena. Finite element analysis was 
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also used by Shirangi et al. [39] to investigate moisture diffusion and temperature-dependent residual 

moisture content in molding compounds and IC packages. The anomalous dual-stage moisture 

diffusion was successfully modeled using finite element analysis and the results showed very good 

agreement with the experimental data. 

2.2.2 Triple Coupled Physics 

Similar to the dual coupling studies, the works on triple coupled physics have also been reviewed 

for both polymers and polymer composites. Starting from the coupled mechanical-diffusion-thermal 

physics, there are several works on polymers used for electronic packaging [40-45]. Lin and Tay [40] 

studied the mechanics of interfacial delamination in moisture-sensitive plastic IC packages. They 

presented a methodology of computing the resultant total stress intensity factor due to the effects of 

hygroscopic and thermal stresses. Therefore, the only coupling considered was the effect of moisture 

diffusion and temperature change on developing stress in the material. The onset of delamination 

propagation was predicted using finite element analysis. Finite element analysis was also used by Yi 

and Sze [41] to study moisture absorption and residual stresses in plastic encapsulated IC packages. 

The effects of moisture concentration and temperature distribution in the material were incorporated 

in the model in the form of hygrothermal stresses and were combined with viscoelastic stress. Fickian 

moisture diffusion was also analyzed with finite element method to obtain the moisture concentration 

distribution in the package. The effect of temperature on diffusion appeared in the coefficient of 

diffusion in the form of an Arrhenius relation. The results showed that both temperature and moisture 

content influenced the moisture distributions as well as the residual stresses in the packages. 

Furthermore, Chang et al. [42] used finite element analysis to obtain temperature distribution, 

moisture diffusion, and hygrothermal stress in plastic ball grid array (PBGA) packages during the 

solder reflow process. The only coupling considered in their study, was the effect of temperature and 

moisture content on hygrothermal stresses. A similar study has also been done by Lahoti et al. [43], in 

which three-dimensional finite element analysis was carried out to study the effect of temperature and 

moisture on flip chip ball grid array packages. Dudek et al. [44] also used finite element analysis to 

study the effect of temperature and moisture on viscoelastic behaviour of polymeric compounds in 

electronic packaging. Also, Fan and Zhao [45] developed a damage mechanics-based continuum 

theory for the coupled physics including moisture diffusion, heat conduction, and material 

deformation in encapsulated microelectronics devices. Using a simplified process, they solved the 

coupled equations sequentially using finite element analysis. 
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A so-called fully coupled mechanical-diffusion-thermal model was presented by Rambert et al. 

[46]. The model was developed based on the framework of classical thermodynamics and a set of 

coupled constitutive equations were derived for linear elastic behaviour [47]. Rambert et al. [46] 

employed finite element analysis for numerical implementation of the direct coupling and developed 

a user-defined element (UEL) for this purpose. They performed a qualitative study to investigate the 

effects of the five coupling coefficients that exist in the coupled constitutive equations. 

Rambert and Grandidier [48] extended the model to include viscoelastic behaviour by considering 

the Kelvin-Voight’s model. In a similar study, Rambert et al. [47] added chemical reactions to the 

other three couplings and developed the related constitutive equations. Rambert et al. [49] extended 

the work to include gradient-type elasticity. They studied the impact of direct couplings, especially 

the effect of temperature and chemical composition of the structure by finite element analysis of a 

simple one-dimensional case. 

Using the similar modeling approach of Rambert et al. [46-49] and employing finite element 

method, Jugla et al. [50] analyzed the couplings between chemistry, thermal behaviour, and 

mechanics for cure simulation of a thermosetting matrix. They compared the results of the analysis 

with experimental data for the cure.  Using the encouraging results of the comparison, they suggested 

that their approach can be applied to provide local information during the cure. 

Valançon et al. [51] also used the fundamental principles of continuum mechanics and 

thermodynamics of irreversible processes to derive the governing equations for a thermo-diffuso-

mechanical problem. They verified their model by analyzing structural relaxation after relative 

humidity jumps and compared their results with experimental results available in literature. The 

comparison was fairly good but other simulations were necessary to fully validate the model. 

There are also several works on the mechanical-diffusion-thermal coupling [52-56] that have been 

performed on polymer composite materials. Roy and Reddy [52] modeled viscoelastic response of the 

adhesive layer of a bonded joint. Schapery’s nonlinear single integral constitutive law [57] was used 

and nonlinear shift factor was also employed to include the effect of temperature and stress level. 

Nonlinear Fickian diffusion was also modeled to consider the effect of moisture concentration. A 

comparison of the results with available numerical and analytical data in literature was used for 

validation. However, their model was not able to model stress-driven diffusion [51]. Roy [53] also 

derived governing equations for diffusion in polymers and polymer matrix composites. The equations 

were capable of modeling the effect of coupling between stress, temperature, and moisture histories 
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on the diffusion process. Finite element analysis was employed to solve the weak form of the 

governing equations for a special case of unstressed isothermal diffusion. The results were compared 

with the experimental data available in literature and it was seen that the model over-predicts the 

moisture uptake for the considered dual-stage diffusion. A three-dimensional finite element analysis 

was employed by Marques and Creus [54] to analyze the behaviour of polymeric matrix laminated 

composites under combined viscoelastic and hygrothermal loads. The effects of temperature and 

moisture content appeared in dependency of creep function and coefficients of thermal and 

hygroscopic expansion on these variables. Numerical examples concerning the time-dependent 

response of plates and shells were modeled and the results showed good agreement with the results 

available in literature. Using the so-called “semi-coupled” mechanical-diffusion finite element 

analysis, Ashcroft et al. [55] investigated the environmental degradation of adhesively bonded 

composite joints. Their predictive model was capable of modeling mechanical-environmental 

coupling but was limited when solving complex problems. Their methodology provided modeling of 

the effect of moisture concentration on mechanical response. In another study, Loh et al. [56] 

determined the moisture-dependent swelling coefficient of a rubber toughened epoxy adhesive using 

the semi-coupled mechanical-diffusion finite element analysis. First, they modeled the dual stage 

uptake behaviour of the adhesive using a transient diffusion analysis and then used the results as 

predefined field variables for subsequent mechanical analysis. In the mechanical analysis, they 

considered moisture-dependent mechanical properties and employed an iterative method to obtain the 

swelling coefficient. They also modeled the deflection of a bi-material curved beam exposed to 

temperature and moisture diffusion. The beam was built by curing a layer of adhesive on a thin steel 

sheet. The deflection due to moisture diffusion was obtained using the same method as used for 

swelling coefficient determination. This was while the deflection due to temperature change was 

calculated using a separate thermal analysis. The total deflection was determined by summing the 

deflections due to moisture and temperature variations. A comparison of the modeling results with the 

experimental data was also made; but except for the beginning of the process, there was no good 

agreement. 

The work of Lai and Bakker [58] was related to the mechanical-aging-thermal coupling. They 

developed a three-dimensional constitutive model for isotropic non-linear viscoelastic materials with 

the effects of temperature and physical aging. They established their constitutive modeling on the 

basis of one-dimensional Schapery representation [57] for non-linear viscoelasticity and incorporated 
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the effects of physical aging and temperature through the reduced time. Finite element analysis of 

some numerical examples agreed well with the experimental data for PMMA. 

2.2.3 Quadruple Coupled Physics 

To the best of the author's knowledge, there is no work in open literature that includes the finite 

element modeling of quadruple mechanical-diffusion-aging-thermal coupled phenomena. Two studies 

by Oliveira et al. [59, 60] focused on the physics of structural mechanics while the effects of 

temperature and moisture on this physics were incorporated. Also, the effect of physical aging was 

only considered on the modulus of the material. Using geometrically nonlinear finite element 

analysis, Oliveira et al. [59] modeled failure behaviour of composite plates and shells. They included 

thermal, hygroscopic, and viscoelastic effects in their material behaviour modeling. Several examples 

were also employed to compare the modeling results with those of closed solutions, and hence, 

provided an illustration of advantages and limitations of the modeling. In another study [60], they 

presented a numerical framework for analysis of composite structures. The formulation for aging 

processes including viscoelasticity and hygrothermal effects was given and tested for several 

examples having large displacements. 

2.3 Concluding Remarks 

About 100 published studies were reviewed on the coupled physics dealing with moisture diffusion 

and physical aging. Among these studies, those related to finite element analysis were focused on and 

discussed. Studying the dual, triple, and quadruple coupled physics on polymers and polymer 

composites revealed two main general approaches in finite element analysis: i) semi-coupled or 

sequential analysis, and ii) fully-coupled analysis. 

It was found that most of these works did not consider the complete coupling between the studied 

physics. It is, therefore, concluded that there is no work in the open literature to date on the finite 

element analysis of the coupling of the four coupled physics, which are structural mechanics, 

moisture diffusion, physical aging, and heat transfer. The work of Rambert et al. [46-49], first 

published in 2003, can be a good starting point for our modeling for the following reasons: 

1. It models all the direct couplings based on the laws of classical thermodynamics. Similar 

procedure has also been employed by other investigators (e.g. [51, 61]) and their 

comparisons of the modeling results with experimental data have shown the validity of this 

type of approach towards modeling. 
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2. The five coupling coefficients, which have been used in this work, have physical meanings. 

They can be related to famous factors such as Soret effect factor or pressure stress factor. 

In the parametric study of Rambert et al. [46-49], the physical aspects of each coupling 

coefficient and the consequence of changing the value of each of them on a real structure 

are explained. 

3. Jugla et al. [50] have used the same modeling approach in the cure simulation of a 

thermosetting matrix and the comparison of the results of finite element analysis with 

experimental data has shown the capability of the method in modeling of coupled physics. 
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Chapter 3 

Material and Experimental Methods 

3.1 Material 

The material used in this study is the PC/ABS polymer blend, which constitutes of two polymer 

materials, Polycarbonate (PC) and Acrylonitrile-Butadiene-Styrene (ABS). Each of the two 

components of the PC/ABS polymer blend has some advantages and drawbacks. PC is well-known 

for its high impact resistance and ductility, low water absorption, and dimensional stability but it 

possesses poor chemical resistance [12]. PC has industrial applications such as in safety equipment. 

ABS, on the other hand, has also some advantages including outstanding strength and toughness, 

resistance to heat distortion, and good electrical properties but it is flammable and is soluble in some 

organic solvents [12]. ABS has also numerous applications such as in automotive components and 

electrical and electronic assemblies.  

PC/ABS blends are increasingly replacing polycarbonate because they offer better thermal and 

mechanical properties, improved physical aging properties, easier processability, and are more cost-

effective [62, 63]. In this study, a commercial grade of 75:25 PC/ABS from SABIC Innovative 

PlasticsTM (formerly, GE Plastics), designated as Cycoloy C6600, has been used.  It is a widely used 

PC/ABS ratio with a melt flow rate of 21.5 g/10 min at 260°C with 2.16 kgf in accordance to the 

ASTM standard [64]. The weight average molecular weight (Mw) of the blend was found to be 45,000 

by Jordi FLP using gel permeation chromatography with RI (GPC-RI) and GPC-FTIR techniques. 

The size of the molecules in solution was found to be the same and could not be resolved using GPC. 

Moreover, GPC-FTIR confirmed that they were eluting at the same time. 

3.2 Polymer Characterization Techniques 

The experiments performed for characterization of the PC/ABS polymer blend in this study are 

conducted using thermal analysis techniques with the following machines: i) Dynamic Mechanical 

Analyzer (DMA), ii) Thermo-Mechanical Analyzer (TMA), iii) Differential Scanning Calorimeter 

(DSC), and iv) Thermo-Gravimetric Analyzer (TGA). These techniques are briefly introduced in this 

section. More explanations on these instruments including usages, calibrations, and testing procedures 

can be found elsewhere [65]. 
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Dynamic Mechanical Analyzer or DMA is famous for the periodic loading regime it applies and 

therefore is particularly suitable for evaluation of viscoelastic materials. For example, it can be used 

for determination of the glass transition region of a polymeric material by applying a sinusoidal load. 

DMA is also equipped with different clamps which provide the measurement capabilities for 

mechanical characterization of polymer materials in various geometries. DMA can also apply 

constant loads, which makes the machine useful for doing creep and stress relaxation tests. In this 

study, the three-point bending mode of the DMA is employed to measure the glass transition 

temperature of the PC/ABS blend. The machine is also used for conducting both creep and stress 

relaxation tests using the same three-point bending clamp. 

Thermo-Mechanical Analyzer or TMA is also an important instrument today due to its capability to 

measure both Tg and the coefficient of thermal expansion (CTE), as well as several other physical 

characteristics depending on the operating mode [66].  TMA has several operational modes, namely 

expansion, penetration, flexure, and tension [67, 68], which give different types of thermophysical 

data. TMA is used in this study to measure the Tg and CTE of the PC/ABS. The machine is also used 

for volume relaxation investigation of the PC/ABS blend. 

Differential Scanning Calorimeter, DSC, measures the heat flow into or out of a polymer sample as 

a function of temperature and time. The energy changes of the sample compared to a reference 

sample can be used to measure the transitions occurring in the sample. Enthalpy or specific heat 

capacity, glass transitions, melting point, crystallization temperature, and a number of other properties 

can be determined with a DSC. In this study, the specific heat capacity of the PC/ABS blend is 

investigated using the DSC. 

Finally, the Thermo-Gravimetric Analyzer (TGA) is used in a wide variety of applications. In 

TGA, the mass change of a sample is recorded as a function of time and temperature in a controlled 

atmosphere. The instrument can be used to measure the mass loss or gain of the sample due to some 

processes such as decomposition, oxidation, and dehydration; and therefore, useful information such 

as the composition of the material and its thermal stability can be obtained. The TGA is used in this 

study to measure the mass change of the PC/ABS blend during the drying of the sample following 

moisture absorption in a humid environment. 
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3.3 Experimental Methods 

In this study, several experiments are performed to characterize the PC/ABS polymer blend. These 

tests have been specifically designed to study the effects of coupled moisture diffusion and physical 

aging through exposures of the blend to hygrothermal conditions. The experimental methods of these 

tests are presented in this section in two categories: thermophysical properties and mechanical 

properties. In the thermophysical properties section, Tg of the blend is studied using two thermal 

analysis techniques; i.e., TMA and DMA. Physical aging study will follow this section and it includes 

the aging experiments performed using the TMA to study the volume relaxation of the material at the 

aging temperature of 80 °C. Since the specific heat capacity of the material needs to be determined 

for numerical analysis of heat conduction, the next section deals with the experiments conducted 

using the DSC to study the effects of hygrothermal aging on specific heat capacity. The last part of 

the thermophysical properties section is related to moisture uptake study, in which mass uptake of the 

blend under 5 hygrothermal conditions is studied and the effects of hygrothermal aging on the 

coefficient of diffusion as well as equilibrium moisture uptake are investigated. The steps of the 

thermophysical properties section are illustrated schematically in Figure  3-1. 

In the mechanical properties section, stress relaxation tests were performed on the material after the 

test specimens were thermally and hygrothermally aged under different conditions. These tests which 

have been done at two ranges of aging time; i.e., short term and long term, are used to study the 

effects of hygrothermal aging on the modulus of the blend. These material characterization tests also 

provide the material parameters which are used in the modeling of the viscoelastic behaviour of the 

PC/ABS blend. Figure  3-2 depicts the schematic of the steps of the mechanical properties 

experiments. 
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Figure  3-1 Schematic of experiments related to the thermophysical properties.
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Figure  3-2 Schematic of experiments attributed to the mechanical properties.
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3.3.1 Thermophysical Properties 

This section includes the experiments for investigating the thermophysical properties of the 

PC/ABS blend. 

3.3.1.1 Glass Transition Temperature Study 

The glass transition temperature of polymer materials is an important characteristic of the material 

and its determination is crucial for material characterization. Specifically, in order to initiate the 

physical aging process in the PC/ABS polymer blend, test specimens need to be quenched from a 

temperature above glass transition temperature (Tg) of the material to below it. The purpose is to erase 

previous thermal history. Therefore, the Tg of the material has to be determined before conducting the 

aging tests. 

The PC/ABS polymer blend constitutes of two components that have been found to be partially 

immiscible [62, 69], and hence the presence of two glass transition temperatures (Tg) are important 

design considerations. Thermal analysis techniques are known to be convenient means of determining 

the Tg of polymer blends. The presence of dual Tg’s for the PC/ABS blend has already been reported 

using DSC and DMA [62, 63, 69, 70], but there are no studies in the open literature using the TMA 

method to study this blend. In this work, the Tg of the blend has been determined using two thermal 

analysis techniques; i.e., TMA and DMA. Determination of Tg using the TMA is required for volume 

relaxation investigation and obtaining the Tg’s of the blend using the DMA is beneficial for 

hygrothermal studies of the material. 

3.3.1.1.1 TMA Tests 

It is widely known that heating rates affect the reliability of glass transition measurements due to 

thermal lags. A review of the open literature going as far back as 30 years revealed a number of 

reports on the different heating rates used for characterizing polymers by different methods including 

TMA [71]. However, there are only a limited number of reports [66, 72] on the influence of different 

heating rates on Tg measured using TMA. 

This section is focused on comparing the values between a dilatometer and expansion mode using a 

TMA. The secondary objective is to determine the practical heating rates for studying PC/ABS. This 

is particularly important for the dilatometer probe as there is a need to measure the volumetric 

expansion or contraction of the blend for understanding mechanisms such as structural relaxation 

during physical aging (described in section  3.3.1.2). 
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Thermo-mechanical analysis was performed on a TA Instruments 2940 TMA using two modes: 1) 

an expansion probe, and 2) a dilatometer. The temperature measurement reproducibility in the TMA 

chamber was ± 2 °C while machine sensitivity for deformation measurement was ± 100 nm [73]. In 

both of testing modes, each sample was weighed to 0.1 mg. 

The temperature was ramped from room temperature to 135 °C under a nitrogen purge gas with 

flow rate of 100 mL/min. An isothermal treatment at 135°C for 10 minutes was used to remove the 

thermal history of the sample, followed by a cooling scan to 60°C. Subsequent to this, a second 

heating scan was applied to find the glass transition temperature after thermal history removal [74]. In 

total, seven heating (q1) and cooling rates (q2) were investigated, that is, q1 = q2 = 0.5, 1, 2.5, 5, 10, 

15, 20 °C/min. Four samples were tested at each of the heating and cooling rates to increase the 

power of statistical evaluation and to maintain the statistical normality assumption. The calibrations 

and methodology specific to each probe are described below. 

Expansion Mode 

An expansion probe with a circular flat tip was used to measure the displacement change of the 

polymer samples under constant thermal heating and cooling rates, in accordance with the ASTM E 

1545-05 [75] standard. Calibrations for temperature and length change were done according to ASTM 

E 2113-04 [76] and E 1363-03 [77] standards, respectively. Samples with dimensions of 5×5 mm 

were cut from a 152×305 mm sheet of 3 mm nominal thickness. The samples had an average mass of 

100.5 mg (with standard deviation of 3.8 mg).  

Dilatometer Mode 

The dilatometer accessory kit for the TMA consisted of a dilatometer probe, sample vial, filling 

medium, and aluminium balls. The filling medium was used to convert the volume change of the 

sample inside it into displacement recorded by the dilatometer probe. The samples were in the form of 

small granules with average mass of 56.7 mg (with standard deviation of 1.8 mg). 

Baseline and displacement calibrations were conducted before the tests. The baseline calibration 

consisted of a thermal scan from room temperature up to 160 °C with a heating rate of 1 °C/min and 

under the compression loading of 0.01 N [78]. This load value of 0.01 N was also used in testing.  The 

displacement calibration is similar to temperature calibration in DSC, in which the melting point of a 

standard material (usually indium) is used for calibration. For this calibration, three aluminium balls 

were placed into the vial with 3/4th of the vial filled with the filling medium. The cell constant in the 
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software, referred to as vial constant in TMA, was set to 1. The thermal procedure was the same as 

what was done for baseline calibration. 

3.3.1.1.2 DMA Tests 

Determination of Tg was also conducted using a TA Instruments Q800 Dynamic Mechanical 

Analyzer (DMA). The tests were performed in bending mode of the instrument using a 3-point 

bending clamp. In accordance to ASTM D 5023-07 Standard [79], sample dimensions of 64×13×3 

mm were used with a 50-mm span bending clamp to achieve a span-to-depth ratio of 16:1. Samples 

were heated from 60 °C to 132 °C (a temperature level above Tg,PC (~ 112 °C), which is higher than 

Tg,ABS (~ 100 °C) [70]) with the heating rate and  frequency of 1 °C/min and 1 Hz, respectively. Since 

possible residual stresses produced in the manufacturing process [28, 80] can cause variations in the 

Tg of the material, the Tg determination test was repeated on samples after they were rejuvenated by 

isothermal heat treatment at 135 °C for 10 minutes and then quenched to room temperature. 

The value of strain amplitude for the Tg determination tests was specified based on a previously 

established method [81]. In order to find the appropriate strain amplitude for the experiments, a strain 

sweep test was applied to 5 different samples in 6 repeated cycles at room temperature. In each cycle, 

strain was swept from 10 to 50 m at nine steps. Storage modulus at each cycle was recorded and 

standard deviation of storage moduli between samples and within cycles was obtained to determine 

the reproducibility and repeatability of the results. 

3.3.1.2 Physical Aging Study 

As mentioned earlier, the structural relaxation in a polymer material is manifested as enthalpy and 

volume relaxation in the material. The enthalpy relaxation of the PC/ABS polymer blend has already 

been studied [70] using the DSC. To the best of the author’s knowledge, the volume relaxation of the 

PC/ABS blend, however, has not been studied. In this section, the experiments performed to study the 

volume changes during physical aging at a constant temperature are described. 

The measurement of volume changes of the PC/ABS material is possible in the dilatometry mode 

of the TMA. To achieve this, three granules of PC/ABS weighing, on average, 54 mg were placed 

inside the vial surrounded completely by the filling medium. The sample was then exposed to a 

thermal procedure on the TMA stage. 
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According to the results of Tg determination tests performed using the TMA (will be presented in 

section  4.1.1.1), the heating rate of 0.5 °C/min is employed for the aging tests. Therefore, the 

temperature was ramped at a rate of 0.5 °C/min from 30 °C to 135 °C and then held constant for 10 

minutes. The sample was then cooled down to the aging temperature, 80 °C, at the same rate of 0.5 

°C/min. The temperature was kept constant at the aging temperature of 80 °C for 30 minutes. During 

this step, the measured volume change is an indication of the volume relaxation during physical aging 

period. This step was followed by decreasing the temperature at a rate of 0.5 °C/min to 30 °C. This 

cycle was repeated 5 times to find the number of cycles required to obtain consistent results for the 

aging period. The results showed that the deviation in the volume relaxation measured at each cycle is 

negligible after the third cycle. Therefore, for the subsequent volume relaxation experiments, the 

aforementioned thermal cycle was repeated 3 times and on the third cycle the material was aged for 

the duration of aging time, ta. 7 periods of aging time were used: 0.5, 2, 8, 48, 96, 336, 1008 hr. Four 

replicates were tested at each of the aging time periods. Since the PC/ABS material is placed inside 

the filling medium, its recorded volume changes needed to be corrected for the volume changes due 

to the filling medium. Therefore, similar tests were performed on the vial having only the filling 

medium. The measured volume changes were then used to correct the corresponding values measured 

during physical aging of the PC/ABS material. 

3.3.1.3 Specific Heat Capacity 

The specific heat capacity of a material is known to affect the processes in which heat transfer is 

involved. For polymer materials, the values of specific heat capacity have been experimentally 

obtained at different temperatures and empirical relations were proposed [82-91]. For example, Gaur 

et al. [82-88] obtained heat capacity of linear macromolecules such as selenium, polyethylene, 

polyoxides, polypropylene, polystyrene, acrylic polymers, polyesters, and polyamides. In most of 

these works, calorimetric experiments such as DSC or temperature modulated DSC have been 

employed. A data bank, Advanced THermal Analysis System (ATHAS) [92], containing the results of 

thermal analysis of polymer materials has already been developed. While there is data for more 

common polymer systems, the value of the specific heat capacity of the PC/ABS polymer blend is not 

available in the open literature. In this section, the specific heat capacity of this polymer blend is 

experimentally determined. Since it is not known if the value is influenced by combined heat and 

humidity conditions, their effects are also investigated in this section. 
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A Modulated Differential Scanning Calorimeter (MDSC), TA Instruments DSC 2920, was used to 

conduct the tests. Samples in the form of granules with average weight of 10 mg were first stored 

inside a desiccator for 48 hours. The samples were then dried inside an oven at 80 °C for 30 minutes. 

Next, the samples were moved to the DSC for conducting a modulated DSC test before hygrothermal 

conditioning. In the DSC, thermal history of the samples was erased by an isothermal hold at 135 °C 

for 10 minutes. Following this step, the samples were heated from 10 °C to 135 °C at the rate of 5 

°C/min with oscillation amplitude and period of 1.06 °C and 70 sec, respectively. In this step, the 

specific heat capacity of the material was recorded. The samples were then moved to an 

environmental chamber for hygrothermal aging. Before the samples were transferred to the 

environmental chamber, their thermal history was removed by an isothermal heating at 135 °C for 10 

minutes. Hygrothermal conditioning of the samples was performed under 9 different hygrothermal 

conditions for 168 hours. The hygrothermal conditions included 50 °C/50% RH, 50 °C/93% RH, 

50°C/fully immersed, 65 °C/50% RH, 65 °C/93% RH, 65°C/fully immersed, 80 °C/50% RH, 80 

°C/75% RH, and 80°C/fully immersed. The temperature levels of the hygrothermal conditions were 

selected to be below the dual glass transition temperatures of the constituent components of the blend. 

Following the hygrothermal aging at each of the conditions, the samples were moved back to the DSC 

for another modulated DSC test. A similar heating scan to that performed before hygrothermal aging 

was conducted from 10 °C to 145 °C to measure the specific heat capacity of the material after 

hygrothermal aging. A comparison between the specific heat capacity before and after hygrothermal 

conditioning can reveal the effect of hygrothermal aging on the measured value. In these tests, 3 

replicates were used for each of the hygrothermal conditions. 

3.3.1.4 Moisture Uptake 

Hygrothermal exposure of a polymer material is commonly associated with a form of hot-wet 

conditioning. Although there are actually two physical mechanisms at play – moisture absorption and 

structural recovery/relaxation associated with physical aging – during prolonged hygrothermal 

exposure, most studies have focused on the former since the effects of structural relaxation are more 

difficult to delineate during moisture uptake at high temperature. Our attention is now focused on the 

effects of hygrothermal conditions on moisture uptake behaviour in the material over a prolonged 

period. The objective is to explore the effects of the two opposing mechanisms, moisture diffusion 

and physical aging. In this part of the study, gravimetric experiments are conducted on the PC/ABS 
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specimens and the effects of two factors of relative humidity and aging temperature on the obtained 

results are investigated. 

3.3.1.4.1 Moisture Uptake Measurements 

According to ASTM D570-98 Standard [93], test samples were cut in the form of a bar with 

nominal dimensions 76.2×25.4 mm by the thickness of the sheet, 2.84 mm.  Cut edges were smoothed 

so as to be free from cracks and were polished slowly to avoid heating the surfaces. 

 Samples were conditioned prior to moisture absorption and physical aging to ensure that moisture 

uptake measurements were taken from the same reference point.  First, the specimens were stored in a 

desiccator for 48 hours in accordance to the ASTM D 618-08 Standard conditioning guidelines [94].  

They were then placed into an oven at 135°C for 10 minutes which maintained a dry atmosphere to 

erase any previous thermal history [70].  Specimens were then removed from the oven, weighed to 

obtain the mass of dry samples, and placed directly into five conditioning environments as described 

below. During weighing of the specimens they were exposed to room temperature for about one 

minute, therefore the cooling rate was the same for all the samples. Numerical analyses of heat 

transfer in the material showed that the brief exposure does not cause the temperature of the samples 

to drop below the aging temperatures. 

Samples were subjected to 5 different conditions: (i) 65°C/50% RH; (ii) 50°C/93% RH; (iii) 

65°C/93% RH; (iv) 50°C/50% RH; and lastly (v) stored at room temperature fully immersed in 

distilled water, to investigate their effects on the coefficient of diffusion and equilibrium moisture 

content. Hygrothermal aging for conditions (i)-(iv) was conducted inside environmental chambers 

with the samples standing on one end in grooves machined into an aluminum block such that both 

surfaces of each sample were equally exposed to their conditioning environment.  Samples fully 

immersed in water were rested on one end inside an enclosed container. Three of these conditions 

were first studied by Tang [95] and has been extended in this work for a more complete set of data. 

With the full data set, it was possible to conduct a statistical analysis on the effects of the humidity 

and aging temperature on the material response. 

The ASTM D570-98 Standard [93] was adopted for the sampling frequency of moisture uptake 

measurements.  Samples are initially weighed prior to conditioning; after 1, 3, 7, and 10 days; and 

then once every week thereafter until the increase in weight indicated by three consecutive readings 

average less than 1% of the total increase in weight or 5 mg, whichever is greater.  Each condition 
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was replicated with 3 samples for moisture uptake monitoring.  An analytical balance capable of 

reading 0.0001 g was used to record the mass of prepared specimens.  

In order to obtain more accurate values of coefficient of diffusion, another set of specimens were 

conditioned at the same hygrothermal conditions and their moisture uptake was recorded every hour 

until the samples reached at the half of their equilibrium moisture uptake. 

3.3.1.4.2 Tg Measurements 

Moreover, to investigate the reversibility of changes caused by moisture absorption, Tg 

determination tests were conducted on hygrothermally aged samples at the four hygrothermal 

conditions after 7 days of moisture uptake. Test samples were in the form of bars with the same 

dimensions as those used for Tg determination using the DMA discussed in section  3.3.1.1.2.  The 

procedure of the Tg determination tests were similar to those described in section  3.3.1.1.2. To 

investigate the effect of hygrothermal aging on Tg of the material, experimental results were 

compared with the Tg of un-aged specimens obtained in section  4.1.1.2. 

3.3.2 Mechanical Properties 

Methods of investigating the effects of physical aging on viscoelastic response, such as stress 

relaxation, are already well established. Struik, one of the pioneers in the field of physical aging, 

developed a test method [96], which provides the possibility of doing sequential creep or stress 

relaxation experiments on a thermally aged material at increasing physical aging times. Using 

superposition principles such as time/temperature and time/aging-time superposition principles, the 

obtained curves can be collapsed into a single master curve. Following Struik, many researchers have 

applied his method to investigate creep or stress relaxation behaviour of different polymer materials 

[80, 97-101]. For example, Guo and Bradshaw [80] characterized isothermal aging of PEEK and PPS 

films by creep and stress relaxation experiments using a dynamic mechanical analyzer. 

The effects of moisture on the viscoelastic behaviour of polymeric materials have also been 

investigated by a number of researchers [102-110]. They have shown that the time/temperature 

superposition principle can be extended to develop the time/moisture superposition principle to 

produce master curves from momentary curves. When aged polymer-based materials are exposed to 

humid environments, the effect of moisture modifies the material properties further. One observed 

effect is osmotic swelling of the polymer particularly when the partial pressure of the penetrant (in 
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this case moisture) is increased, which in turn changes the material state from glassy to rubbery state 

[111].  

 There is, however, less knowledge on how combined heat and humidity affects viscoelastic 

behaviour. This part of the work has investigated the viscoelastic behaviour of PC/ABS polymer 

blend for a set of temperature and humidity (hygrothermal) combinations. By quantifying 

stiffness/modulus changes using stress relaxation tests, the relative effects of each mechanism can be 

followed.  

Stress relaxation tests were performed using a TA Instruments 2980 Dynamic Mechanical Analyzer 

(DMA). The tests were performed in bending mode of the instrument. To minimize errors due to 

clamping effects in cantilever-type clamps, the 3-point bending clamp [112, 113] was used.  

 In accordance to the ASTM D 5023-07 Standard [79], sample dimensions of 64×13×3 mm were 

used with a 50-mm span bending clamp to achieve a span-to-depth ratio of 16:1. Samples were cut 

from a 150×202 mm sheet. Cut edges were polished slowly to produce smooth surfaces free from 

cracks. All test specimens were stored inside a dessicator for 48 hours before testing in accordance to 

the ASTM D 618-08 Standard conditioning guidelines [94]. 

3.3.2.1 Linearity Range Determination 

In order to conduct stress relaxation experiments on physically aged specimens and apply 

Boltzmann’s superposition principle, it is necessary that the test stress/strain levels are within the 

linear range of material response. Therefore, stress relaxation experiments were conducted on 

samples that were aged at 80 °C for the lowest aging time (26 min) and storage modulus curves were 

plotted versus loading time. The specimens were rejuvenated and cooled to the aging temperature and 

then aged again for another stress relaxation test at a higher strain level. A significant vertical shift in 

the curves of storage modulus in terms of loading time at increasing levels of strain indicates the 

onset of nonlinearity.  

After selecting a strain level in the linear viscoelastic range for thermally aged samples, the method 

was repeated to check the linear range for hygrothermally aged samples. In this set, stress relaxation 

tests were conducted on three specimens that were hygrothermally aged (fully immersed) in distilled 

water at 80 °C for 168 hours. This condition has the highest temperature and relative humidity among 

all the conditions used in this study. 
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3.3.2.2 Short Term Aging Tests 

3.3.2.2.1 Thermal Aging Test 

In order to provide a common starting point for the specimens and initiate the process of physical 

aging in the material, the conditioned samples were isothermally heated at 135 °C for 10 minutes. 

This step, performed in an oven, erases the thermal history of the material. Specimens were then 

moved to the DMA instrument to start stress relaxation experiments.  In order to reduce temperature 

loss in the rejuvenated specimens, the temperature of the DMA oven had already been set to the aging 

temperature. Each aging treatment is conducted inside the DMA and consists of the following steps: 

the specimen is isothermally aged at the selected aging temperature and then loaded at 0.5% strain for 

the duration of the relaxation test which is one-tenth of the aging time [96]. The specimen is then 

unloaded. The steps are repeated each time with incremental aging time duration until all the selected 

aging periods are completed.  

The three selected aging temperatures, Ta; i.e., 50 °C, 65 °C and 80 °C,  are well below the Tg’s of 

the blend’s components. There were 7 different aging times, ta, used in this part of the study as shown 

in Table  3-1. Each of these aging times is 1.8 times longer than the previous aging time. 

 

Table  3-1 Levels of aging time, ta [min], used in stress relaxation experiments on thermally aged samples. 

ta1 ta2 ta3 ta4 ta5 ta6 ta7 

28.2 50.8 91.5 164.6 296.4 533.5 960.2

 

The selected aging times are based on the results of the moisture uptake tests conducted at two 

aging temperatures of 50 °C and 65 °C (the results will be presented in section  4.1.4). In those 

experiments, test specimens, on average, reached at 40% to 60% of their maximum moisture uptake 

after about 16 hours. Therefore, the highest aging time, ta7, which is about 16 hours, was also used for 

the hygrothermal aging test described in the following section. 

3.3.2.2.2 Hygrothermal Aging Test 

Stress relaxation tests were applied to investigate the coupled effects of physical aging and 

moisture absorption on the mechanical behaviour of the PC/ABS blend. After conditioning of the 
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specimens inside a desiccator for 48 hours, they were treated in an oven at 135 °C to remove their 

thermal history. This was followed by exposure to nine different hygrothermal conditions for 16 

hours: (1) 50°C/50% RH, (2) 65°C/50% RH, (3) 80°C/50% RH, (4) 50°C/93% RH, (5) 65°C/93% 

RH, (6) 80°C/75% RH, (7) 50°C/fully immersed, (8) 65°C/fully immersed, and (9) 80°C/fully 

immersed. After each aging condition, the specimens were subjected to stress relaxation tests in the 

DMA instrument for 96 minutes (equal to one tenth of the hygrothermal aging time ([96]). Before the 

stress relaxation test, the sample was equilibrated at the hygrothermal aging temperature. Each stress 

relaxation test consisted of applying an instantaneous strain of 0.5% (as in thermal aging) to the 

specimen and the decay of the material’s modulus was recorded.  

 In order to reduce moisture evaporation from the specimens, they were coated with a thin layer of 

Dow Corning® high-vacuum grease [103, 110]. The effect of the coating on the viscoelastic response 

was verified by comparing the response of samples with and without coating. It was observed that 

coating had a negligible effect on the viscoelastic response of the samples. 

Stress relaxation tests were also conducted on un-aged samples. Before stress relaxation tests, 

PC/ABS samples were dried by conditioning inside a desiccator for 48 hours and also placed in an 

oven at 80 °C for 30 minutes. This approach was applied to study the competitive effects of physical 

aging and hygrothermal aging processes on the viscoelastic response of the material by comparing the 

results of both thermal and hygrothermal aging tests with the results of stress relaxation tests on un-

aged samples. 

3.3.2.3 Long Term Aging Tests 

Stress relaxation tests were conducted on samples that were aged at only one prolonged aging time; 

i.e., 168 hours. These tests, which will be referred to as “long” term aging tests, were applied on both 

thermally as well as hygrothermally aged specimens. For thermally aged specimens, samples were 

aged for 168 hours inside an oven controlled within ± 1 °C at the three aging temperatures of 50 °C, 

65 °C, and 80 °C after thermal history erasure. They were then tested in the DMA testing machine 

under stress relaxation loading for 16.8 hours (one tenth of aging time).  In hygrothermal aging tests, 

specimens were aged in an environmental chamber at nine hygrothermal conditions for 168 hours and 

then tested in the DMA testing machine for stress relaxation loading of 16.8 hours. The procedure of 

stress relaxation loading was similar to the short term aging tests described in the preceding sections. 
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3.3.3 Coupling Coefficients — First Set 

This section includes the experiments conducted to obtain the first set of coupling coefficients that 

exist in the coupled physics of structural mechanics, diffusion, heat conduction, and physical aging. 

The first set includes the elastic coefficient of thermal expansion as well as the elastic coefficient of 

hygroscopic expansion. Other sets of coupling coefficients will be defined and determined in Chapter 

5, where the constitutive equations are presented. 

3.3.3.1 Coefficient of Thermal Expansion 

The experiments conducted to obtain the coefficient of thermal expansion (CTE) are exactly those 

performed to obtain the Tg of the PC/ABS blend described in section  3.3.1.1.1. As in the tests applied 

under the two modes of expansion and dilatometry, the displacement change of the material is 

recorded in a temperature scan, the CTE can also be determined from the experimental results. The 

CTE has, therefore, been determined before and after Tg of the material. 

3.3.3.2 Coefficient of Hygroscopic Expansion 

The second coefficient in the first set of coupling coefficients relates to the elastic coefficient of 

hygroscopic expansion. A review of the related work dealing with experimental determination of the 

coefficient of hygroscopic expansion revealed that a technique using two thermal analysis instruments 

has been proposed by Wong et al. [9, 114]. The so-called TMA/TGA technique was used later by 

other investigators [115-118] to determine the coefficient of hygroscopic expansion. In this technique, 

two identical specimens are exposed to a humid environment to absorb moisture. After saturation, one 

of the samples is moved to the TMA while the other one is placed inside the TGA. The moisture is 

then removed from the samples at constant temperature inside the TMA and TGA. The length change 

during moisture desorption is recorded in the TMA while the TGA measures the amount of moisture 

diffusing out of the sample. The ratio of length change (strain) to moisture concentration is related to 

the coefficient of hygroscopic expansion. 

In this study, the TMA/TGA technique was employed to obtain the coefficient of hygroscopic 

expansion for the PC/ABS polymer blend. Test specimens were cut in the form of square bars from a 

PC/ABS sheet. A TA Instruments TMA Q400 and a TA Instruments TGA Q50 were used to conduct 

the experiments. According to Zhou [115], using samples with higher aspect ratios (the ratio of length 

or width to thickness) results in more accuracy in obtaining the coefficient of hygroscopic expansion. 

However, the sample size is limited to the size of TMA stage as well as the size of TGA sample 
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holder. Considering these two limitations, samples with dimension of 4×4×0.5 mm were cut from a 

large sheet of PC/ABS blend.   

Zhou et al. [117] have studied the sources of error in determination of the coefficient of 

hygroscopic expansion using this technique and proposed a practical guideline in conducting the 

experiments. The steps of the experiment in this study were adopted based on the guidelines proposed 

by Zhou et al. [117]. Two identical specimens were stored in a desiccator for 48 hours and then dried 

inside an oven at 80°C for 30 minutes. The length, width, and thickness of the samples (hxo, hyo, hzo) 

as well as the mass of the dry samples, Mdry, were measured. Next, samples were conditioned inside 

an environmental chamber at the specified hygrothermal conditions until saturation. Following 

saturation, specimens were moved to the TMA and TGA. The thickness of the sample, hsat, and the 

mass of the sample, Msat, were recorded in the TMA and TGA, respectively. Specimens were then 

dried out completely at the same temperature of hygrothermal condition and the thickness, ho, and the 

mass, Mo, of the specimens was recorded at the end of the test. 

Samples were exposed to 8 different hygrothermal conditions: 1) 50 °C/50% RH, 2) 50 °C/93% 

RH, 3) 50 °C/fully immersed, 4) 65 °C/93% RH, 5) 65 °C/fully immersed, 6) 80 °C/50% RH, 7) 80 

°C/75% RH, and 8) 80 °C/fully immersed. Three replicates were tested at each hygrothermal 

condition. 

3.4 Concluding Remarks 

In this chapter, the experimental methods related to seven different characterization tests for a 

PC/ABS polymer blend were explained. These tests, which have been performed using thermal 

analysis techniques, were mostly designed to study the effects of moisture diffusion and physical 

aging on the properties of the material and therefore, enabled us to study the thermophysical and 

mechanical properties of the polymer used in this study. The experimental results as well as the 

corresponding discussion will be presented in the following chapter.  
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Chapter 4 

Experimental Results and Discussion 

The experimental methods for characterization of the PC/ABS were explained in the previous 

chapter. The experimental results as well as the corresponding discussion are presented in this 

chapter. 

4.1 Thermophysical Properties 

The first category of properties investigated in this study was related to the thermophysical 

properties, whose experimental results are explained in the following sections. 

4.1.1 Glass Transition Temperature 

The dual Tg’s of the PC/ABS blend have been determined using two thermal analysis techniques; 

i.e., TMA and DMA. The results of the experiments are presented and discussed in the following 

section. 

4.1.1.1 TMA Tests 

The Tg can be specified using different methods, either the onset temperature or the inflection point 

on the curve [119]. Since the slope of length change versus temperature shows the CTE and there is a 

change in CTE at Tg [120], the Tg can be defined at a point where the curve slope changes. Assigning 

Tg to this blend was, therefore, done using two tangent lines drawn on the curve at the points where 

the slope changes, as proposed by Earnest [78] for an expansion probe test. The same method is also 

applicable to the curves obtained from dilatometer. Figure  4-1 shows how two Tg’s were typically 

assigned from dilatometer mode results at the heating rate of 0.5 °C/min. The first point shows the Tg 

of ABS in the blend at 100.30 °C and the second point assigns 127.57 °C to the Tg of PC in the blend. 

The same method was also used for the expansion probe analysis. 



 

 34 

 

Figure  4-1 Assignment of Tg on the blend curve in dilatometer mode at heating rate of 0.5 °C/min. 

 

Figures 4-2 and 4-3 show the typical curves obtained at different heating rates from expansion 

probe and dilatometer modes, respectively. The superimposed curves demonstrate that the shape of 

the curves was strongly dependent on applied heating rates. 
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Figure  4-2 Displacement change versus temperature at different heating rates from expansion probe 

mode experiments. 
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Figure  4-3 Displacement change versus temperature at different heating rates from dilatometer mode 

experiments. 

 

As seen in Figures 4-2 and 4-3, the resolution of the two Tg’s of the blend components and 

confidence in assignment accuracy become increasingly more challenging with increasing heating 

rates. High heating rates produce significant thermal lag errors in the results, which are well known 

for the TMA technique since the sample mass is relatively large [62, 121]. High heating rates cause 

high thermal gradients in the sample and in the furnace, from which thermal lag errors increase [66]. 

Lower heating rates are therefore recommended in order to avoid erroneous Tg values [119].  Our 

results suggest that lower heating rates ranging from 0.5 to 5 °C/min are most practical for TMA 

experiments at the two expansion and dilatometer modes. 

Figures 4-4 and 4-5 show the Tg of PC and ABS obtained during heat-up and cool-down scans in 

the expansion probe and dilatometer modes, respectively. The obtained glass transition temperatures 

seem reasonable as they fall within the temperature range between Tg of pure PC and that of pure 

ABS for this partially immiscible blend. However, dilatometer and expansion probe tests failed to 

detect Tg,PC on cooling scan.  
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Figure  4-4 Tg’s of the blend components obtained using the expansion probe for various heating and 

cooling rates. 
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Figure  4-5 Tg’s of the blend components obtained using the dilatometer probe for various heating and 

cooling rates. 

 

Figures 4-4 and 4-5 show a general trend in Tg values with increasing heating rates but the effect of 

cooling rate is less obvious. One explanation for the latter observation is the larger error bars in the 

cooling rate curve for ABS which suggests that cooling rate experiments are more prone to thermal 
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lag errors. Another parameter that can be obtained from the curves in Figures 4-4 and 4-5 is the Tg at 

zero heating/cooling rate by extrapolating to zero scan rate. Table 2 shows the Tg of ABS at zero 

heating/cooling rate from dilatometer and expansion probe tests. 

 

Table  4-1 Tg of ABS at zero scan rate from expansion probe and dilatometer tests measured in °C. 

Mode Heating Cooling 

Expansion probe 98 ± 2.5* 96 ± 2.1 

Dilatometer 99 ± 0.9 100 ± 4.1 

                              *95% Confidence Interval 

 

It can be seen that the Tg’s at zero rate are within the experimental error on heating and cooling 

scans for both expansion probe and dilatometer tests. In fact, Tg at zero rate can be considered to be 

the same if examined within the maximum experimental error of 3.8 %. This observation is consistent 

with earlier suggestion by Schwartz [72] that Tg at zero rate could be considered a material constant. 

In order to check whether there is a statistical difference between the Tg’s measured at various 

heating rates, an Analysis of Variance (ANOVA) was performed. ANOVA showed that, in general, 

there is a statistical significance between the results of each heating rate group with significance level 

of 0.05, which means that the heating rate influences the values of Tg. This was expected because the 

glass transition is a relaxation process and is influenced by heating rate change [122]. This is also 

similar to the findings of Schwartz [72], in which heating and cooling rates influenced Tg. However, 

there was no difference between the results of heating rate of 0.5 with 1 °C/min, and between those of 

2.5 and 5 °C/min measured by the expansion probe. 

It is also known that the sample mass influences the obtained Tg [74, 123]. In order to compare the 

data within each heating rate group the effect of sample mass should be accounted for. This was 

accomplished using Analysis of Covariance (ANCOVA), in which the sample mass was taken as a 

covariate, thus enabling us to compare the Tg obtained from both TMA modes together. The 

difference between masses (100.5 mg for the case of expansion mode and 56.7 mg for the dilatometer 

case) was considered and the results were compared. ANCOVA showed that there is no statistical 

significance in Tg data due to the sample mass change and therefore, the results could be compared.  
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In order to compare the values of Tg’s between expansion probe and dilatometer results, the 95% 

confidence interval was calculated for each of them and checked whether the Tg of the other group 

falls within this interval or not. Using this method, it was found that Tg’s of PC and ABS obtained 

from expansion probe and dilatometer are equal for heating/cooling rate of 0.5 °C/min. However, 

there was no agreement between the Tg’s obtained from expansion probe and dilatometer modes at the 

other heating rates.  

The second heating scan after the cool-down scan was performed to measure the Tg after thermal 

history removal during the isothermal step. The comparison of the curves found from the first and 

second heating scans, Figure  4-6, shows the effect of thermal history removal. 
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Figure  4-6 Comparison of Tg’s of the blend components obtained on heating and reheating scans for (a) 

expansion probe mode and (b) dilatometer mode. 
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Figure 4-6 (a) demonstrates the difference between Tg’s of both PC and ABS obtained from the 

expansion mode before and after thermal history removal step. It is seen that the thermal history 

removal had greater effect on PC than had on ABS. Figure 4-6 (b) shows that the dilatometer was 

able to detect the glass transition of ABS in the blend during first heat-up but not the second.  This is 

very likely due to the low ABS content in the blend. This was also observed in DSC and DMA 

studies of this blend [95].  

The difference in the glass transition temperatures recorded by expansion probe and dilatometer is 

due to the fact that displacement of the sample is recoded in one dimension by the expansion probe, 

whereas the dilatometer kit makes it possible to convert the volume change of the sample into 

displacement. Therefore, the displacement of other directions is not accounted for in the expansion 

mode. 

It should also be pointed out that although TMA has its own advantages, particularly for measuring 

volume relaxation of polymers or measuring coefficient of thermal expansion, it has some 

disadvantages that may cause differences between the results. One of its drawbacks is that the 

thermocouple is not in direct contact with the sample, which results in inaccuracy in temperature 

measurement of the sample. This is also another cause of thermal lag errors mentioned earlier. 

4.1.1.2 DMA Tests 

Strain sweep tests were applied on 5 different specimens and were repeated 6 times (6 cycles) on 

each sample.  The average of the recorded storage modulus for all of the 6 cycles was calculated at 

each amplitude level and is shown for a typical specimen in Table  4-2.  The repeatability of the 

results based on the standard deviation (SD) and relative standard deviation (RSD) of the storage 

modulus are also reported. 
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Table  4-2 Storage modulus of a typical specimen in the strain sweep test. 

 Storage Modulus 

Amplitude Average SD RSD

[m] [GPa] [GPa] [%] 

10 1.89 0.023 1.22 

15 1.88 0.015 0.80 

20 1.92 0.013 0.68 

25 1.95 0.010 0.51 

30 1.96 0.012 0.61 

35 1.97 0.011 0.56 

40 1.99 0.008 0.40 

45 2.00 0.007 0.35 

50 2.03 0.008 0.39 

 

The reproducibility of the results was studied by obtaining the variability of the values of storage 

modulus between the five tested specimens. The average, standard deviation, and relative standard 

deviation of the values of storage modulus of the 5 specimens are calculated and presented in Table 

 4-3. 
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Table  4-3 Variability of storage modulus among the 5 tested specimens with respect to amplitude in the 

strain sweep test. 

 Storage Modulus 

Amplitude Average SD RSD 

[m] [GPa] [GPa] [%] 

10 1.80 0.24 13.33

15 1.83 0.14 7.65 

20 1.92 0.09 4.69 

25 1.96 0.06 3.06 

30 2.00 0.04 2.00 

35 2.02 0.03 1.49 

40 2.04 0.03 1.47 

45 2.05 0.03 1.46 

50 2.08 0.03 1.44 

 

Tables 4-2 and 4-3 show that the relative standard deviations decrease with strain amplitude. 

Therefore, higher amplitudes seem to give more repeatable data for Tg determination test. However, 

since the material softens as the sweep temperature approaches the glassy region; higher strain 

amplitudes cannot be applied. It was found that the most practical amplitude for the Tg determination 

test was 20 m. 

The glass transition temperature was assigned based on the peaks of the tan  (ratio of storage 

modulus to loss modulus) signal [124]. Figure  4-7 shows the tan  curve for a typical sample; the first 

peak corresponds to the Tg of ABS while the second is related to PC. The average values of Tg of 

ABS and PC over the 3 tested specimens are ~ 94 °C and 120.4 °C, respectively. 
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Figure  4-7 Glass transition temperature determination from tan  curve before and after thermal history 

removal for a typical sample. 

 

To investigate the effect of thermal history removal on the values of Tg, the samples were 

rejuvenated and tested for the second time. The corresponding tan  curve is overlaid on the curve 

from the first run (before thermal history removal) in Figure  4-7. As seen in the figure, the Tg,ABS  is 

not affected while Tg,PC is minimally affected (0.4 °C on average). 

If the current glass transition temperature values are compared with those obtained from the TMA 

tests as well as those determined from DSC and DMA experiments conducted in this study and also 

reported by Tang and Lee-Sullivan [70], the TMA values are the highest as shown in Table  4-4. It is 

noted, however, that the values of DSC have been obtained using a heating rate of 10 °C/min [70] 

while TMA results were obtained using a heating rate of 0.5 °C/min. The values of DMA were also 

obtained using the single cantilever mode [70] and 3-point bending mode at a frequency of 1 Hz and a 

heating rate of 1 °C/min. 
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Table  4-4 Comparison of glass transition temperatures obtained using DSC, DMA, and TMA. 

Method 
Tg,ABS 

(°C) 

Tg,PC 

(°C) 

DSC [70] 92 112 

DMA (single cantilever mode) [70] 100 112 

DMA (3-point bending mode) 94 120 

TMA 

Expansion Probe

Heating 105 129 

Cooling 98 - 

Reheating 97 132 

Dilatometer 

Heating 101 129 

Cooling 104 - 

Reheating - 130 

 

As was expected, there are differences in the Tg values since each of these methods measure a 

different thermal property. Specifically, the DSC measures heat capacity, the TMA measures thermal 

expansion (length or volume), while the DMA measures loss tangent (tan δ) or loss modulus (E˝) as a 

function of temperature [125]. 

It is seen that Tg values obtained from DSC are lower than those obtained from DMA and they are 

all lower than those obtained from TMA. Therefore, the increasing trend of the methods is DSC → 

DMA → TMA, which is similar to the trend presented for butadiene rubber by Sircar et al. [125]. 

4.1.2 Physical Aging Study 

The volume relaxation of the PC/ABS material was studied using physical aging tests in the 

dilatometry mode of the TMA at the aging temperature of 80 °C. Table  4-5 tabulates the specific 

volume recovered during the physical aging period for the 7 aging times. The specific volume is 

defined as the ratio of the volume change to the mass of each sample. These values are corrected for 

the volume changes due to the filling medium. 
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Table  4-5 The volume relaxation of the PC/ABS at the aging temperature of 80 °C. 

Aging Time 
Specific Volume 

Recovered 

Average 

(± RSD%) 

[hr] ×10-6 [m3/kg] ×10-6 [m3/kg] 

0.5 

1.79 
1.96 

(± 18.4%) 

2.48 

1.65 

1.93 

2 

1.87 1.32 

(± 36.1%) 
1.06 

1.03 

8 

5.25 
7.32 

(± 23.0%) 

8.84 

8.54 

6.66 

48 

16.92 
18.40 

(± 15.3%) 

16.11 

18.13 

22.43 

96 

39.68 
28.52 

(± 33.8%) 

19.64 

33.43 

21.34 

336 

28.13 46.35 

(± 36.7%) 
61.76 

49.15 

1008 
87.08 72.94 

(± 27.4%) 58.79 
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As expected, the volume recovered during physical aging at 80 °C increases with aging time. A 

similar trend has been seen for the enthalpy relaxation of PC/ABS blend [70]. The values of relative 

standard deviation (RSD) may appear high in Table  4-5 but this is usually observed in polymers. 

Cowie and Ferguson [126] defined Ta (t) for the extent of relaxation toward equilibrium at the 

aging temperature, Ta, for enthalpy relaxation. Similar definition can be applied for volume 

relaxation, using KWW function [127] for Ta (t): 

 

߶்ೌ ሺݐሻ ൌ
ሻݐሺݒ െ ஶݒ

௢ݒ െ ஶݒ
ൌ ݌ݔ݁ ቈെ ൬

ݐ
߬

൰
ఉ

቉ (4-1)

 

Therefore, the parameter (vo-v(t)), which is the measured volume change in the TMA, can be 

presented by: 
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where  is a relaxation time constant and  is referred to as shape parameter. 

Equation (4-2) was fitted to the experimental data to obtain  and . Figure  4-8 depicts the fitted 

curve to the experimental data. 
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Figure  4-8 Fitted curve to the experimental data of volume relaxation at 80 °C. 
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According to the curve fitting results,  is equal to 1043.4 hr and  is 0.56. The volume change at 

equilibrium is also equal to 1.16×10-4 m3/kg. The time to reach at 98% of the equilibrium value is 

11000 hr, which seems unrealistic when compared to the enthalpy relaxation results. These values 

can be obtained with more accuracy by conducting tests at longer aging times so that a better curve 

fitting is obtained. This will be further explained in the future work section in Chapter 6. 

4.1.3 Specific Heat Capacity 

The specific heat capacity of the PC/ABS blend was determined before and after hygrothermal 

aging of the blend under 9 different hygrothermal conditions. The obtained results for three replicates 

tested at the typical condition of 80 °C/50% RH for the glassy region (from room temperature to 80 

°C) are illustrated in Figure  4-9. 

Temperature [oC]

20 30 40 50 60 70 80 90

S
pe

ci
fic

 h
ea

t c
ap

ac
ity

 [
J/

kg
.o

C
]

900

1000

1100

1200

1300

1400
Sample 1- Before aging
Sample 1- After aging
Sample 2- Before aging
Sample 2- After aging
Sample 3- Before aging
Sample 3- After aging

 

Figure  4-9 Comparison of specific heat capacity before and after hygrothermal conditioning at 80 

°C/50% RH. 

 

The comparison of the curves related to measurements performed before and after hygrothermal 

aging in Figure  4-9 reveals that the specific heat capacity for the first sample has decreased after 

aging whereas the specific heat capacity of the second and third samples has increased following 

aging. The average value of specific heat capacity of the three replicates is shown with the standard 

deviation in the form of bars in Figure  4-10. 
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Figure  4-10 The average of specific heat capacity over the three replicates at 80 °C/50% RH. 

 

As seen in Figure  4-10, the average specific heat capacity has decreased after hygrothermal aging 

at 80 °C/50% RH, but drawing such a conclusion will not be straightforward if the variation of the 

results is also considered (the bars in Figure  4-10). Therefore, a two-way repeated measures analysis 

of variance (ANOVA) was employed to study the effects of the two factors of hygrothermal 

conditioning and scanning temperature on the specific heat capacity, which is the response variable in 

this statistical analysis. The first factor, hygrothermal conditioning, has two levels of before and after 

conditioning and the levels of the scanning temperature factor are from 24 °C to 80 °C in an interval 

of 1 °C. The statistical analysis suggested that hygrothermal conditioning for 168 hours (the first 

factor) at the 9 hygrothermal conditions did not have a significant influence on the value of specific 

heat capacity. The specific heat capacity, however, was affected by the scanning temperature. 

A regression analysis was, therefore, used to fit linear curves to the experimental values of specific 

heat capacity for the temperature range from room temperature up to 80 °C (glassy region of the 

material). As a result, a temperature-dependent expression has been proposed for the specific heat 

capacity of the blend at the glassy state: 

ܿ ൌ 3.4ܶ ൅ 1028 (4-3)
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where c is the specific heat capacity in J/kg.°C and T designate the scanning temperature in °C. 

Equation (4-3) allows us to model the transient heat conduction in a coupled diffusion-heat transfer 

analysis for the blend in hygrothermal conditions. A discussion of the application of the relation in a 

numerical thermal analysis will be followed in the next chapter. 

4.1.4 Moisture Uptake 

4.1.4.1 Moisture Uptake Behaviour 

The moisture uptake behaviour for the samples stored in environmental chambers at the four 

hygrothermal conditions of 50°C/50% RH, 50°C/93% RH, 65°C/50% RH, and 65°C/93% RH is 

illustrated in Figure  4-11.  The equilibrium moisture content and the time to reach equilibrium for all 

conditions are presented in Table  4-6. The sharp differences in the uptake curves agree with similar 

observations by others, such as Narkis et al. [128] who showed distinct differences for glass-fibre 

reinforced PC in equilibrium liquid water sorption between 100°C and room temperature (0.6% and 

0.3%, respectively). 
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Figure  4-11 Moisture uptake behaviour of PC/ABS samples exposed to five different hygrothermal 

conditions. 
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Table  4-6 Corrected coefficient of diffusion, equilibrium moisture, and equilibrium time for the four 

hygrothermal conditions. 

  
Coefficient of Diffusion, 

Dc × 10-11 
Equilibrium Moisture, 

M∞ 
Equilibrium Time, 

t∞ 
  [m2 / s] [%] [days] 

Relative 
Humidity  

[%] 

Sample 
No. 

Aging Temperature  
[°C] 

Aging Temperature  
[°C] 

Aging 
Temperature  

[°C] 
50 65 50 65 50 65 

50 

1 1.28 7.92 0.17 0.06 9 49 
2 1.27 6.10 0.16 0.05 9 56 
3 1.81 5.54 0.16 0.06 9 56 

Average 
(± RSD*) 

1.45 
(± 21.14%) 

6.52 
(± 19.08%) 

0.16 
(± 2.14%) 

0.06 
(± 13.55%) 

9 
(± 0%) 

54 
(± 7.53%) 

93 

1 0.74 1.97 0.39 0.36 42 49 
2 0.69 1.93 0.40 0.36 42 42 
3 0.71 1.86 0.39 0.35 42 42 

Average 
(± RSD) 

0.71 
(± 3.46%) 

1.92 
(± 2.78%) 

0.39 
(± 1.08%) 

0.36 
(± 1.36%) 

42 
(± 0%) 

44 
(± 9.12%) 

* Relative Standard Deviation 

 

The governing equation of moisture diffusion in direction x of an infinite plate with thickness l, 

together with initial and boundary conditions is given as follows [129]: 

 

ܥ߲
ݐ߲

ൌ ܦ
߲ଶܥ
ଶݔ߲  (4-4)

ܥ ൌ ௜ܥ 0 ൏ ݔ ൏ ݈, ݐ ൑ 0 (4-5)

ܥ ൌ ݔ ஶܥ ൌ 0; ݔ ൌ ݈, ݐ ൐ 0 (4-6)

 

where Ci denotes the initial concentration of the plate and C∞ represents the boundary 

concentration. The solution of Equation (4-4) with the initial and boundary conditions represented by 

relations (4-5) and (4-6) is [130]: 
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 An analytical solution to characterize the moisture weight gain of the plate, in which diffusion 

through the edges can be neglected, can be obtained by integrating the concentration over the 

thickness of the plate [131]: 

 

௧ܯ

ஶܯ
ൌ 1 െ

8
ଶߨ ෍ ቊ

1
ሺ2݊ ൅ 1ሻଶ exp ቈെܦሺ2݊ ൅ 1ሻଶ ݐଶߨ

݈ଶ ቉ቋ

ஶ

௡ୀ଴

 (4-8)

 

And the corresponding coefficient of diffusion is approximated as: 

 

ܦ ൌ
0.04919

ቀ ݐ
݈ଶቁଵ

ଶ

 
(4-9)

where the coefficient of diffusion, D, is evaluated at the half-time of the absorption process.  Mt and 

M∞ are mass uptake of the sheet at time t and saturation, respectively, and l is the thickness of the 

sheet.  

The normalized overall weight gain of the samples can also be experimentally determined as: 

 

௧ܯ

ஶܯ
ൌ

݉௧ െ ݉௢

݉ஶ െ ݉௢
 (4-10)

 

where mt is the mass of the sample at time t, mo is the mass of the dry sample, and m∞ is the mass of 

the sample at saturation. The normalized overall weight gain of the samples has been drawn versus 

the square root of time in Figure  4-12.  It is known that the coefficient of diffusion for a system is 

proportional to the initial slope of the moisture absorption behaviour. These coefficients are 

determined according to equation (4-9) based on the hourly measurements of moisture uptake and 
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they are corrected for the effect of diffusion through the edges of the samples using the following 

equation [129]: 

 

௖ܦ ൌ ܦ ൬1 ൅
݈
݄

൅
݈
ݓ

൰
ିଶ

 (4-11)

 

where l, h, and w are the thickness, length, and width of the samples, respectively. The correction 

factor for the samples used in this study is about 0.76, indicating that the “edge effects” (the effect of 

diffusion through the edges of the samples on the moisture uptake) cannot be neglected. The 

corrected coefficients of diffusion, Dc, are also tabulated in Table  4-6. 
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Figure  4-12 The effect of hygrothermal conditions on the coefficient of diffusion and anomalous 

behaviour in exposed samples. 

 

One important characteristic of diffusion that can be seen in the moisture uptake curves of Figure 

 4-11 and more clearly on the normalized overall weight gain curves of Figure  4-12 is anomalous 
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diffusion behaviour, which appears as an overshoot on the curves. This anomalous (overshoot) 

behaviour has also occurred for the unfilled PC at 100 °C in the study of Narkis et al. [128].  

The moisture uptake behaviour for the condition of fully immersed at room temperature is also 

illustrated in Figure  4-11. The moisture absorption curve indicates Fickian diffusion behaviour with 

an equilibrium moisture content of approximately 0.41%.  This Fickian behaviour can be well 

compared with the overshoot behaviour of samples conditioned at the other four hygrothermal 

conditions illustrated in Figure  4-12. 

4.1.4.2 Analysis on the Dependence of Moisture Uptake on Temperature and RH 

There are several theories in literature that predict the equilibrium sorption uptake of a solvent-

polymer system at both rubbery and glassy regions. The sorption behaviour in the rubbery state can 

be well described by the Flory-Huggins theory [132] of polymer solutions, but it fails to predict the 

nonlinear behaviour in a glassy polymer. Other theories, however, have been developed to describe 

the excess solvent uptake of glassy polymers. These theories are generally established based on the 

free volume theory of the amorphous state. 

There are three models in the literature which can be used to predict the sorption isotherm of 

penetrant molecules into glassy polymeric systems: Vrentas-Vrentas [133]; Leibler-Sekimoto [111]; 

and Doumenc et al. [134]. They are extensions to the Flory-Huggins theory [132] and therefore, have 

the following general form: 

 

ܽ ൌ ሺ1 െ Φ௉ሻ expሺΦ௉ ൅ ߯Φ௉
ଶ ൅ ሻ (4-12)ܨ

 

where F for different models are expressed in Table  4-7. 

 

 

 

 

 



 

 53 

Table  4-7 Different expressions of F in Equation (4-12). 

Model Expression  

Vrentas-Vrentas [133] 
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   (4-13) 

Leibler-Sekimoto [111] 
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Doumenc et al. [134] 
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(4-18) 

 

The parameters used in Equations (4-12) to (4-18) are defined in Table  4-8. These three models 

were applied to obtain sorption isotherms of PC at two temperatures of 50 °C and 65 °C. The values 

of different parameters of the three models, expressed by Equations (4-13) to (4-18), are obtained 

from literature and are presented in Table  4-9. 
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Table  4-8 Definition of parameters in Equations (4-12) to (4-18). 

Notation Definition 

a solvent activity 

B Constant 

cp specific heat capacity at const. pressure 

∆cp difference in cp between glassy & rubbery state 

Kgl bulk modulus at the glassy state 

Ko
gl bulk modulus at the dry state 

Ms solvent molecular weight 

R ideal gas constant 

T Temperature 

Tgm Tg of polymer-solvent system 

To Constant 

∆Tg temperature shift 

t,t’,t” Time 

 exponent from stretched exponential 

v volume fraction 

g p at which glass transition takes place 

p polymer volume fraction 

s solvent volume fraction 

c characteristic time 

 Constant 

 the Flory-Huggins interaction parameter 

vs solvent molar volume 

p polymer mass fraction 
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Table  4-9 Values of some of the parameters in Equations (4-13) to (4-18) obtained from literature. 

Notation Value Ref. 

∆cp 0.2303 [J/gK] [135] 

Ko
gl -0.008T [°C]+2.903 [GPa] [136] 

Tgm -13s+422 [K] [137] 

 exp[-50000(1/T-1/415)] [138] 

 3850 [s] [138]  

 4.7-6.6 s [139] 

 

4.1.4.3 Tg Determination 

The Tg’s of the hygrothermally aged specimens were determined from the DMA tests and are 

tabulated together with the % moisture uptake after 7 days in Table  4-10.  To determine reversibility 

of moisture absorption, the samples were then heated for 10 minutes at 135 °C which has been used 

for thermal history erasure. It was found that Tg,ABS and Tg,PC were in the range of 87-89 °C and 113-

114 °C, respectively. Generally, most of the moisture was removed and the residual moisture content 

of the samples was below 35% of the 7-day moisture uptake of the corresponding samples.  

 

Table  4-10 Dual Tg’s of PC/ABS samples conditioned at the four hygrothermal conditions for 7 days. 

Relative 
Humidity  

Sample 
No. 

Aging Temperature  
50 [°C] 65 [°C] 

Uptake 
[%] 

Tg, ABS 

[°C] 
Tg,PC 

[°C] 
Uptake 

[%] 

Tg, ABS 

[°C] 

Tg,PC 

[°C] 

50 [%] 

1 0.15 88.0 113.1 0.11 86.6 112.7 
2 0.14 88.1 113.3 0.14 86.3 112.6 

Ave 0.15 88.1 113.2 0.13 86.5 112.7 
(± RSD*) (± 5%) (± 0.1%) (± 0.1%) (± 17%) (± 0.2%) (± 0.1%) 

93 [%] 

1 0.31 86.8 112.2 0.36 83.3 112.1 
2 0.27 86.6 112.5 0.37 82.6 111.7 

Ave 0.29 86.5 112.4 0.37 83.0 111.9 
(± RSD) (± 10%) (± 0.5%) (± 0.2%) (± 2%) (± 0.6%) (± 0.3%) 

   * Relative Standard Deviation 
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In the discussion to follow, it is reasonable to assume that the aging processes described closely 

represent low activation processes at the intermolecular scale associated with physical aging since the 

hygrothermal aging temperatures used in the study remained well below Tg,ABS  values. Moreover, no 

noticeable relaxation peak was detected in the aging temperature range used. 

4.1.4.4 Discussion 

4.1.4.4.1 Moisture Uptake Behaviour 

As expected, Figure  4-11 shows that aging temperature and relative humidity strongly influence 

sample moisture uptake rate and saturation level. However, in order to fully evaluate the statistical 

significance of these two factors the method of analysis of variance (ANOVA) was applied, following 

a previous approach [140]. The aging temperature and relative humidity are the two factors, each with 

two levels, which were varied to study their effects on the saturation moisture. The analysis of a two-

factor experiment with a and b levels of the factors (or treatments) is suitably analyzed by a two-

factor ANOVA [141]. 

The two-factor ANOVA found that relative humidity had a significant effect (p-value < 0.001) on 

the equilibrium moisture; i.e., the relative humidity increase of 43% (from 50% RH to 93% RH) 

increased the equilibrium moisture by average factors of 2.4 and 6.0 for aging temperatures of 50 °C 

and 65 °C, respectively (Table  4-6). The aging temperature also had an effect on the equilibrium 

moisture level although increasing aging temperature decreased the moisture levels, on average, by 

62.5% and 7.7%, at relative humidity of 50% RH and 93% RH, respectively. The interaction between 

aging temperature and relative humidity was also significant.  

In Figure  4-12, the different initial slopes of the curves represent the different coefficients of 

diffusion. A two-factor ANOVA was also applied to study the effects of aging temperature and 

relative humidity on the corrected coefficient of diffusion, Dc. The analysis revealed that aging 

temperature had a significant effect (p-value < 0.001) on the corrected coefficient of diffusion; i.e., 

aging temperature increase of 15°C (from 50°C to 65°C) caused an increase in Dc with an average 

factor of 3.91. The relative humidity also had an effect; however, the increase of relative humidity led 

to a 67% decrease in Dc on average. The interaction between aging temperature and relative humidity 

was also significant.  

Application of statistical analyses revealed that the two factors of relative humidity and aging 

temperature have opposite effects on both equilibrium level and Dc; i.e., the equilibrium moisture 
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level increased with relative humidity but decreased with aging temperature. Conversely, the value of 

Dc decreased with relative humidity but increased with aging temperature. When combined, the two 

factors involve simultaneous mechanisms of moisture diffusion and physical aging. Thus, these two 

physical mechanisms need to be explored further to describe the observed effects. 

4.1.4.4.1.1 Effects of the Two Factors on Equilibrium Moisture 

The three models mentioned earlier were employed to predict the sorption isotherms of 

polycarbonate-water system at two different temperatures; i.e., 50 °C and 65 °C. Since the 

experimental data for various parameters in these three models are not available for PC/ABS blend in 

open literature and as the 75/25 % PC/ABS blend is mostly composed of PC; its water sorption 

behaviour is expected to be close to that of PC. Therefore, the sorption isotherms of PC were taken as 

an estimate of those of PC/ABS blend. 

The values of equilibrium moisture uptake are then calculated based on these models at two levels 

of relative humidity; i.e., 50% and 93% RH, corresponding to activities of 0.50 and 0.93. These 

values can be used as an approximation for the equilibrium moisture uptake of the 75/25 % PC/ABS 

polymer blend. The theoretical results are compared with the experimental results obtained from 

hygrothermal aging of PC/ABS blends. 

Figure  4-13 shows the sorption isotherms for PC-water system at two temperatures of 50 °C and 65 

°C obtained by applying the three models. In this figure, the solubility of water in PC versus the water 

activity obtained from the Flory-Huggins theory is also plotted. 
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Figure  4-13 Comparison of sorption isotherms for PC-water system obtained by applying the three 

models. 

 

As Figure  4-13 shows, there is negligible difference in the sorption behaviour of water in PC when 

analyzed by the three different models for glassy state, as well as the Flory-Huggins theory for the 

rubbery state. This can be attributed to the poor interaction between water and polycarbonate. This 

weak interaction is also reflected in the large value of Flory-Huggins interaction parameter, χ [142]. 

Although the values of different parameters in the three models are reported for PC materials with 

different molecular weights (Table  4-9), the effect of the interaction parameter on sorption isotherms 

is so large that the difference between those values is not influential. 

In order to compare the results of the theoretical models with the hygrothermal experiments of 

75/25 % PC/ABS, the values of equilibrium moisture uptake are calculated and tabulated in Table 

 4-11. 
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Table  4-11 Equilibrium moisture uptake in percentage obtained from the theoretical models. 

 

Vrentas-Vrentas 

model 

Leibler-Sekimoto 

model 

Doumenc et al. 

model 

50% RH 93% RH 50% RH 93% RH 50% RH 93% RH 

Aging 

Temperature 

[°C] 

50 0.14 0.28 0.16 0.28 0.14 0.27 

65 0.14 0.28 0.14 0.27 0.14 0.27 

 

The experimental values of equilibrium moisture uptake are comparable with models predictions. 

The slight difference between the values, however, is due to the difference in the sorption behaviours 

of PC and PC/ABS blend. The results of theoretical models also imply that the equilibrium moisture 

uptake is increased by relative humidity increase but is least affected by temperature changes, for the 

temperature range studied. This trend is also seen in the experimental results. 

The increase of equilibrium moisture with relative humidity has also been reported by other 

investigators [4, 143, 144]. Akbar and Zhang [143], who studied moisture diffusion in carbon/epoxy 

composites in three different hygrothermal cases to determine moisture absorption as a function of 

relative humidity, observed that the maximum moisture content (or equilibrium moisture in the 

Fickian behaviour) increased with the relative humidity. In the study of moisture diffusion in 

composite sandwich structures, Katzman et al. [144] also reported that equilibrium moisture content 

increased with relative humidity. Golovoy and Zinbo [4] also reported increasing equilibrium 

moisture content of polycarbonate specimens with increasing relative humidity at 100 °C. 

4.1.4.4.1.2 Effects of the Two Factors on the Coefficient of Diffusion 

 As explained in section  2.1.2, physical aging occurs during an isothermal hold following a rapid 

cooling from above Tg to the aging temperature, which is below Tg. Therefore, it is expected that 

physical aging does not have a strong influence on the moisture uptake when the beginning of the 

diffusion process coincides with the start of aging.  Moisture flux to the polymer, however, is higher 

at higher temperatures, known as the Soret effect [145, 146]. It is therefore expected that higher 

temperatures lead to higher and faster initial moisture uptake; i.e., the higher the temperature, the 

larger the coefficient of diffusion. Our experimental results are consistent with these well-known 
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theories and other studies which have compared hygrothermal effects [147, 148] in that the 

coefficient of diffusion is primarily dependent on temperature. 

The dependence of the coefficient of diffusion on relative humidity deals with a comparison 

between the diffusion rate, on one hand, and the relaxation rate on the other. If the diffusion is 

Fickian, in which the diffusion rate is smaller than the rate of relaxation modes of the polymer chains 

[131], the coefficient of diffusion is independent of relative humidity. The humidity-independent 

coefficients of diffusion have been reported in the literature [144, 149]. However, when the 

coefficient of diffusion is a function of penetrant concentration, the diffusion process is non-Fickian, 

and this may occur when a polymer material is plasticized by the penetrant [13]. An increasing 

coefficient of diffusion with higher relative humidity has also been reported in the literature [143, 

150]. At the beginning of the diffusion process, with all other conditions being the same, higher 

relative humidity produces larger moisture flux and therefore, in a non-Fickian diffusion is expected 

to lead to a larger coefficient of diffusion. Our experimental results, however, showed an opposite 

effect. 

In general, it was found that aging temperature has the largest effect on the coefficient of diffusion: 

the higher the aging temperature, the higher the coefficient of diffusion. In comparison, the saturated 

moisture content appears to be mostly affected by relative humidity: the higher the relative humidity, 

the higher the saturated moisture content.  

So far, the arguments presented have been based on concepts of the free volume theory. However, 

there are cases that this theory cannot be applied to explain the experimental results [151-153]. 

Pekarski et al. [153] in their study of diffusion of carbon dioxide and argon in aged and conditioned 

samples of BPA-PC reported that the diffusion in a conditioned matrix, which has more free volume, 

is slower than diffusion in a denser aged sample, and this is in direct contrast to the free volume 

theory. They defined three regimes of diffusion in materials based on a comparison between the 

penetrant size and the size of sorption sites or the holes in the polymer matrix, which are occupied by 

the penetrant molecules. When the penetrating gas molecules are smaller than the hole size, which is 

related to the first regime, the diffusion is not affected by aging or conditioning. There are reports in 

the literature that support this, such as the work of Akele et al. [154], in which aging did not have any 

effect on the diffusion of water into BPA-PC. The work of Pekarski et al. [153] belongs to the second 

regime, in which the penetrant and the hole sizes are comparable. In this regime, aging and 

conditioning has opposite effects to those expected from free volume theory. The third regime 
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includes the cases where the penetrant size is bigger than the hole size. In agreement with the free 

volume theory, the diffusion rate in this regime decreases with decreasing of free volume. 

Based on the above definitions, it appears that the first regime would best characterize the moisture 

uptake for this blend since the second and third regimes are not applicable.  Accordingly, the 

simultaneous heat-aging during hygrothermal exposure would have minimal influence on the 

diffusion process. Yet, it is seen for the hygrothermal conditions in Figure  4-12 that relaxation 

processes during heat-aging profoundly affected the shape of the uptake curves leading to distinct 

anomalous overshoots. Therefore, this strongly suggests that with prolonged exposure at elevated 

temperatures below Tg, the physical aging mechanism is a stronger driving force than the moisture 

diffusion process.  After a threshold aging time, the free volume contraction during structural 

relaxation reaches a point where the diffusion mechanism can no longer move water molecules into 

the system.  In the case of the polymer structure with distinct overshoot; i.e., 65 °C/50% RH, the 

volumetric contraction process squeezes out the excess moisture to attain equilibrium. In other words, 

the effects of structural recovery have apparently dominated diffusion. 

4.1.4.4.2 Tg Determination 

As seen in Table  4-10, Tg,PC has slightly changed with moisture content. However, Tg,ABS has 

changed as the moisture uptake of the samples has increased. The effect of physical aging on the dual 

Tg’s of the PC/ABS sample has previously been investigated [70]. It was found that the two Tg’s of 

the blend were hardly influenced by aging up to the aging time of 1008 hours. Therefore, the changes 

seen in the Tg’s after hygrothermal aging in this study can be related to the plasticization of the 

sample due to moisture absorption. The only discrepancy is seen in Tg,ABS when temperature was 

changed from 50 °C to 65 °C at the relative humidity level of 50%. Although the moisture content has 

decreased, the Tg has decreased. This can be attributed to the oxidation of ABS, which is pronounced 

in the absorbance intensity of butadiene region [95]. 

4.2 Mechanical Properties 

The results of the stress relaxation tests performed on PC/ABS bars are presented and discussed in 

this section. 
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4.2.1 Linear Viscoelastic Range 

The changes in storage modulus as a function of time at increasing levels of strain, from 0.1 to 0.6 

%, are plotted in Figure  4-14. There is no significant vertical shift in the curves of storage modulus, 

which indicates that within the force limit of the DMA instrument (maximum force limit of 18 N), the 

applied strain range is within the material’s linear viscoelastic range. 
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Figure  4-14 Linear viscoelastic range determination based on storage modulus curve at increasing strain 

level. 

 

The storage modulus for samples that were aged in the 80 °C/fully immersed condition is also 

plotted in Figure  4-14. The stress relaxation test on these samples was conducted at a strain level of 

0.6%. Since the corresponding curves are also within the range of the obtained curves from thermally 

aged samples, it can be concluded that the strain levels below 0.6% are within the linear viscoelastic 

range of the material. Therefore, all stress relaxation experiments were conducted at 0.5% strain. 

4.2.2 Short Term Aging Tests 

4.2.2.1 Thermal Aging Test 

Stress relaxation tests were performed on thermally aged samples at three different aging 

temperatures of 50 °C, 65 °C and 80 °C; and momentary curves were obtained for the seven aging 

times, ta1 to ta7. Figure  4-15 shows variation of modulus versus loading time at the seven aging times 
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for the three aging temperatures. The curves are the average of the modulus values over three 

replicates. Maximum relative standard deviation of the modulus over the three replicates was ± 7.4%, 

± 2.1%, and ± 4.1% for aging temperatures of 50 °C, 65 °C, and 80 °C, respectively. 
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Figure  4-15 Momentary curves obtained from stress relaxation tests of thermally aged samples at (a) 50 

°C, (b) 65 °C, and (c) 80 °C. 

 

The time/aging-time superposition principle was employed to produce momentary master curves. 

The reference curve was the curve at ta7; which means that the curves have been shifted horizontally 

to the right. Figure  4-16 shows the shifted curves for aging temperatures of 50 °C, 65 °C, and 80 °C. 
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 Figure  4-16 Momentary master curves obtained from stress relaxation tests of thermally aged samples at 

the three aging temperatures. 
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The obtained horizontal shift factors, ata, have also been plotted with respect to the aging time in 

Figure  4-17 for the three aging temperatures. Using the expression in Equation (4-19) [96], the values 

of the aging shift rate (ta) were calculated and plotted in Figure  4-17: 

 

௧௔ߤ ൌ െ
d ሺܽ௧௔ሻ݃݋݈
d ௔ሻݐሺ݃݋݈

 (4-19)
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Figure  4-17 Horizontal shift factors and shift rates for thermal aging tests at the three aging 

temperatures. 

 

It should also be noted that in order to superimpose all the curves into one single master curve, 

vertical shifting was also applied. The vertical shift factors, av, are small compared to the horizontal 

shift factors. The maximum values for Log(av) were 0.0009, 0.0290, and 0.0228, for aging 

temperatures of 50 °C, 65 °C, and 80 °C, respectively. These maximum values correspond to the 

lowest aging time. 

The experimental data were also curve fitted with the Kohlrausch-Williams-Watts (KWW) model 

[127, 155] as follows: 

 

ሻݐሺܧ ൌ ௢eିሺ୲ܧ த⁄ ሻಊ
 (4-20)
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where Eo, , and  are the initial modulus, relaxation time constant, and shape parameter, 

respectively. The three parameters for momentary master curve for the tests conducted at the 

reference aging time, ta7, are shown in Table  4-12. The parameters listed in Table  4-12 are the average 

of the three replicates and the relative standard deviations are also included in parenthesis. 

 

Table  4-12 Momentary master curve parameters for stress relaxation tests on thermally aged samples 

(reference ta7 = 960.2 min). 

Aging Temp. Eo  

[°C] [GPa] ×103[s] [unitless]

50 
2.26 

(±6.7%*)

659.6 

(±2.7%) 

0.331 

(±0.2%) 

65 
2.36 

(±2.1%) 

130.4 

(±1.7%) 

0.348 

(±0.1%) 

80 
2.09 

(±2.5%) 

9.2 

(±3.4%) 

0.282 

(±1.2%) 
* Relative Standard Deviation 

 

The momentary curves can be related to the master curve at the reference aging time (taref) using the 

following relation [80]: 

 

்,ሻ|௧ೌݐሺܧ ൌ ሻ|௧ೌೝ೐೑,் (4-21)ݐ௥௘௙ሺܽ௧௔ܧ

 

The trend in Table  4-12 where the master curve parameters decrease with increasing aging 

temperature from 65 °C to 80 °C was expected. Higher temperatures cause a reduction in the 

material’s initial modulus, Eo. However, this is less clear when the samples are aged at 50 °C, as seen 

in the master curves in Figure  4-16, where the 50 °C curve crosses over the 65 °C curve. This may be 

attributed to the high scatter in the data at lower temperatures [100], which will be described later. It 

is generally known that the relaxation time constant, , is sensitive to aging temperature; the higher 

the temperature, the shorter the relaxation time constant. This trend was also seen in the relaxation 
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time constant reported in Table  4-12 for the three different aging temperatures. Similar results have 

also been observed in heat aging studies of polycarbonate by O’Connell and McKenna [99] as well as 

Lee-Sullivan et al. [156]. 

Verification of modulus predictions from Equations (4-20) and (4-21) were done at the next 

sequential aging time (ta8) following 16 hours (ta7). Samples were thermally aged at 50 °C, 65 °C, and 

80 °C, respectively,  for ta8 = 1728.4 min (ta8 = 1.8 × ta7). Stress relaxation experiments were then 

performed on the aged specimens for 172.84 min, which is one tenth of the aging time. The modulus 

changes were recorded during stress relaxation test and are plotted in Figure  4-18 for the three aging 

temperatures. The predicted modulus for the aging time of ta8, calculated using Equation (4-21), has 

also been plotted in Figure  4-18 for comparison. The shift factor, ata, was obtained using the linear 

relation of shift factor and aging time (depicted in Figure  4-17). 
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Figure  4-18 Comparison of the experimental and predicted values of modulus of the dry aged specimens 

for the aging time of ta8. 

 

It is evident from Figure  4-18 that the predictions agree quite well with experimental results with 

maximum error values of 1.3%, 2.0%, and 7.2% for the aging temperatures of 50 °C, 65 °C, and 80 

°C, respectively. 
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4.2.2.2 Hygrothermal Aging Test 

Stress relaxation tests were applied on specimens that were conditioned at the 9 hygrothermal 

conditions. Three replicates were employed for each condition. The average values of moisture 

uptake of the three samples after conditioning for 16 hours were calculated in percentage using the 

following formula and are presented in Table  4-13. 

 

݁݇ܽݐ݌ݑ ݁ݎݑݐݏ݅݋ܯ ൌ
݉௪ െ ݉௢

݉௢
ൈ 100% (4-22)

where mo and mw are mass of the dry and wet sample; i.e., before and after hygrothermal 

conditioning. 

 

Table  4-13 Moisture uptake in percentage for samples conditioned at the 9 hygrothermal conditions for 

16 hours. 

 
Temperature [°C] 

50 65 80 

RH 

50% 0.12 0.16 0.18 

93%* 0.25 0.36 0.30 

Fully 

Immersed 
0.28 0.38 0.51 

   * 75% RH at 80 °C 

 

Momentary curves were obtained for all tested samples. Figure  4-19 shows the variation of 

modulus in terms of loading time for the typical temperature of 65 °C. In this figure, the modulus 

curve obtained from the sample that was thermally aged at 65 °C at the reference aging time, ta7, with 

moisture uptake of about zero (m ~ 0.0%) is also plotted. 
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Figure  4-19 Typical momentary curves obtained from stress relaxation tests of hygrothermally aged 

samples at 65 °C. 

 

The concept of time/moisture superposition was applied and the curves were all shifted to the 

reference curve to result in a master curve. The reference curve was selected to be the curve of the 

thermally aged sample (m ~ 0.0%). The master curves corresponding to the temperatures of 65 °C 

and 80 °C are shown in Figure  4-20. As the standard deviation of the momentary curves for the aging 

temperature of 50 °C was large, a master curve could not be generated. 

Time [s]

100 101 102 103 104 105

M
o

du
lu

s 
[G

P
a

]

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.3

2.5

Ta = 65 oC

Ta = 80 oC

 

Figure  4-20 Momentary master curves obtained from stress relaxation tests of hygrothermally aged 

samples at the temperatures of 65 °C and 80 °C. 
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The so-called hygrothermal horizontal shift factors, aH, were calculated and also plotted as a 

function of moisture uptake for the two temperatures of 65 °C and 80 °C in Figure  4-21. The values 

of the corresponding hygrothermal shift rate, H, are also presented in Figure  4-21. 
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Figure  4-21 Horizontal shift factors and shift rates for hygrothermally aged samples at the two aging 

temperatures. 

 

Similar to the thermal aging tests, the experimental data were curve fitted with the Kohlrausch-

Williams-Watts (KWW) model [127, 155]. The corresponding parameters for the momentary curves 

at the two aging temperatures of 65 °C and 80 °C are presented in Table  4-14. 
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Table  4-14 Momentary curve parameters for stress relaxation tests on hygrothermally aged samples 

(reference moisture uptake ~ 0.0%). 

Condition 
Eo  

[GPa] ×103[s] [unitless] 

65°C/50% RH 
2.32 

(±2.4%*)

73.5 

(±1.5%) 

0.347 

(±2.4%) 

65°C/93% RH 
2.19 

(±6.1%) 

54.6 

(±1.6%) 

0.312 

(±1.7%) 

65°C/fully immersed
2.20 

(±2.9%) 

47.5 

(±7.6%) 

0.315 

(±2.9%) 

80°C/50% RH 
1.88 

(±2.9%) 

6.2 

(±15.5%)

0.248 

(±1.9%) 

80°C/75% RH 
1.83 

(±3.1%) 

5.7 

(±2.6%) 

0.247 

(±2.4%) 

80°C/fully immersed
1.67 

(±5.9%) 

4.0 

(±7.8%) 

0.259 

(±7.4%) 

   * Relative Standard Deviation 

 

Similarly, the relation between momentary curves and master curves is established using the 

following relation: 

 

்,ሻ|௠ݐሺܧ ൌ ሻ|௠ೝ೐೑,் (4-23)ݐ௥௘௙ሺܽுܧ

 

Overall, both thermally and hygrothermally aged samples exhibited the same trends, Table  4-12 

and Table  4-14; the three model parameters decrease with increasing temperature. However, a key 

difference is the relative drop in values. At both temperatures of 65 °C and 80 °C, the drop is much 

larger for the relaxation time, , than it is for initial modulus, Eo, and shape parameter, . 

Moisture content appears to have the same effect as temperature on momentary curve parameters; 

i.e., increasing moisture content decreases the magnitude of the parameters. This is consistent with 

reports in the literature. Ishisaka and Kawagoe [10] in their study on the behaviour of moisture 
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absorption on polyamide 6 and epoxy samples reported equivalence between the effects of increasing 

water content and temperature on storage modulus. Comparison of the values in Table  4-14 shows 

that by considering the variation in the values of initial modulus, this parameter is relatively 

insensitive to relative humidity changes. However, there is a reduction of about 35% in the values of 

relaxation time constant when the relative humidity is doubled – this parameter is sensitive to the 

changes in the moisture content of the specimens. This can be attributed to increased plasticization 

with higher moisture content as observed by LaPlante and Lee-Sullivan [103] for FM300 structural 

film adhesive. They reported that when the moisture content of the adhesives did not exceed a 

threshold value, hygrothermal conditioning accelerated the relaxation mechanism. 

4.2.3 Long Term Aging Tests 

Similar to the short term aging tests, stress relaxation experiments were conducted on aged 

specimens. In long term aging tests, samples were aged at only one prolonged aging time; i.e., 168 

hours, and the stress relaxation period was set to be one tenth of the aging time; i.e., 16.8 hours. Since 

the loading time is rather high, the ongoing aging process during loading cannot be neglected. 

Therefore, to consider the effect of physical aging during loading, an effective time, t, can be used 

instead of the time, t, in Equation (4-20), following [96, 157]: 

ሻݐሺܧ ൌ ௢݁ିሺఒ೟ܧ ఛሺ௧ೌ
೚⁄ ሻሻഁ

 (4-24)

where t is calculated based on: 

 

௧ߣ ൌ ௔ݐ
௢݈݊ ൬

ݐ
௔ݐ

௢ ൅ 1൰ , ௧௔ߤ ൌ 1 (4-25)

 

௧ߣ ൌ
௔ݐ

௢

1 െ ௧௔ߤ
ቈ൬1 ൅

ݐ
௔ݐ

௢൰
ଵିఓ೟ೌ

െ 1቉ , ௧௔ߤ ് 1  (4-26)

 

where ta
o is the aging time before stress relaxation period (equal to 168 hours here), and t is the stress 

relaxation test time. The long term thermal aging test results are compared with the predictions 

obtained from Equations (4-24) to (4-26) in Figure  4-22. 
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Figure  4-22 Comparison of experimental and predicted values of modulus for long term dry aged tests. 

 

As seen in Figure  4-22, except for the first 16 minutes of stress relaxation of the samples at 80 °C, 

there is a reasonable agreement between the experimental and predicted values of modulus for both of 

the aging temperatures of 65 °C and 80 °C. Maximum error values of the predictions compared to the 

experimental values are 3.6% and 19.8% for the aging temperatures of 65 °C and 80 °C, respectively.   

A common practice in long term predictions is to use only horizontal shift factors. It is also known 

that vertical shift factors, av, do not improve the results significantly. Tables 4-15 and 4-16 show the 

error values in prediction of modulus after ta8 aging time as well as long time modulus values with 

and without considering vertical shifting. 

 

Table  4-15 Error values [%] in prediction of modulus after ta8 = 1728.4 min aging. 

  without av with av 

Aging temperature

[°C] 

50 1.3 1.3 

65 2.0 1.9 

80 7.2 7.0 
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Table  4-16 Error values [%] in prediction of modulus following 168 hour aging. 

  without av with av 

Aging temperature

[°C] 

65 3.6 3.6 

80 19.8 19.7 

 

As seen in Tables 4-15 and 4-16, the calculated error values while vertical shift factors are 

considered (with av) are not significantly different from those obtained without applying vertical shift 

factors (without av). 

Long term experiments were also conducted to study the effect of hygrothermal aging for 168 

hours on stress relaxation behaviour of PC/ABS samples. Modulus curves were obtained from stress 

relaxation experiments on samples that were aged in the same nine hygrothermal conditions used in 

short term tests. Moreover, the long term modulus values were predicted by applying shift factors on 

the short term modulus values. The short term modulus values were first shifted using thermal shift 

factors (ata) to consider the effect of 168 hour aging and then the hygrothermal shift factors (aH) were 

applied to account for the mass uptake increase during 168 hours of hygrothermal aging. 

Comparisons of the experimental and predicted modulus of the samples that were hygrothermally 

aged for 168 hours are presented in Figures 4-23 and 4-24 for the aging temperatures of 65 °C and 80 

°C, respectively.  The short term modulus values are also depicted in these figures. 
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Figure  4-23 Comparison of modulus for samples hygrothermally aged at (a) 65 °C/50% RH, (b) 65 

°C/93%RH, and (c) 65 °C/Fully immersed, for 168 hours. 
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Figure  4-24 Comparison of modulus for samples hygrothermally aged at (a) 80 °C/50% RH, (b) 80 

°C/75%RH, and (c) 80 °C/Fully immersed, for 168 hours. 

 

It is seen that there is a reasonable agreement between the experimental and predicted values of 

modulus for both aging temperatures except for the full immersion condition. This suggests that short 

term aging test results cannot be simply extrapolated to predict long term behaviour for the full 

immersion condition. At the condition of 80 °C/fully immersed, the long term modulus is predicted 
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above short term modulus due to the effect of physical aging but the experimental value falls below 

the short term modulus. Although the material becomes stiffer as the aging process progresses, this 

stiffening effect is less pronounced at temperatures near Tg. The stiffening effect can also be further 

lessened as the moisture content increases, which is the case of 80 °C/fully immersed condition. This 

can be further investigated by testing samples that are saturated in fully immersed conditions.  

It is also seen in Figures 4-23 and 4-24 that there is no significant difference between the thermal 

aging shifted curve and the one which has been obtained by applying both thermal and hygrothermal 

aging shift factors. This can be an indication of the prevalence of the effect of aging compared to 

moisture absorption in shifting the modulus of PC/ABS samples when the aging time is extended 

form 16 hours to 168 hours. 

The experimental data of both thermal and hygrothermal long term aging tests were also curve 

fitted with the Kohlrausch-Williams-Watts (KWW) model. Tables 4-17 and 4-18 list initial modulus, 

relaxation time constant, and shape parameter obtained from curve fitting of thermal and 

hygrothermal long term aging tests, respectively. These parameters are the average of three replicates 

and the corresponding relative standard deviations are also shown in parenthesis. 

 

Table  4-17 The KWW model parameters for stress relaxation tests on thermally long term aged samples. 

Aging Temp. Eo  

[°C] [GPa] ×103[s] [unitless]

50 
2.30 

(±8.5%*)

12348.1 

(±1.6%) 

0.282 

(±0.7%) 

65 
2.46 

(±1.8%) 

2302.0 

(±0.4%) 

0.268 

(±0.2%) 

80 
2.73 

(±3.7%) 

17.1 

(±2.8%) 

0.282 

(±12.3%) 

    * Relative Standard Deviation 
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Table  4-18 The KWW model parameters for stress relaxation tests on hygrothermally long term aged 

samples. 

Condition 
Eo  

[GPa] ×103[s] [unitless] 

65°C/50% RH 
2.37 

(±6.1%*)

1073.1 

(±8.7%) 

0.247 

(±3.0%) 

65°C/93% RH 
2.31 

(±7.2%) 

924.1 

(±10.8%)

0.162 

(±2.6%) 

65°C/fully immersed
2.84 

(±9.6%) 

79.6 

(±20.9%)

0.146 

(±1.6%) 

80°C/50% RH 
2.08 

(±3.7%) 

14.5 

(±31.3%)

0.167 

(±2.3%) 

80°C/75% RH 
2.23 

(±2.2%) 

3.4 

(±18.8%)

0.151 

(±0.7%) 

80°C/fully immersed
1.88 

(±8.8%) 

0.2 

(±11.3%)

0.139 

(±0.9%) 

   * Relative Standard Deviation 

 

Finally, in order to compare the effects of physical aging and moisture absorption on the stress 

relaxation behaviour of PC/ABS samples, the curves for thermal aging tests, hygrothermal aging 

tests, and un-aged tests for the three aging temperatures are compared for both short term and long 

term tests in Figures 4-25 and 4-26.  In these figures, some of the data points and the corresponding 

error bars are also plotted to provide the values of standard deviation over the three replicates from 

which the average curves have been obtained. 
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Figure  4-25 Comparison of the effects of thermal and hygrothermal aging for 16 hours on the modulus at 

temperatures of (a) 50 °C, (b) 65 °C, and (c) 80 °C. 
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Figure  4-26 Comparison of the effects of thermal and hygrothermal aging for 168 hours on the modulus 

at temperatures of (a) 50 °C, (b) 65 °C, and (c) 80 °C. 

 

As discussed earlier, the variation in the obtained values of modulus over the three replicates at 

aging temperature of 50 °C is so large that we do not have confidence in the significance of the 

detected changes when thermal and hygrothermal aging results are compared to un-aged results, 
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Figures 4-25 (a) and 4-26 (a). However, the variation in the modulus values at the two other aging 

temperatures; i.e., 65 °C and 80 °C, is much lower. As expected and seen in Figures 4-25 and 4-26 (b) 

and (c), thermal aging causes an increase in the modulus of the material. This change is not 

statistically significant at the initial period of loading but it becomes more and more significant with 

prolonged loading times (as the material relaxes). This can be explained by the fact that thermal aging 

stiffens the material due to structural densification and reduced molecular relaxation, which is 

characteristic of physical aging. Moisture absorption, however, has an opposite effect. As the 

moisture content increases in the specimen, the material loses its stiffness and the modulus decreases 

as the material relaxes. Although moisture absorption decreases the material’s modulus, its effect is 

not as strong as the effect of physical aging on modulus, especially at the end of loading time. If the 

values of relaxation time constant for un-aged samples at temperatures of 65 °C and 80 °C, which are 

13.5×103 and 0.3×103 s, respectively, are compared with the values for thermally and hygrothermally 

aged specimens obtained from short term aging tests (Tables 4-12 and 4-14), the following trend is 

seen: 

 thermally aged >  hygrothermally aged >  un-aged 

 

The increase in relaxation time constant due to thermal aging is considerably larger than at 

hygrothermal conditions, for the same temperature levels. A similar trend can also be seen in the 

relaxation time constants obtained for long term aging tests (Tables 4-17 and 4-18). Therefore, in 

hygrothermal aging of this blend for 16 and 168 hours, the relaxation properties are more affected by 

physical aging processes than absorbed moisture effects. This implies that physical aging is the 

dominant mechanism affecting relaxation behaviour of this blend even in the presence of relatively 

high levels of absorbed moisture. 

4.3 Coupling Coefficients — First Set 

The first set of coupling coefficients including the elastic coefficients of thermal and hygroscopic 

expansion has been determined using thermal analysis techniques and the obtained results are 

presented in the following sections. 
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4.3.1 Coefficient of Thermal Expansion 

The coefficient of thermal expansion (CTE) was determined from the experimental results obtained 

from the Tg determination tests performed using the TMA. Table  4-19 shows the average values 

obtained for the CTE before and after Tg, which are denoted by g (CTE in glassy region) and r 

(CTE in rubbery region), respectively. These values were obtained for both of the blend components. 

 

Table  4-19 Average values of CTE before and after Tg obtained from dilatometer and expansion modes. 

 ABS PC 

Mode 
g 

[1/°C]

r 

[1/°C]
r / g

g 

[1/°C]

r 

[1/°C]
r / g 

Expansion Probe 0.14 1.31 9.36 0.81 3.26 4.02 

Dilatometer 1.00 23.43 23.43 1.36 20.07 14.76 

 

As seen in Table  4-19, the ratio of r to g for ABS is almost twice that for PC (2.3 for expansion 

probe results and 1.6 for dilatometer ones). Apparently, the change of CTE at the glass transition is 

greater for ABS than PC.  

4.3.2 Coefficient of Hygroscopic Expansion 

The coefficient of hygroscopic expansion, d
e, is calculated using the method introduced by Zhou 

et al. [117]: 

ௗߙ
௘ ൌ

ሺ݄௦௔௧ െ ݄௢ሻ/݄௢

ሺܯ௦௔௧ െ ௢ሻ/൫݄௫௢݄௬௢݄௭௢൯ܯ
(4-27)

 

The coefficient of hygroscopic expansion can also be calculated from the slope of strain changes 

curve versus concentration. Figure  4-27 illustrates the change of strain versus concentration for the 

typical condition of 65 °C/fully immersed.  
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Figure  4-27 Calculation of the coefficient of hygroscopic expansion using the slope of the curve. 

 

The coefficient of hygroscopic expansion was calculated using Equation (4-27) as well from the 

slope of the curve of strain versus concentration for each condition. Tables 4-20 and 4-21 list the 

obtained values of the hygroscopic expansion for each condition. The time for the samples to dry out 

at each condition is also obtained from the TGA test and is shown in Table  4-20. 
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Table  4-20 The coefficient of hygroscopic expansion calculated using Equation (4-27) 

Condition 
d

e 

[mm3/mg]

Ave. (± RSD%)

[mm3/mg] 

Time 

[min] 

50 °C/50% RH 
0.402 0.378 

(±9.2%) 
300 

0.353 

50 °C/93% RH 
0.170 0.153 

(±15.7%) 
400 

0.136 

50 °C/fully immersed
0.478 0.336 

(±59.8%) 
590 

0.194 

65 °C/93% RH 
0.319 0.339 

(±8.3%) 
240 

0.359 

65 °C/fully immersed
0.418 0.396 

(±7.9%) 
280 

0.374 

80 °C/50% RH 
0.309 0.448 

(±43.8%) 
120 

0.586 

80 °C/75% RH 
0.409 0.538 

(±33.8%) 
140 

0.666 

80 °C/fully immersed
0.721 0.782 

(±10.9%) 
200 

0.842 
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Table  4-21 The coefficient of hygroscopic expansion obtained from the slope of strain vs. concentration 

curve. 

Condition 
d

e 

 [mm3/mg]

Ave. (±RSD%) 

[mm3/mg] 

50 °C/50% RH 
0.293 0.187 

(±80.2%) 0.081 

50 °C/93% RH 
0.067 0.080 

(±23.0%) 0.093 

50 °C/fully immersed
0.345 0.213 

(±87.6%) 0.081 

65 °C/93% RH 
0.284 0.256 

(±15.8%) 0.227 

65 °C/fully immersed
0.326 0.323 

(±1.5%) 0.319 

80 °C/50% RH 
0.176 0.315 

(±62.3%) 0.453 

80 °C/75% RH 
0.411 0.484 

(±21.2%) 0.556 

80 °C/fully immersed
0.488 0.490 

(±0.6%) 0.492 
 

The obtained coefficients of hygroscopic expansion (tabulated in Tables 4-20 and 4-21) have 

significant variation at some conditions and therefore a specific trend cannot be found on the change 

of the coefficient of hygroscopic expansion with the hygrothermal condition. The high variation in the 

data can be decreased by testing more replicates. Nevertheless, the coefficient of hygroscopic 

expansion can be calculated as the average of all the values presented in Tables 4-20 and 4-21. The 

average coefficient of hygroscopic expansion is equal to 0.36 mm3/mg. 

4.4 Concluding Remarks 

This chapter presented the results and the related discussion of experimental tests that were 

introduced in the previous chapter. The tests characterized the PC/ABS blend in terms of 

thermophysical and mechanical properties. The dual glass transition temperatures of constituent 

components of the PC/ABS blend were assigned using the dilatometry and expansion modes of the 
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TMA. Generally, the duality of Tg’s for the blend could be reliably detected with scanning rates 

ranging between 0.5 and 5 °C/min. The Tg of the material was also determined using the three-point 

bending mode of the DMA. The obtained Tg, when compared to the Tg of hygrothermally aged 

samples, is useful to study the effect of moisture absorption on Tg. Physical aging experiments 

performed by TMA also revealed the volume relaxation behaviour of the material for up to 1008 

hours of aging at 80 °C. A temperature-dependant linear relation was also obtained for the specific 

heat capacity of the material using MDSC tests on hygrothermally aged samples. There were two 

distinctly different moisture uptake curves observed for the PC/ABS blend aged at the hygrothermal 

conditions studied in the mass uptake tests.  The approach to the equilibrium moisture content was a 

Fickian diffusion process when the blend was fully immersed at room temperature while clear 

overshoot behaviour was seen in the uptake curves when the blend was aged at elevated temperatures 

in relative humidity. It was proposed that anomalous overshoot curves represent the two opposing 

processes; first, diffusion of water molecules into the excess free volume of the polymer at the start of 

the aging process dominates, but is displaced by volumetric contraction triggered as aging-related 

structural relaxation progresses at elevated temperature. The effects of the latter process becomes 

increasingly more prominent with aging time and eventually squeezes excess water molecules out of 

the filled free volume of the polymer structure.  

The competing effects of physical aging and moisture absorption on the viscoelastic behaviour of 

the blend were studied by curve fitting stress relaxation data of thermally and hygrothermally aged 

PC/ABS to the KWW model. Analysis of the two model parameters, initial modulus, Eo, and 

relaxation time constant, , were consistent with the literature in that moisture and aging temperature 

have similar effects on the material behaviour during aging; their increase caused  decreases in the 

initial modulus and relaxation time constant. Overall, when the blend material was aged under 

hygrothermal conditions for up to 168 hours, the effects of physical aging were more prominent than 

relative humidity. This was evident when results were compared with both dry aged and un-aged 

results. Even in the presence of absorbed moisture, which plasticizes the material, the net effect was 

the increase in Eo and . The obtained experimental results for modulus can also be used for 

numerical modeling of viscoleastic behaviour of the blend in different hygrothermal conditions. This 

will be more explained in the following chapter. Eventually, the experimental results related to the 

elastic coefficients of thermal and hygroscopic expansion were presented. These coefficients will also 

be used for numerical modeling of the PC/ABS blend discussed in the next chapter. 
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Chapter 5 

Numerical Modeling 

As described in section  1.2, there are three main physical mechanisms or coupled physics involved 

in the study of coupled moisture diffusion and physical aging: structural mechanics, moisture 

diffusion, and heat conduction. From a thermodynamics point of view, the behaviour of each of these 

three physics can be represented by partial differential equations (PDE). These PDEs are coupled and 

can be solved to determine the state variables, which show the behaviour of the modeled material 

system. In this chapter, the coupled PDEs are numerically solved for PC/ABS blend material using 

finite element method. In the developed finite element model, some of the material properties are 

those obtained from the characteristic experiments presented in the preceding chapters and the other 

ones are determined using new experiments.  

The framework for finite element analysis to model moisture diffusion coupled with physical aging 

in plastic thin plates is presented in this chapter. The numerical modeling approach consists of several 

parts. Figures 5-1, 5-2, and 5-3 show the various steps involved and the corresponding sections are 

presented in this chapter. First, in Figure  5-1, equation development is presented starting with the 

main equations followed by the governing equations on the coupled physics with two types of 

material behaviour: linear elastic and linear viscoelastic. Next, a series of numerical analyses are 

performed using the developed PDEs in the previous step. This is implemented using a commercial 

software package; i.e., COMSOL Multiphysics®. This step is performed in two sections: uncoupled 

physics and coupled physics. 



 

 90 

 

Figure  5-1 The steps of the numerical modeling work. 

 

The uncoupled physics section (Figure  5-2) discusses the modeling of the three uncoupled physics 

including structural mechanics, moisture diffusion, and heat conduction. For the physics of structural 

mechanics, two kinds of material behaviour are considered; i.e., linear elastic and linear viscoelastic, 

and each behaviour is analyzed under two modes of plane strain and plane stress. 
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(section  5.2) 

Governing Equations 
(section  5.3) 

Linear Elastic 
(section  5.3.1) 
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(section  5.5) 

Coupled Physics 
(section  5.6) 
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Figure  5-2 The steps of uncoupled physics modeling. 

 

The coupled physics section, whose stages are depicted schematically in Figure  5-3, involves four 

main parts: linear elastic, linear viscoelastic, physical aging effects, and model verification. This part 

of the work is the main contribution of the thesis as there are no other reports in the literature on the 

finite element analysis on the quadruple coupled physical phenomena which requires the 

incorporation of the coupling coefficients. In the linear elastic part, a typical example is solved which 

enables us to compare the results of the current modeling with a parametric study available in 

literature. The coupling coefficients between the three physics of structural mechanics, moisture 

diffusion, and heat conduction are obtained in the part of linear viscoelastic. The part of physical 

aging effects deals with a discussion on the effects of physical aging on mechanical and diffusion 

behaviour. Eventually model verification is conducted to investigate the capability of the developed 

model to predict the material’s behaviour in a representative case study. 
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Figure  5-3 The steps involved in the coupled physics modeling.  
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5.1 Equation Development 

The set of equations used to model the coupled physics of structural mechanics, moisture diffusion, 

and heat conduction have been developed by Rambert et al. [46-49]. These equations are derived 

within the framework of thermodynamics of irreversible processes and continuum mechanics. The 

details of the derivation can be found elsewhere (e.g. [48, 61, 158]). In the following sections, these 

equations are briefly introduced together with their derivation procedure.  

5.2 Main Equations 

First, the main equations from which the governing equations are derived are introduced [48]. In 

order to develop the equations, an elementary representative volume (ERV) needs to be defined based 

on the interaction of the polymer material and the diffusing substance. For a system obeying Fickian 

diffusion mode, the ERV is considered as a continuous medium which includes a homogenous 

mixture of polymer and the diffusing material. The ERV can then be represented by a set of state 

variables. The relationship between the thermodynamic forces to their dual variables can be 

established using two thermodynamic potentials; i.e., specific free energy and dissipation potential.  

However, before using these potentials to derive the coupled constitutive equations, two main sets of 

equations need to be introduced. 

5.2.1 Balance Equations 

The balance laws include mass balance, mechanical balance, and thermodynamic balance laws, 

which are employed to develop the equations of state. 

Mass Balance: 

ߩ ሶܻௗ ൌ െݒ݅ܦ ሬሬԦௗ  (5-1)ܯ

௣ܻ ൅ ௗܻ ൌ 1 (5-2)

ሬሬԦ௣ܯ ൌ െܯሬሬԦௗ (5-3)

 

where  is the average density of ERV, Y and M denote the mass fraction and the relative flux; and 

the subscripts p and d refer to the polymer and the diffusing substance, respectively. The symbol “.” 

above a variable denotes the time derivative of that variable. 
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Mechanical Balance: 

ݒ݅ܦ ߪ ൅ ߩ Ԧ݂ ൌ 0 (5-4)

 

where  is the Cauchy stress tensor (shown with double underbars), and f is the body force per unit of 

mass. 

Thermodynamics Balance: 

a) Energy Balance (first principle of thermodynamics)  

 

ߩ ሶܷ ൌ :ߪ ሶߝ െ ݒ݅ܦ ሬܳԦ ൅ ܴ (5-5)

 

where U is the specific internal energy,  is the infinitesimal strain tensor, Q denotes the heat flux, 

and R accounts for the external heat supply per volume. Divergence operator is also shown with Div. 

b) Entropy Balance (second principle of thermodynamics) 

 Gibbs Relation 

ܶ ሶܵ ൌ ሶܷ െ
1
ߩ

:ߪ ሶ௘ߝ െ ߤ∆ ሶܻௗ ൅ ሶߦ௝ܣ
௝ (5-6)

 

where T represents temperature, S designates the specific entropy,  is defined as the difference 

between the mass chemical potential of the diffusing substance (d) and that of the polymer (p), and 

j and Aj are the internal variable and its dual variable, respectively. Also,  e is the elastic strain with 

an assumption that  can be partitioned into elastic strain,  e, and inelastic strain, in ( =  e + in).  

 Entropy Variation 

 

ߩ ሶܵ௘ ൌ െݒ݅ܦ Ԧௌܬ ൅
1
ܶ

ܴ (5-7)
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ߩ ሶܵ ௜ ൌ ׏ ൤
1
ܶ

൨ . ሬܳԦ െ ׏ ൤
ߤ∆
ܶ

൨ . ሬሬԦௗܯ ൅
1
ܶ

:ߪ ሶ௜௡ߝ ൅
ߩ
ܶ

ሶߦ௝ܣ
௝ (5-8)

 

where Se and Si are the variation of entropy due to external exchanges and internal evolutions, 

respectively. In Equations (5-8), ׏ represents the gradient operator. Js denotes the entropy flux 

defined as follows: 

Ԧௌܬ ൌ
1
ܶ

ሬܳԦ െ
ߤ∆
ܶ

ሬሬԦௗ (5-9)ܯ

 

 Volume Dissipation 

 

Φ ൌ Φଵ ൅ Φଶ ൅ Φଷ ൒ 0 (5-10)

Φଵ ൌ :ߪ ሶ௜௡ߝ ൅ ሶߦ௝ܣߩ
௝ (5-11)

Φଶ ൌ െܬԦௌ. (5-12) ܶ׏

Φଷ ൌ െܯሬሬԦௗ. ሿ (5-13)ߤ∆ሾ׏

 

where  represents the volume dissipation, 1 corresponds to the dissipation due to inelastic 

straining, 2 relates to the thermal dissipation due to the heat transfer, and 3 designates the diffusive 

dissipation caused by mass transport. 

5.2.2 Constitutive Equations 

The first set of constitutive equations are developed based on the first potential introduced 

previously; i.e., the specific free energy. This potential is generally defined as a function of all the 

state variables (e, T, Yd, Yp, j): 

 

Ψ ൌ ܷ െ ܶܵ ൌ Ψ ቀߝ௘, ܶ, ௗܻ, ௣ܻ, ௝ቁ (5-14)ߦ

 



 

 96 

The state equations can then be derived from (5-14). These equations relate the thermodynamic 

forces to their dual variables, as follows: 

 

σ ൌ ߩ ൭
߲Ψ
௘൱ߝ߲

்,௒೏,௒೛,కೕ

 (5-15)

S ൌ െ ൬
߲Ψ
߲ܶ

൰
ఌ೐,௒೏,௒೛,కೕ

 (5-16)

௜ߤ ൌ ߩ ൬
߲Ψ
߲ ௜ܻ

൰
்,ఌ೐,௒ೖಯ೔,కೕ

 (5-17)

௝ܣ ൌ െ ቆ
߲Ψ
௝ߦ߲

ቇ
்,ఌ೐,௒೏,௒೛,కೖಯೕ

 (5-18)

 

The second potential is the dissipative pseudo potential, *, which is defined to develop another set 

of constitutive equations dealing with dissipative processes associated with diffusion, heat 

conduction, and viscoelasticity, as follows: 

 

כߜ ൌ כߜ ቀߪ, ,௝ܣߩ െܶ׏, െ׏ሾ∆ߤሿቁ (5-19)

ሶ௜௡ߝ ൌ ൭
כߜ߲

ߪ߲
൱

ఘ஺ೕ,ି׏ି,்׏ሾ∆ఓሿ

 (5-20)

ሶߦ
௝ ൌ ቆ

כߜ߲

௝൧ܣߩൣ߲
ቇ

ఙ,ఘ஺ೖಯೕ,ି׏ି,்׏ሾ∆ఓሿ

 (5-21)

Ԧௌܬ ൌ ൬
כߜ߲

߲ሾെܶ׏ሿ
൰

ఙ,ఘ஺ೕ,ି׏ሾ∆ఓሿ
 (5-22)

ሬሬԦௗܯ ൌ ቆ
כߜ߲

߲ൣെ׏ሾ∆ߤሿ൧
ቇ

ఙ,ఘ஺ೕ,ି்׏

 (5-23)
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For the coupled physics of structural mechanics, mass diffusion, and heat conduction the 

dissipative pseudo-potential can be reduced to a quadratic form resulting in linear constitutive 

equations: 

 

כߜ ൌ
1
2

:ߪ :ௌܭ ߪ ൅
1
2

஺ೕܭ
൫ܣߩ௝൯

ଶ
൅

1
2

.ܶ׏ ቀܶ׏்ܭቁ ൅
1
2

.ሾ∆µሿ׏ ቀܭఓ׏ሾ∆µሿቁ ൅ ௌ஺ೕܥ௝ܣߩ
:  ߪ

െ
1
2

:ߪ ൫ܥԦௌ் ٔ ܶ׏ ൅ ܶ׏ ٔ Ԧௌ்൯ܥ െ
1
2

:ߪ ൫ܥԦௌఓ ٔ ሾ∆µሿ׏ ൅ ሾ∆µሿ׏ ٔ  Ԧௌఓ൯ܥ

൅ܶ׏. ቀ்ܥఓ׏ሾ∆µሿቁ െ Ԧ்஺ೕܥ௝ܣߩ
. ܶ׏ െ Ԧఓ஺ೕܥ௝ܣߩ

. ሾ∆µሿ (5-24)׏

 

ሶ௜௡ߝ ൌ :ௌܭ ߪ ൅ ௌ஺ೕܥ௝ܣߩ 
െ

1
2

൫ܥԦௌ் ٔ ܶ׏ ൅ ܶ׏ ٔ Ԧௌ்൯ܥ െ
1
2

൫ܥԦௌఓ ٔ ሾ∆µሿ׏ ൅ ሾ∆µሿ׏ ٔ Ԧௌఓ൯ (5-25)ܥ

 

ሶߦ
௝ ൌ ஺ೕܭ

௝ܣߩ ൅ ௌ஺ೕܥ
: ߪ െ Ԧ்஺ೕܥ

. ܶ׏ െ Ԧఓ஺ೕܥ
. ሾ∆µሿ (5-26)׏

 

Ԧௌܬ ൌ െܶ׏்ܭ െ ሾ∆µሿ׏ఓ்ܥ ൅ σ Ԧௌ்ܥ ൅ Ԧ்஺ೕܥ௝ܣߩ
 (5-27)

 

ሬሬԦௗܯ ൌ െܭఓ׏ሾ∆µሿ െ ܶ׏ఓ்ܥ ൅ ߪ Ԧௌఓܥ ൅ Ԧఓ஺ೕܥ௝ܣߩ
 (5-28)

 

where KS, KT, K, CSAj, CT, CST, CS, CTAj, CAj, and KAj  represent different coupling coefficients 

between the three physics. These coefficients, which are referred to as Onsager coefficients, are 

tensors (KS, KT, K, CSAj, and CT), vectors (CST, CS, CTAj, and CAj), and scalars (KAj). 

Furthermore, the heat transfer equation can be developed based on the thermodynamic laws and the 

state equations (5-15) to (5-18): 
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೐,௒೏,௒೛,కೕࢿܿߩ
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߲ܶ
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(5-29)

 

where c is the specific heat capacity and R represents the external heat supply. 

5.3 Governing Equations 

The governing equations can be developed from the main equations presented in the preceding 

section. The governing equations are derived assuming two different types of material behaviour: 

linear elasticity and linear viscoelasticity. The equations are presented based on the assumptions of 

isotropy and small perturbations [48]. 

5.3.1 Linear Elasticity 

In elasticity, it is assumed that the internal variables do not exist and therefore, the specific free 

energy, , is a function of four variables; i.e., e, T, Yd, and Yp. A quadratic form is considered for  

so that it leads to linear state equations: 
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where  and  are Lamé’s coefficients, T represents the coefficient of thermal expansion, d and p 

are respectively related to the coefficients of hygroscopic expansion of the diffusing material and 

polymer; and Dd and Dp designate the coefficient of diffusion of the diffusing material and polymer in 
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the mixture, respectively. The superscript “e” refers to elastic and the trace operator is depicted by 

“tr”. 

Therefore, the governing equations as developed by Rambert et al. [46] are as follows: 

Structural Mechanics 
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where K is the coefficient related to the effect of chemical potential gradient on the diffusant mass 

flux. Other than the two coefficients of T
e and d

e, which represent the interaction between structural 

mechanics with temperature and moisture, respectively, there are two other coupling coefficients in 

Equations (5-31) to (5-33): CTY which corresponds to the effect of temperature (concentration) 

variation on the chemical potential (entropy); and CT which relates to the temperature (chemical 

potential) gradient effect on the mass (entropy) flux. 
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5.3.2 Linear Viscoelasticity 

Viscoelastic materials are usually represented by a combination of elastic springs and viscous 

dashpots. One of these models is the generalized Kelvin-Voigt model (also referred to as the 

Poynting-Thomson model [159]), which consists of a linear spring connected in series with a Kelvin-

Voigt element. Rambert et al. [48] used this model (shown in Figure  5-4) to develop equations for a 

linear viscoelastic material.   

 

Figure  5-4 Generalized Kelvin-Voigt model 

 

Based on the representation shown in Figure  5-4, the total strain, , can be partitioned into two 

parts: elastic strain, e, and anelastic strain, an. Anelastic strain is an internal variable and is related to 

its dual variable, A, which is equal to (–
an/). The specific free energy can then be written as the 

sum of two components, an elastic component, e, and anelastic one, an, (shown in bold): 

 

ߖ ൌ ߖ ቀߝ௘, ܶ, ௗܻ, ௣ܻ, ௔௡ቁߝ ൌ ௘ߖ ቀߝ௘, ܶ, ௗܻ, ௣ܻቁ ൅ ࢔ࢇࢸ ቀࢀ, ,ࢊࢅ ,࢖ࢅ ቁ (5-34)࢔ࢇࢿ

 

where e is defined in Equation (5-33) and an is: 
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In this work, a similar procedure to that by Rambert et al. [48] has been adopted with one 

difference:  two Kelvin-Voight elements are considered to be connected in series with a linear spring 

because it can better represent the viscoelastic behaviour of PC/ABS blend used in this study. 

Therefore, the governing equations for the three physics of structural mechanics, mass diffusion, and 

heat transfer are developed as follows (The anelastic terms are shown in bold): 
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Heat Transfer 

ఌ೐,௒೔,்,ఌೌ೙ܿߩ ሶܶ ൌ ௒்ܥఓܭ௒൫்ܥ െ ሻଶܶߘఓ൯ሺ்ܭ2 ൅ ൭
்ߣ

ܶ
൅ ௒்ܥఓܭ௒൫்ܥ െ ఓ൯൱்ܭ2  ሻܶߘሺݒ݅ܦܶ

൅2
ܦߩ
ఓܭ

൫்ܥఓ െ .ܶߘఓ൯ܭ௒்ܥ ߘ ௗܻ ൅ ௗߙ2
௘ ሺ3ߣ௘ ൅ ௘ሻߤ2

ߩ
൫்ܥ௒ܭఓ െ .ܶߘఓ൯்ܥ ߘ ቂݎݐ ቀߝ௘ቁቃ 

൅
ܦߩ
ఓܭ

൫்ܥఓ െ ߘሺݒ݅ܦఓ൯ܶܭ௒்ܥ ௗܻሻ ൅
ଶܦଶߩ

ఓܭ
ሺߘ ௗܻሻଶ െ ௗߙܦ2

௘ሺ3ߣ௘ ൅ ߘ௘ሻߤ2 ௗܻ. ߘ ቂݎݐ ቀߝ௘ቁቃ 

൅ߙௗ
௘ ሺ3ߣ௘ ൅ ௘ሻߤ2

ߩ
൫்ܥ௒ܭఓ െ ݒ݅ܦఓ൯்ܶܥ ൤ߘ ቂݎݐ ቀߝ௘ቁቃ൨ ൅ ఓܭ ቈߙௗ

௘ ሺ3ߣ௘ ൅ ௘ሻߤ2

ߩ
቉

ଶ

ߘ ቂݎݐ ቀߝ௘ቁቃ
ଶ
 

െ்ߙ
௘ ሺ3ߣ௘ ൅ ௘ሻܶߤ2 ቂݎݐ ቀߝሶ௘ቁቃ ൅ ܴ 

൅૛ࢊࢻ
࢏࢔ࢇࣅሺ૜ ࢏࢔ࢇ ൅ ૛࢏࢔ࢇࣆሻ

࣋
൫ࣆࡷࢅࢀ࡯ െ .ࢀࢺ൯ࣆࢀ࡯ ࢺ ቂ࢚࢘ ቀ࢏࢔ࢇࢿቁቃ 

൅ࢊࢻ
࢏࢔ࢇࣅሺ૜ ࢏࢔ࢇ ൅ ૛࢏࢔ࢇࣆሻ

࣋
൫ࣆࡷࢅࢀ࡯ െ ࢜࢏ࡰࢀ൯ࣆࢀ࡯ ൤ࢺ ቂ࢚࢘ ቀ࢏࢔ࢇࢿቁቃ൨ 

 ൅ࣆࡷ ቈࢊࢻ
࢏࢔ࢇ

ሺ૜࢏࢔ࢇࣅ ൅ ૛࢏࢔ࢇࣆሻ

࣋
቉

૛

൤ࢺ ቂ࢚࢘ ቀ࢏࢔ࢇࢿቁቃ൨
૛
 

െ૛ࢊࢻࡰ
࢏࢔ࢇࣅሺ૜࢏࢔ࢇ ൅ ૛࢏࢔ࢇࣆሻࢊࢅࢺ. ࢺ ቂ࢚࢘ ቀ࢏࢔ࢇࢿቁቃ 

൅૛ࢊࢻࣆࡷ
ࢋ ࢊࢻ

࢏࢔ࢇ
ሺ૜ࢋࣅ ൅ ૛ࢋࣆሻሺ૜࢏࢔ࢇࣅ ൅ ૛࢏࢔ࢇࣆሻ

૛࣋ ࢺ ቂ࢚࢘ ቀࢋࢿቁቃ . ࢺ ቂ࢚࢘ ቀ࢏࢔ࢇࢿቁቃ 

െ൫࢏ࢀࡿ࡯
െ ࢏ࣆࡿ࡯

૚ሬሬԦܑܞ࣌ࢀࢺ൯ࢅࢀ࡯ െ ൫࢏ࢀࡿ࡯
െ ࢏ࣆࡿ࡯

࢜࢏ࡰࢀ൯ࢅࢀ࡯ ቀܑܞ࣌૚ሬሬԦቁ െ ࢏ࣆࡿ࡯
 ૚ሬሬԦܑܞ࣌ࢊࢅࢺࢅࢀ࡯

൅࢏ࣆࡿ࡯
ࢊࢻ

ࢋ ሺ૜ࢋࣅ ൅ ૛ࢋࣆሻ

࣋
ࢺ ቂ࢚࢘ ቀࢋࢿቁቃ ૚ሬሬԦܑܞ࣌ ൅ ࢏ࣆࡿ࡯

ࢊࢻ
࢏࢔ࢇ

ሺ૜࢏࢔ࢇࣅ ൅ ૛࢏࢔ࢇࣆሻ

࣋
ࢺ ቂ࢚࢘ ቀ࢏࢔ࢇࢿቁቃ  ૚ሬሬԦܑܞ࣌

൅ࢿሶ :࢏࢔ࢇ ܑܞ࣌ െ ࢀࢻ
࢏࢔ࢇࣅሺ૜࢏࢔ࢇ ൅ ૛࢏࢔ࢇࣆሻࢀ ቂ࢚࢘ ቀࢿሶ  ቁቃ࢏࢔ࢇ

݅ ൌ 1,2 ሺ݊݋݅ݐܽ݉݉ݑݏ ሻ (5-38)݊݋݅ݐ݊݁ݒ݊݋ܿ



 

 103 

where an and v are the stress components related to the spring and dashpot in the Kelvin-Voigt 

element. CST and CS are the coupling coefficients related to the interaction of viscoelastic component 

of structural mechanics with heat conduction and moisture diffusion, respectively. 

5.4 Finite Element Analysis (FEA) 

There are different software packages available to model finite element analysis (FEA) problems. 

Of the various commercial packages available, COMSOL Multiphysics® is particularly strong for 

modeling coupled PDEs. This software (COMSOL Multiphysics® 4.0a) was therefore selected for 

numerical modeling in this work. Some of the specific capabilities of this software are described in 

the following sections. 

5.4.1 COMSOL Multiphysics 

COMSOL Multiphysics® is a powerful modeling software package which is based on the 

MATLAB® programming language. COMSOL was first known as FEMLAB, which was developed 

in 1998 and was introduced in its current format in 2005. It acts as a computational tool for PDEs 

with the possibility of equation customization. Its multiphysics modeling capability is extendable to 

include complicated problems and it also provides MATLAB® m-file source code, which makes 

programming easier. COMSOL Multiphysics® uses finite element method (FEM) as a tool to 

calculate PDEs. It actually translates PDEs into the assembly of FEM stiffness matrix and load vector, 

then solves for equations on smaller subdomains; i.e., finite elements. Mathematically, COMSOL 

Multiphysics® converts a PDE to its weak form through using finite element concepts, in which 

Lagrange basis functions (or shape functions) are used to represent field variables discontinuously 

over the domain. This discontinuous representation of functions is then integrated to result in the 

solution [160]. 

5.4.2 Partial Differential Equations 

The software package of COMSOL Multiphysics® has different modules for modeling physics such 

as structural mechanics, heat transfer, diffusion, etc. One of these modules is the PDE module, which 

is used for equation based modeling [161]. Using the PDE module of COMSOL Multiphysics® makes 

the modeling of a set of complicated PDEs very straight forward because of several advantages it has 

such as being open source, easy to modify; and there is no need to write a user-defined element code 

(UEL). The PDE module provides the users with three forms of PDEs: coefficient form, general form, 



 

 104 

and weak form. Since the two coefficient form PDE and general form PDE are applied for modeling 

in this study, these two forms are introduced for a time dependant problem below. 

Coefficient Form PDE 

The coefficient form PDE has the following form: 
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൅ .׏ ሺെܿݑ׏ െ ݑߙ ൅ ሻߛ ൅ .ߚ ݑ׏ ൅ ݑܽ ൌ ݂ (5-39)

 

where u is a dependant variable over the computational domain, denoted by Ω in COMSOL 

Multiphysics®. 

The boundary conditions in the coefficient form PDE is shown as: 
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These two boundary conditions are defined over the boundary, ∂Ω, and are referred to as 

generalized Neumann and Dirichlet boundary conditions, respectively. 

General Form PDE 

The general form PDE, as its name shows, is a more general form of the coefficient form PDE in 

the following form: 
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where Γ and F are functions of the dependant variable, u, and its space derivatives over the 

computational domain, Ω. 
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The boundary conditions in the general form PDE is: 
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where the first equation represents the generalized Neumann boundary condition and the second one 

relates to the Dirichlet boundary condition defined over the boundary, ∂Ω. Different coefficients and 

terms in Equations (5-39) to (5-44) are defined in COMSOL Multiphysics® so that the corresponding 

PDEs form the governing PDE in the desired problem. 

5.5 Uncoupled Physics Modeling  

The final model of this study includes the coupled physics of structural mechanics, moisture 

diffusion, and heat conduction. These models will be built using the governing equations of each 

mechanism, which are in the form of PDEs. However, the uncoupled physics should be first modeled 

using the corresponding PDE and verified against the built-in modules of the software to ensure that 

the PDEs are modeled correctly for each mechanism. The coupled physics modeling will then be 

developed based upon the verified uncoupled models.   

5.5.1 Structural Mechanics 

The first physics which is modeled is the structural mechanics, which is developed considering two 

kinds of material behaviour: linear elastic and linear viscoelastic. 

5.5.1.1 Linear Elastic 

For the case of linear elastic behaviour, a typical 2-dimensional problem similar to the model of 

Rambert et al. [46] is considered. A time-dependant transient analysis is carried out on a pipe made 

up of a material having linear elastic behaviour. The pipe has an internal radius of 5 mm with wall 

thickness of 1 mm. The reason a pressurized pipe is considered for modeling is that it provides a good 

example of a geometry with curved edges that can be modeled in different modes. Moreover, this is 

the same geometry used for the coupled physics modeling discussed later in section  5.6.1. Because of 
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the part symmetry, only a quarter of the pipe geometry is modeled. The meshed pipe as well as the 

applied boundary conditions is illustrated in Figure  5-5. 

 

 

Figure  5-5 The geometry and boundary conditions of a quarter of a typical pipe. 

 

 The governing equations for this material system for plane strain and plane stress cases are:  
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Plane Stress: 
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where E and  are the modulus of elasticity and Poisson’s ratio, respectively. In Equation (5-45), it is 

assumed that the second time derivative of the displacement (acceleration) and body force can be 
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neglected. It should be noted that in the case of plane stress, the geometry can be considered as a thin 

disc with a central circular hole instead of a pipe. 

Equations (5-45) to (5-47) can be modeled using the general form of PDEs, Equation (5-42), in 

COMSOL Multiphysics®. The modulus of elasticity and Poisson’s ratio were set equal to 2.16 GPa 

and 0.37, respectively. The inner surface of the pipe was also exposed to a pressure of 1 MPa 

simulating the creep loading behaviour. Figures 5-6 (a) and 5-6 (b) depict the radial strain contour of 

the modeled pipe for the cases of plane strain and plane stress, respectively.  

 

 

 

 

 

 

 

 

Figure  5-6 Radial strain contour obtained from a 2D analysis of an elastic pipe for (a) plane strain and 

(b) plane stress conditions. 

 

The radial strain contours presented in Figures 5-6 (a) and 5-6 (b) exactly match with those 

obtained from the analyses using the built-in structural module of COMSOL Multiphysics®. This 

validates the modeling using PDEs for the uncoupled structural mechanics with elastic behaviour in a 

2D analysis. 

5.5.1.2 Linear Viscoelastic 

Similar to the linear elastic behaviour described in the previous section, a 2D analysis of the same 

pipe is conducted assuming that the pipe is made of a material having linear viscoelastic behaviour. 

The viscoelastic behaviour can be modeled using two famous rheological models; i.e., generalized 

Kelvin-Voigt (Figure  5-7) and generalized Maxwell models (Figure  5-8).  
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Figure  5-7 Schematic representation of the generalized Kelvin-Voigt model. 

 

Figure  5-8 Schematic representation of the generalized Maxwell model 

 

In the generalized Kelvin-Voigt model, two elements of Kelvin-Voigt model are linked in series 

with an elastic spring; and in the generalized Maxwell model, two Maxwell elements are connected in 

parallel to an elastic spring. Using of two elements of the Kelvin-Voigt and Maxwell model in the 

generalized models would better represent the viscoelastic behaviour of the PC/ABS blend used in 

this study. Strain components and the properties related to the springs and dashpots are also illustrated 

in Figures 5-7 and 5-8. The elastic and viscoelastic components of stress and strain for the models of 

Figures 5-7 and 5-8 have the following relation: 

Generalized Kelvin-Voigt Model: 

ߝ ൌ ௘ߝ ൅ ௔௡భߝ ൅ ,௔௡మߝ ௔௡భߝ    ൌ ,୴భߝ ௔௡మߝ ൌ ୴మ (5-48)ߝ
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ߪ ൌ ௘ߪ ൌ ௔௡భߪ ൅ ୴భߪ ൌ ௔௡మߪ ൅ ୴మ (5-49)ߪ

Generalized Maxwell Model: 

ߝ ൌ ௘ߝ ൌ ௔௡భߝ ൅ ୴భߝ ൌ ௔௡మߝ ൅ ୴మ (5-50)ߝ

ߪ ൌ ௘ߪ ൅ ௔௡భߪ ൅ ,௔௡మߪ ௔௡భߪ  ൌ ,୴భߪ ௔௡మߪ ൌ ୴మߪ  (5-51)

 

The governing equations for a viscoelastic material following two models of generalized Kelvin-

Voigt and generalized Maxwell and for both cases of plane strain and plane stress are presented in 

 Appendix A. 

A transient analysis was performed on the pipe (Figure  5-5) assuming that the pipe’s material 

follows the two rheological models of generalized Kelvin-Voigt and generalized Maxwell. The 

parameters of these models and their derivation will follow this section. The 2D analysis was 

performed in two cases of plane strain and plane stress. The outer surface of the pipe was fixed and 

the inner surface was exposed to two different loading conditions: a radial constant displacement of 

0.1 mm inducing stress relaxation condition and a constant internal pressure equal to 1 MPa 

producing creep loading condition. The results were then compared to results obtained from similar 

analyses conducted using the software package of ABAQUS®. Figures 5-9 and 5-10 depict hoop 

stress contours obtained from the stress relaxation analyses of the pipe in, respectively, plane stress 

and plane strain modes performed in COMSOL Multiphysics®. Similarly, the results of creep 

analyses are illustrated in the form of radial strain contours in Figures 5-11 and 5-12 for plane stress 

and plane strain modes, respectively. The results of corresponding analyses performed in ABAQUS® 

are also shown in Figures 5-13 and 5-14 for the purpose of comparison.  
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Figure  5-9 Hoop stress contour [Pa] obtained from a plane stress analysis using (a) generalized Kelvin-

Voigt model, and (b) generalized Maxwell model conducted in COMSOL Multiphysics®. 

 

  

Figure  5-10 Hoop stress contour [Pa] obtained from a plane strain analysis in using (a) generalized 

Kelvin-Voigt model, and (b) generalized Maxwell model conducted in COMSOL Multiphysics®. 
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Figure  5-11 Radial strain contour obtained from a plane stress analysis in using (a) generalized Kelvin-

Voigt model, and (b) generalized Maxwell model conducted in COMSOL Multiphysics®. 

  

 

Figure  5-12 Radial strain contour obtained from a plane strain analysis in using (a) generalized Kelvin-

Voigt model, and (b) generalized Maxwell model conducted in COMSOL Multiphysics®. 
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Figure  5-13 Hoop stress contour [Pa] obtained in (a) plane stress and (b) plane strain analyses in 

ABAQUS®. 

  

 

Figure  5-14 Radial strain contour obtained in (a) plane stress and (b) plane strain analyses in ABAQUS®. 

 

There is a very good agreement between the results of COMSOL Multiphysics® analyses and the 

corresponding results from ABAQUS®, which confirms the validity of the PDE modeling in 

COMSOL Multiphysics® for linear viscoelastic materials. 

5.5.1.2.1 Rheological Model Parameters 

Two rheological models were used to model the linear viscoelastic behaviour: the generalized 

Kelvin-Voigt model and the generalized Maxwell model, with two branches of Kelvin-Voigt and 

Maxwell elements, respectively (Figures 5-7 and 5-8). The compliance and modulus of these two 

models are represented in the form of Prony series: 
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ܦ ൌ ௘ܦ ൅ ଵܦ ൬1 െ exp ൬െ
ݐ

߬ଵ
൰൰ ൅ ଶܦ ൬1 െ exp ൬െ

ݐ
߬ଶ

൰൰ (5-52)

ܧ ൌ ௘ܧ ൅ ଵܧ exp ൬െ
ݐ

߬ଵ
൰ ൅ ଶܧ exp ൬െ

ݐ
߬ଶ

൰ (5-53)

 

where D represents compliance and E refers to modulus. Compared to the KWW models presented in 

section  4.2.2.1, the Prony series form of the two models can be better used in finite element modeling 

[162].  

There are five parameters in the modulus of the generalized Maxwell model; i.e., Ee, E1, E2, 1, and 

2, which can be obtained by fitting a curve to the experimental data obtained from stress relaxation 

experiments discussed in section  4.2.2.1. For example, the modulus of the un-aged samples at 65 °C, 

which is used for the linear viscoelastic modeling using the generalized Maxwell model presented in 

previous section, has the following form:  

E [GPa] = 1.033 + 0.851 exp(-t / 3023) + 0.273 exp(-t / 260) 

In order to find the values of the five parameters of the generalized Kelvin-Voigt model (De, D1, 

D2, 1, and 2), which is equivalent to the model above; a 2D analysis is performed using the 

parameters of the generalized Maxwell model on a rectangular plate. A constant uniaxial stress is 

applied on the plate which simulates the creep loading. If the value of the uniaxial stress is set to unit, 

the obtained strain will become equivalent to the compliance of the material. The strain data points 

are then curve fitted to the compliance equation (5-52) to get the following form: 

D [1/GPa] = 0.464 + 0.444 (1 - exp(-t / 5547)) + 0.061 (1- exp(-t / 296)) 

The above formula can then be used for modeling compliance of an un-aged sample at 65 °C using 

the generalized Kelvin-Voigt model. The obtained compliance is also verified using the relation it has 

with modulus [80] as follows: 

  

න ݐሺܦሻݐሺܧ െ ߬ሻ݀߬ ൌ ݐ
௧

଴
 (5-54)

 

It was seen that the obtain parameters for compliance also satisfies Equation (5-54). 
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Similar procedure was taken to obtain the equivalent compliance for thermally aged samples at 65 

°C at different aging times, ta1 to ta7. The curves, which are depicted in Figure  5-15, were then shifted 

to the reference curve at ta7 to obtain the shift factors, ata, and the corresponding aging shift rate, ta: 

 

logሺܽ௧௔ሻ ൌ ௧௔ߤ logሺݐ௔ሻ ൅ 2.712 (5-55)

 

where ta is the aging time in minutes and ta is equal to -0.905. 
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Figure  5-15 Compliance of thermally aged samples at 65 °C. 

 

The application of the obtained curves in Figure  5-15 in modeling of aged PC/ABS material is later 

discussed in section  5.6.3.1. 

5.5.2 Moisture Diffusion 

The next phenomenon which is modeled is the physics of moisture diffusion inside a thin plate. 

The transient analysis of moisture diffusion inside a thin plate using finite element analysis software 

packages such as COMSOL Multiphysics® can sometimes lead to erroneous results. A case in point is 

obtaining negative values of concentration inside a modeled plate after the outset of mass uptake by 

the plate. Such results, which are physically unrealistic, occur when the coefficient of diffusion is 

very small. The coefficient of moisture diffusion to the polymer material used in this study, PC/ABS, 
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is in the order of 10-11 m2/s and therefore, the transient analysis of moisture diffusion could lead to 

physically incorrect results. 

This problem can be overcome (at least to some extent, if not completely) by applying certain 

numerical techniques. Although Madduri et al. [163] in their study on 3D thermal-diffusion analysis 

on a moisture loaded epoxy sample have applied a number of techniques to remove the effect of the 

unrealistic results for long-time analysis, the techniques turned out to be not effective. The techniques 

they have applied were mesh refinement, time stepping options, using different solver, and using 

different element types. In this study, however, the mesh refinement technique has been employed in 

1D and 2D analyses to diminish the error produced in the results. 

A 1D moisture diffusion model was built in COMSOL Multiphysics® using the PDE coefficient 

form. The initial concentration of the line (1D model) was considered to be zero and the concentration 

at the two ends of the line was set at a constant value of 0.0016 after the start of the analysis (t > 0). 

The coefficient of diffusion was also set equal to 6.5×10-11 m2/s. Since the negative values of 

concentration are produced in the vicinity of the edges of the plate, the mesh size was decreased 

towards the end points of the 1D model (Figure  5-16). 

 

Figure  5-16 Mesh size decreases towards the end points of the line. 

 

By considering 50 elements with element ratio of 0.04 for the line of 3 mm long, the negative value 

of concentration along the line decreases to 0.15% of the concentration at the boundary condition. 

The negative value of concentration, however, disappears after about 8 sec of the analysis. 
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To investigate the effect of these negative values on the long time response, the results of the model 

were compared against the analytical results (Equation (4-7)). Figure  5-17 shows the values of 

concentration at the midpoint of the 1D model obtained from both numerical and analytical solutions.  
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Figure  5-17 Comparison between concentration values at midpoint obtained from numerical and 

analytical analyses. 

 

As the figure shows, the two curves of analytical and numerical solutions overlay. Before the 

concentration at the midpoint reaches at 25% of the saturated value (corresponding to about 4 hours 

after the start of moisture uptake) there are some discrepancies between the numerical and analytical 

results. After that, however, the difference reduces to less than 1% and quickly approaches zero 

thereafter. 

Figure  5-18 also shows the values of concentration at a point near the edge of the line; i.e., at a 

distance of l/12 (l is the length of the line and is equal to 3 mm) from the end point. The error after 16 

minutes from the start of the diffusion is less than 1%, which reduces very rapidly to zero as the 

diffusion process progresses. 
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Figure  5-18 Comparison of numerical and analytical results at a point near the edge. 

 

In experiments dealing with diffusion, the mass uptake of the samples is usually calculated. 

Therefore, the mass uptake of the line obtained from numerical and analytical analyses is also 

compared. The analytical mass of the absorbed moisture is presented by Equation (4-8). A 

comparison of the mass uptake from both numerical and analytical analyses is depicted in Figure 

 5-19. The maximum error in the estimation of mass uptake is 0.13%. 
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Figure  5-19 Mass uptake obtained from numerical and analytical analyses. 
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In a similar way, a 1D analysis over the length of 25 mm was conducted. The results were 

improved by considering 100 elements with element ratio of 0.04. Results similar to those of the 1D 

analysis of the 3 mm line were extracted: the concentration at the midpoint and at a distance of 1/100th 

of the length from the end point (Figures 5-20 and 5-21, respectively) as well as the mass uptake of 

the line (Figure  5-22). Maximum error of the mass uptake results obtained from numerical analysis 

was about 0.3%. 
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Figure  5-20 Comparison of the moisture concentration at the midpoint of the 25 mm line obtained from 

the two analyses. 
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Figure  5-21 Moisture concentration at a point near the edge of the 25 mm line obtained from the two 

analyses. 
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Figure  5-22 Mass uptake of the 25 mm line. 

 

Next, a 2D analysis of a rectangular plate with dimensions 25×3 mm was conducted. Due to the 

part symmetry, only 1/4th of the plate was modeled. The 2D analysis was performed in three cases of 

boundary conditions: lateral gradient, longitudinal gradient, and both gradient. In lateral gradient 

case, the two longitudinal sides of the plate were at non-zero (here, at 0.0016) concentration and the 

two other sides had zero fluxes and therefore a lateral concentration gradient was produced in the 

plate. Similarly, in longitudinal gradient case, the non-zero concentration was considered for the 

lateral sides and a longitudinal gradient was created. For both lateral and longitudinal gradient cases 

the mass uptake obtained from the numerical analysis was within maximum error of 0.13% and 0.3%, 

respectively, compared to the analytical solution.  

In the case of both gradients, the mass uptake was obtained and the comparison between the two 

analytical and numerical analyses was made by calculating the coefficient of diffusion. The 

coefficient of diffusion is obtained from the initial slope of normalized weight gain curve versus 

square root of time (t 0.5) according to the following equation [129]: 

 

ܦ ൌ
ߨ
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And if t1 and M1 are taken to be zero and M2 is considered as half the equilibrium moisture (M∞), 

then D can be calculated from Equation 4-4. 

The calculated coefficient of diffusion from the numerical analysis results using Equation (5-56) 

and considering t1 and t2 equal to the two initial times of moisture uptake had an error of 2.1% 

compared to the analytical results. Therefore, the 2D model can also reasonably analyze the diffusion 

mechanism using PDE module of COMSOL Multiphysics®.  

5.5.3 Heat Conduction 

The last phenomenon considered for uncoupled physics modeling is the physics of heat conduction. 

In order to verify the capability of PDE module of COMSOL Multiphysics® in modeling the heat 

conduction in a typical PC/ABS bar, two numerical analyses are performed and the results are 

compared. The first analysis is the reference one developed using the built-in module of heat transfer 

in COMSOL Multiphysics® and the second one includes the PDE equation of uncoupled physics 

developed using the PDE module. For this purpose, a 2D analysis of a PC/ABS bar with dimensions 

25×3 mm is modeled. There are two parameters involved in modeling heat conduction in the PC/ABS 

bar: specific heat capacity, c, and heat conductivity, T. The value of c was experimentally 

determined in section  4.1.3 for the range of 24 °C to 80 °C. For the 2D analysis, the average value of 

c in the range of 24 °C to 80 °C; i.e., 1200 J/kg.K, is considered. For the value of T, the 

corresponding value for PC material, 0.19 W/m.K, available in literature is used. The PC/ABS bar was 

supposed to be initially at 135 °C then moved to an environment at 65 °C. Therefore, the initial 

temperature of the bar was set at 135 °C; and for the boundary conditions, the edges of the bar were 

exposed to a convectional heat flux with convective heat transfer coefficient, hc, of 9.2 W/m2.K and 

surrounding temperature of 65 °C. The calculation of the convective heat transfer coefficient can be 

found in  Appendix B. Because of the part symmetry, only a quarter of the bar was modeled. The 

temperature at the midpoint of the bar is compared between the numerical analyses performed by the 

heat transfer module and the PDE module in Figure  5-23. 
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Figure  5-23 Midpoint temperature of the PC/ABS bar in heat conduction analyses. 

 

As seen in Figure  5-23, the two curves corresponding to the analyses conducted by heat transfer 

and PDE modules overlay. This shows that the heat conduction physics can be correctly modeled 

using the PDE module. 

Next, an analysis was performed using the temperature-dependant specific heat capacity obtained 

in section  4.1.3 to investigate the difference between using constant and variable c in the heat 

conduction analysis. Figure  5-23 also illustrates the midpoint temperature of the PC/ABS bar 

determined using temperature dependant c. It is seen that the maximum difference between the 

constant and variable c curves is about 4.4 °C suggesting that using the temperature-dependant c does 

not make a significant difference in the midpoint temperature. Therefore, in the analyses of coupled 

physics that follow this section, the constant c equal to 1200 J/kg.K is applied. Also depicted in 

Figure  5-23 is the midpoint temperature of the PC/ABS bar performed using a 3D analysis. For the 

3D analysis, a PC/ABS bar with dimensions 64×25×3 mm was modeled. The comparison between the 

obtained curve from the 3D analysis and the corresponding curve obtained from the 2D analysis 

shows no noticeable difference (maximum difference of 1.4 °C) between the midpoint temperatures 

obtained from the two analyses. This verifies using a 2D analysis instead of a 3D analysis for heat 

conduction analyses in the coupled physics modeling. 
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5.6 Coupled Physics Modeling 

5.6.1 Coupled Linear Elasticity-Diffusion-Heat Conduction 

This section presents an example of 2D modeling of triple coupled physics of structural mechanics, 

mass diffusion, and heat conduction. For the structural mechanics it is assumed that the material has a 

linear elastic behaviour. The governing equations used for modeling are the set of coupled equations 

(5-31) to (5-33) developed by Rambert et al. [46]. These equations are modeled using the PDE 

module of COMSOL Multiphysics® and the results are compared with the corresponding results from 

the work of Rambert et al. [46], which have already been experimentally verified by other researchers 

in the field [50]. The comparison, therefore, enables us to validate the current modeling for the 

coupled linear elasticity-diffusion-heat conduction using the PDE module of COMSOL 

Multiphysics®. 

In order to model the three coupled physics in COMSOL Multiphysics®, a known example problem 

has been investigated. A 2D model was developed for a gas pipe, Figure  5-24, to facilitate a 

parametric analysis of the coupling conditions.  This is the example Rambert et al. [46] have 

considered for their parametric study on the triple coupled physics. Rambert et al. [46] employed 

finite element analysis of ABAQUS® for numerical implementation of the direct coupling in the 

governing equations and developed a user-defined element (UEL) for this purpose. The technique 

they have applied considers the coupling between the three physics involved in the problem; however, 

the software package they employed requires developing a new type of element for analysis using 

programming packages such as Intel® FORTRAN. 

The pipe geometry, which is identical to that used for uncoupled physics presented in  5.5.1, has an 

internal diameter of 5 mm and a thickness of 1 mm. Because of the symmetry of the pipe only a 

quarter of it has been modeled. In this analysis, the pipe is made of polyvinylidene fluoride (PVDF) 

with material characteristics presented in Table  5-1. 
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Table  5-1 Material characteristics of a PVDF sample and CO2 at 21 °C [47]. 

   c t T
e sg D d

e 

[kg/m3] [MPa] [MPa] [J/kg.K] [W/m.K] [1/K] [1/MPa] [m2/s] [-] 

1745 2000 631 1045 0.26 10-5 5.539×10-3 9.8×10-12 2.2×10-13

 

In Table  5-1, sg indicates the solubility coefficient of CO2 in PVDF-CO2 mixture and is used to 

normalize the gas concentration expressed in MPa. The pipe is used for transporting carbon dioxide 

(CO2) and therefore, is under internal pressure, temperature, and gas concentration variations. The 

boundary conditions and initial conditions as well as loading diagrams are shown in Figures 5-24 and 

5-25, respectively. 

 

Figure  5-24 Meshed pipe model with boundary conditions and initial conditions (adopted from reference 

[47]). 
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(a) 

 

(b) 

 

(c) 

Figure  5-25 Applied loading diagrams on the inside face of the pipe, (a) pressure, (b) gas Concentration, 

(c) temperature (adopted from reference [46]). 
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There are five coupling coefficients in the governing equations (5-31) to (5-33): T
e, d

e, K, CT, 

and CTY. The coupled equations were solved by introducing the five coefficients to the model 

successively. The effects of different values of the coupling coefficients on displacement, gas 

concentration, and temperature were investigated and the results were compared with the results 

reported by Rambert et al. [46]. 

The first coefficient being studied was K. When all coupling coefficients are zero except K, the 

only physical behaviour which is affected by this coefficient is heat transfer. Figure  5-26 shows the 

effect of K on radial nodal values of temperature (T) compared with the uncoupled case (T1) at 

different times. 

 

Figure  5-26 The effect of K on radial nodal temperature (T) compared with the uncoupled case (T1) for 

K =2×104 kg.s/m3. 

 

The next coupling coefficients studied were the elastic coefficients of thermal and hygroscopic 

expansion (T
e and d

e). These coefficients affect the stress analysis by introducing expansions due to 

temperature and concentration changes in the material. The effects of thermal and hygroscopic 

expansions on radial displacement of the pipe’s nodes for different values of K are depicted in Figure 

 5-27.  These values were obtained for a point at a distance of 0.25 mm from the internal face of the 

pipe’s wall. A comparison of these curves show a competition between the effect of internal gas 

pressure and the effects of thermal and diffusion expansion on radial displacement. 
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Figure  5-27 The effect of expansion coefficients on radial displacement for different values of K obtained 

at r = 5.25 mm. 

 

As seen in Figure  5-27, hygroscopic and thermal expansions affect the radial displacement, but the 

effect of hygroscopic expansion is greater than that of thermal expansion for this type of material and 

loading conditions. K has also an effect on radial displacement but the effect is not that significant. 

CT was the next coupling coefficient that was studied. Figures 5-28 and 5-29 show how this 

coefficient influences the radial nodal values of temperature and concentration at different times. 

However, this effect is not obviously great (less than 1% for temperature and 0.005 MPa for 

concentration) since the value of CT is small. For larger values of CT, the effect is more pronounced. 
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Figure  5-28 The effect of CT value (10-2 kg/(m.s.K)) on radial values of temperature. 

 

 

Figure  5-29 The effect of CT value (10-2 kg/(m.s.K)) on radial values of gas concentration. 

 

Finally, the effect of the coupling coefficient CTY was modeled. Figures 5-30 to 5-32 show the 

effect of this coefficient on temperature, concentration, and radial displacement, respectively. These 

are the results of the total coupled case, in which all the five coupling coefficients are nonzero. 
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Figure  5-30 The effect of different values of CTY on temperature at the radius of 5.25 mm. 

 

 

Figure  5-31 The effect of different values of CTY on concentration at the radius of 5.25 mm. 

 

 

Figure  5-32 The effect of different values of CTY on radial displacement at the radius of 5.25 mm. 
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As seen in figures above, CTY has a direct effect on the values of temperature and concentration; 

and changes the values of radial displacement through changing the values of temperature and 

concentration. 

There is a good agreement between the results of all the coupling coefficients modeled with 

COMSOL Multiphysics® and the results presented in the work of Rambert et al. [46]. The 

corresponding figures from work of Rambert et al. [46] as they relate to Figures 5-26 to 5-32 are 

provided in  Appendix C for the purpose of comparison. 

5.6.2 Coupling Coefficients — Second and Third Sets 

There are several coupling coefficients which link the three physics of structural mechanics, 

moisture diffusion, and heat conduction to one another. These coefficients, which are presented in the 

governing equations (5-31)-(5-33) and (5-36)-(5-38), can be categorized into three sets, as follows: 

i. T
e and d

e 

These coefficients deal with the interaction of temperature and moisture changes with the elastic 

part of the structural mechanics (indicated by the superscript e). These coefficients have been 

obtained experimentally and the results were presented in sections  4.3.1 and  4.3.2, respectively. 

ii. CT and CTY 

These two coupling coefficients link the transfer of mass with heat. The coefficient CT represents 

the effect of temperature (chemical potential) gradient effect on the mass (entropy) flux, and CTY 

corresponds to the effect of temperature (concentration) variation on the chemical potential (entropy). 

These coefficients are obtained based on a comparison between experimental results and numerical 

analyses.  

iii. T
ani, d

ani, CST, and CS 

These coefficients deal with the interaction of temperature and moisture changes with the 

viscoelastic part of the structural mechanics. T
ani and d

ani are approximated using the corresponding 

elastic coefficients; i.e., T
e and d

e. The coefficients CST and CS are obtained using a similar method 

to that employed for obtaining the coefficients CT and CTY. 
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5.6.2.1 Coupled Moisture Diffusion and Heat Conduction — 2nd Set 

The induction of mass flux by temperature gradient in a material system is referred to in 

thermophysics as the Soret effect (or Ludwig-Soret effect). This effect is represented in this work by 

the coupling coefficient, CT. The Soret effect has been first formulated in detail by Charles Soret in 

1978 [145] and many experimental methods were developed since then to obtain the Soret coefficient 

for different material systems. Platten [146] has reviewed some of these techniques in two categories 

of Convectionless Systems and Convective Coupling. These methods, which are used for measuring 

the Soret coefficient in solutions and liquid systems, include the standard Soret cell, the beam 

deflection technique, the thermal diffusion forced Rayleigh scattering technique, the Rayleigh-Benard 

configuration, and the thermogravitational process.  

There are also studies in literature related to the thermodiffusion and the Soret effect in solid 

systems. For instance, Janek et al. [164] studied the transport of ionic charges induced by temperature 

gradient in ionic solids and conductors. The Soret effect has also been studied in porous systems by 

some authors. A recent example is the work of Davarzani et al. [165], in which a new technique is 

developed to measure the Soret effect in a porous medium using a two bulb apparatus. To the best of 

the author’s knowledge, there is no work in literature on the experimental method of finding the Soret 

effect in water-polycarbonate systems.  

Therefore, due to the practical difficulties in obtaining the coupling coefficients; namely, CT and 

CTY, to describe the process of moisture diffusion into the PC/ABS material, the coefficients were 

estimated by comparing between experimental results and the numerical analyses. As these two 

coefficients deal with the interaction of temperature and mass flux, the numerical analysis also 

involves modeling moisture diffusion coupled with heat conduction in a PC/ABS bar.  

The premise of this estimation technique is that the moisture uptake of the bar obtained from a 2D 

analysis can be compared with the moisture uptake of samples used in moisture uptake experiments 

(section  4.1.4). Since the sample moisture uptake is physically affected by the values of the coupling 

coefficients, CT and CTY, the values of these coefficients can be set in such a way that the numerical 

moisture uptake gets as close as possible to the experimental moisture uptake. This can be 

accomplished using an optimization algorithm. 

This method of using an optimization method has been applied by other researchers. For instance, 

Benjelloun-Dabaghi and Benali [166] used an optimization method together with a parameter 
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sensitivity study to find the coefficient of diffusion and the maximum gas concentration in the 

permeation tests of CO2-polyethylene (PE) system. A similar approach has been followed in another 

study by Scheichl et al. [167]. They used a nonlinear least-squares optimization method to find the 

characteristic gas transport parameters in different polymer-gas systems. 

The optimization method used in this study employs a nonlinear least-squares curve fitting solver 

(lsqcurvefit) in MATLAB® (MATLAB® R2010b). The objective is to find the best values of the 

coupling coefficients, CT and CTY, for curve fitting the moisture uptake versus time curve determined 

experimentally. In mathematical language, if we assume that the vector x contains the variables that 

provide the best curve fitting, the optimization function lsqcurvefit finds the vector x that solves the 

following problem [168]:  

min
௫

෍ሺܨሺݔ, ௜ሻܽݐܽ݀ݔ െ ௜ሻଶܽݐܽ݀ݕ

௜

 (5-57)

 

where xdata and ydata are the input variables and observed output variables, respectively, and F is a 

function which returns the objective function (moisture uptake in this study) evaluated at x. xdata and 

ydata are experimental time points and the corresponding sample moisture uptake results obtained 

from mass uptake experiments. The algorithm used for the lsqcurvefit solver was the trust region 

reflective algorithm, which is suitable for problem containing constraints on the vector x. 

The objective function in the optimization method used in this work is provided by a 2D analysis 

conducted in COMSOL Multiphysics®, from which moisture uptake can be obtained. Therefore, 

COMSOL Multiphysics® and MATLAB® were linked to perform the optimization method. 

Since the 2D analysis only involves the coupled models of moisture diffusion and heat conduction, 

the PDE equations (5-32) and (5-33) are used without the terms related to structural mechanics effect, 

as follows: 

Mass Diffusion 

ߩ ሶܻௗ ൌ ߘሺݒ݅ܦ ܦߩ ௗܻሻ ൅ ൫்ܥఓ െ ሻ (5-58)ܶߘሺݒ݅ܦ௒൯்ܥఓܭ
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Heat Transfer 
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ଶܦଶߩ

ఓܭ
ሺߘ ௗܻሻଶ ൅ ܴ  

(5-59)

 

According to Equations (5-58) and (5-59), the coupling coefficients CT and CTY together with the 

coefficient K form multiplicative factors for different terms of the PDEs. Therefore, these factors, 

which are functions of CT, CTY, and K, are defined as three new coefficients, coeff1, coeff2 and 

coeff3, from which the coupling coefficients CT and CTY as well as the coefficient K can be derived. 

The new coefficients, coeff1 to coeff3, are defined as follows: 

    

1݂݂݁݋ܿ ൌ ఓ்ܥ െ ௒ (5-60)்ܥఓܭ

2݂݂݁݋ܿ ൌ ௒்ܥఓܭ௒൫்ܥ െ ఓ൯ (5-61)்ܭ2

3݂݂݁݋ܿ  ൌ
ఘమ஽మ

௄ഋ
 (5-62)

 

The PDE expressions (5-58) and (5-59) will then get the following form: 

Mass Diffusion 

ߩ ሶܻௗ ൌ ߘሺݒ݅ܦ ܦߩ ௗܻሻ ൅ ሺܿ1݂݂݁݋ሻݒ݅ܦሺܶߘሻ (5-63)

Heat Transfer 
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Therefore, the 2D analysis conducted in COMSOL Multiphysics® returns the mass uptake 

(objective function) as a function of the three coefficients, coeff1 to coeff3, from which the 

coefficients CT, CTY, and K can be calculated. The PC/ABS bar used for the 2D analysis has 

dimensions of 25×3 mm and due to the part symmetry, only 1/4th of the bar was modeled. The 

numerical model was run using experimental conditions in order to compare moisture uptake of the 

bar with experimental results. As described in section  3.3.1.4, the mass uptake experiments were 

performed by storing the samples at four hygrothermal conditions after thermal history erasure at 135 

°C. Therefore, the initial values of moisture concentration and temperature were set at 0 and 135 °C, 

respectively, and the boundary conditions are the equilibrium moisture uptake and the aging 

temperature, which are applied at the two exterior surfaces of the bar (shown in Figure  5-33). In order 

to consider the symmetry, the moisture and heat flux at the other two surfaces are set equal to zero. 

The numerical analysis was performed for 3 hours, which is longer than the time it takes for the 

temperature to equilibrate. Before the temperature equilibrates, the effects of the terms in PDE 

equation containing the coupling coefficients are more pronounced and once the temperature 

equilibrates, these terms become negligible.  

 

 

 Figure  5-33 A quarter of the bar modeled for the coupled analysis of moisture diffusion and heat 

conduction. 

 

The optimization method has been applied for the four hygrothermal conditions and the results of 

the coefficients, CT, CTY, and K are tabulated in Table  5-2. In this table, the coefficient of 

determination, R2, is also presented for each condition. 
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Table  5-2 The values of the coefficients obtained from MATLAB® optimization method. 

Condition 
CT CTY K 

R2 
[kg/(m.s.K)] [J/(kg.K)] [kg.s/m3] 

50°C/50%RH 2.88×10-12 3.95 7.23×10-13 0.70 

65°C/50%RH 2.79×10-9 710.0 3.83×10-12 0.92 

50°C/93%RH 2.08×10-9 79.7 2.61×10-11 0.85 

65°C/93%RH 1.83×10-9 14.0 1.31×10-10 0.79 

 

The obtained coefficients at each condition are then employed to obtain the moisture uptake at the 

other three conditions to determine how the moisture uptake behaviour is affected by the coefficients 

and which sets of coefficients can provide the best result for all the 4 conditions. It was found out that 

the coefficients obtained for condition of 50°C/93%RH can best represent the experimental data for 

all the conditions. 

Moreover, another experiment was performed in which a higher temperature gradient was imposed 

at the beginning of the moisture uptake so that the coupling coefficients become more influential in 

affecting the moisture uptake. The PC/ABS bars were conditioned inside an environmental chamber 

after thermal history erasure at 135 °C. The condition of the sample at the beginning of the moisture 

uptake stage was 50°C/50% RH but the temperature was ramped to 65 °C in 30 minutes and then was 

held constant. Therefore, the gradient of temperature was expected to be more than the case where the 

hygrothermal conditioning involved constant temperature levels. A numerical analysis modeling the 

coupled moisture diffusion and heat conduction was performed for the new hygrothermal condition 

with the coupling coefficients obtained for the condition of 50°C/93% RH. It was found that the 

numerical moisture uptake curve fits to the experimental results with a coefficient of determination of 

0.94. This is while the coefficient of determination of the curve fit for a case with zero coupling 

coefficients is 0.93. The maximum difference between the numerical and experimental results also 

decreased from 7.3% to 6.7% when the coupling coefficients were changed from zero to those 

obtained for the condition of 50°C/93% RH.  
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5.6.2.2 Coupling with Structural Mechanics — 3rd Set 

5.6.2.2.1 T
ani and d

ani 

The anelastic coefficients of thermal expansion, T
ani, and the anelastic coefficients of hygroscopic 

expansion, d
ani, are related to the interaction of temperature and moisture changes with the 

viscoelastic part of the structural mechanics. These coefficients are approximated using the 

corresponding elastic coefficients; i.e., T
e and d

e.  

To obtain an approximate value for the anelastic coefficients, a typical example is considered. A 

bar is assumed to be constrained at the two ends and a temperature change is applied to the material 

resulting in a thermal stress state. If the bar is assumed to be made of PC/ABS following the 

rheological model of generalized Kelvin-Voigt, the thermal stress will be: 

  

ߪ ൌ ௘ߪ ൌ ௔௡೔ߪ ൅ ୴ (5-65)ߪ

െ3ܭ௘்ߙ
௘ ∆ܶ ൌ െ3ܭ௔௡೔்ߙ

௔௡೔∆ܶ ൅ ୴ (5-66)ߪ

 

v can be neglected and therefore: 

்ߙ
௔௡೔ ൌ

௔௡೔ܭ

௘ܭ ்ߙ
௘  (5-67)

 

If we consider the properties of an un-aged sample of PC/ABS at 65 °C, we will have: 

 

்ߙ
௔௡భ ൌ 0.96 ்ߙ

௘ , ்ߙ
௔௡మ ൌ 0.13 ்ߙ

௘  (5-68)

 

Similarly, we can obtain the following relation between elastic and anelastic coefficients of 

hygroscopic expansion: 

 



 

 136 

ௗߙ
௔௡భ ൌ ௗߙ 0.96

௘ , ௗߙ
௔௡మ ൌ 0.13 ௗߙ

௘  (5-69)

 

where T
e and d

e are equal to the experimental values obtained in sections  4.3.1 and  4.3.2. 

5.6.2.2.2 CST and CS 

The third set of coupling coefficients also include the coefficients CST and CS, which are related to 

the interaction of structural mechanics with heat conduction and moisture diffusion, respectively. 

These coefficients are obtained using an optimization method similar to the one applied to obtain the 

second set of coupling coefficients. The experiments whose results are compared against numerical 

analyses include applying mechanical load on a PC/ABS sample while it is being exposed to humid 

environments. The mechanical loading system is applied in creep mode by exerting a constant force 

on a PC/ABS bar in a 3-point bending mode. As the test is conducted in a humid environment, 

moisture diffusion occurs simultaneously with mechanical loading, and therefore a 3D analysis can 

appropriately model the experimental setup. However, due to the high number of elements required to 

do a correct 3D analysis and because of significantly large degrees of freedom, an unreasonably long 

run-time is required to obtain the coupling coefficients using an optimization method. This problem 

can be overcome by doing a 2D analysis provided that the 2D model can substitute the 3D analysis 

without producing noticeable errors. 

5.6.2.2.2.1 2D vs. 3D analysis 

In order to validate the 2D analysis, a comparison is first made between the mass uptake of a 

PC/ABS bar obtained from 2D and 3D analyses of moisture diffusion. Figure  5-34 shows the mass 

uptake of a PC/ABS bar under the condition of 65C/50% RH within the first 10 hours of diffusion 

obtained from both 2D and 3D analyses. 
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Figure  5-34 Moisture uptake of a PC/ABS bar obtained from 2D and 3D diffusion analyses. 

 

The comparison of the moisture uptake curves in Figure  5-34 reveal a maximum error of about 9% 

when a 3D moisture diffusion analysis is replaced by the corresponding 2D analysis.  

Next, the three-point bending mode of a rectangular bar is analyzed using plane strain mode of the 

structural mechanics module in COMSOL Multiphysics® to verify the applicability of a 2D analysis 

for modeling structural mechanics of a bending beam. In a three-point bending mode, the loads, 

boundary conditions, and geometry are symmetric and therefore, only half of the beam is modeled. A 

rectangular beam with dimensions 32×3 mm and Young’s modulus and Poisson’s ratio of 2.2 GPa 

and 0.37, respectively, is modeled in the plane strain mode with the thickness of 13 mm (equal to the 

width of a PC/ABS bar used in creep experiments). The beam is under a three-point bending mode 

and therefore, the lower surface was fixed vertically at a point located at a distance of 25 mm from the 

midpoint of the beam (which is the left edge of the half beam). This boundary condition represents 

one of the rollers of the three-point bending clamp. The concentrated force in the middle of the beam 

was simulated with a force (equal to 5 N) per area on the left edge of the half beam (shown in Figure 

 5-35) because this is the way the boundary condition can be applied in PDE mode of COMSOL 

Multiphysics®. The meshed beam and the schematic of loading and boundary conditions are 

illustrated in Figure  5-35. 
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Figure  5-35 The meshed beam and the applied loading and boundary conditions.  

 

The deflection and the x-component of stress obtained along the beam length from the static 

analysis are shown in Figures 5-36 and 5-37, respectively.  

 

Figure  5-36 The contour of vertical deflection [m] of the beam. 
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Figure  5-37 The contour of the x-component of stress [MPa] along the beam. 

 

The numerical results are compared with the theoretical values of deflection, v, and the x-

component of stress, x, obtained using the following equations, in Figures 5-38 and 5-39, 

respectively: 
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Figure  5-38 The vertical deflection of the beam along its length obtained from the model and equation. 
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Figure  5-39 The x component of stress along the beam obtained from the model and equation. 

 

As seen in Figure  5-39, the stress obtained from the 2D analysis exactly matches with the 

theoretical stress except in the vicinity of the points where the load (x = 0) and the boundary condition 

(x = 25 mm) were applied. The high stresses in these regions indicate the stress concentration caused 

by constrained loading nodes. Figure  5-38 also shows a similar trend between the deflection obtained 

from the 2D analysis and the theoretical value and the difference between the two values reaches at a 

maximum value of 13%. This difference can be attributed to the fact that the thickness of 13 mm used 

for plane strain mode is not large enough as compared to the beam dimensions.  
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Considering the two analyses mentioned above, a 2D analysis was used to find the coupling 

coefficients between the structural mechanics with the physics of heat conduction and moisture 

diffusion; i.e., CST and CS.  

5.6.2.2.2.2 Experiments 

To determine the coupling coefficients, CST and CS, the numerical analysis results are compared 

with the corresponding results from experimental tests. The tests are performed on a PC/ABS bar 

with nominal dimensions 64×13×3 mm. The sample is first stored in a desiccator for 48 hours, and 

then placed inside an oven at 135 °C for 10 minutes to remove the thermal history of the material. 

Next, the PC/ABS bar is loaded in a three-point bending mode inside an environmental chamber at 65 

°C/50% RH. A load of 8.48 N is applied at the mid-point of the sample by two brass pieces suspended 

at the two ends of a thin rod. The constant load simulates the creep loading condition. The three-point 

loading of the sample is illustrated in Figure  5-40.  

 

 

Figure  5-40 The three-point bending clamp. 

 

The sample is loaded for the duration of creep loading (t1, t2, and t3) and then the maximum 

deflection of the sample is measured after it is removed from the creep clamp. The measurement is 

performed using a stereo microscope which is supplied with an attachment that measures the 

microscope stage travel in both x and y directions with an accuracy of 0.001 mm. This measurement 

technique will be referred from here on as the microscopic measurement technique. Figure  5-41 

shows a deformed PC/ABS bar following a creep test of 10 hours. In this figure, two kinds of 
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deflection are depicted: v1 related to the deflection of the midpoint of the bar with respect to the 

undeformed state, and v2 corresponding to the deflection of the end point of the bar.  

 

Figure  5-41 Deflections of a PC/ABS bar due to three-point bending creep. 

 

The deflection of the bar is measured by attaching the deformed sample to a reference straight plate 

and therefore the measured deflection reflects the summation of v1 and v2. Since the measurement is 

performed after the sample is removed from the clamp, the measured deflection does not include the 

elastic part.  

In order to verify the accuracy of the microscopic measurement technique, similar tests are 

conducted inside an oven at 65 °C and the measured deflection values are corrected with the results of 

similar tests performed using a DMA. The deflection measured by DMA is the deflection in the 

middle of the plate, v1. A numerical analysis is also performed to obtain v2. The tests in the oven 

were performed for three creep loading durations of 2, 5, and 10 hours. A new sample was used for 

each creep loading duration and 2 replicates were tested for each time measurement. The DMA tests 

were done for two replicates tested for 10 hours of aging. Figure  5-42 compares the deflection values 

measured using the microscopic measurement technique with those obtained from tests conducted in 

the DMA. 
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Figure  5-42 Comparison of the deflection between microscopic measurement and DMA techniques. 
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The measured deflection values using the microscopic measurement technique are corrected with 

the corresponding values obtained from DMA tests. The calculated correction factors are then applied 

to the measured values, as described in the following section.  

The tests conducted on PC/ABS bars inside a DMA also provide the compliance of the sample 

under creep loading at 65 °C. The obtained compliance will be used in the numerical analysis of the 

following section. 

5.6.2.2.2.3 Numerical Analysis and Comparison with Experiments 

The coupling coefficients attributed to the interaction between the viscous component of structural 

mechanics and heat conduction and moisture diffusion are CST and CS, respectively. These 

coefficients were estimated by applying a MATLAB® optimization algorithm for curve fitting the 

experimental results. As the experiment is performed under an hygrothermal condition of 65 °C/50% 

RH, the parameters related to that condition are used for  the numerical parameters; i.e., D = 6.51 e-11 

m2/s and m∞ = 0.13%. The compliance of the material was obtained by applying the time-moisture 

superposition principle on the compliance curve obtained for samples that were tested in a dry 

condition at 65 °C inside the DMA furnace (Figure  5-42).  

Since there are two elements of Kelvin-Voigt model in the viscoelastic behaviour considered for 

the 2D analysis, CST and CS have each two values associated with each element: CST1 and CS1 related 

to element 1 and CST2 and CS2 linked to element 2. It was assumed that CST2 and CS  are fractions of 

CST1 and CS1; i.e., CST2 = m CST1 and CS  = n CS1 where 0 ≤ m ≤ 1 and 0 ≤ n ≤1. Therefore, the 

optimization method finds four variables: CST1, CS1, m, and n, as tabulated in Table  5-3. 

 

Table  5-3 The values of the coupling coefficients obtained from MATLAB® optimization method. 

CST1 CS1 
m n 

[m/(K.s)] [s/m] 

3.60×10-14 4.11×10-14 0.5 5.0×10-5
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The deflection values obtained from the analysis are compared with the experimental values in 

Figure  5-43. The experimental values are corrected using the correction factors obtained in section 

 5.6.2.2.2.2. 
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Figure  5-43 The deflection of PC/ABS obtained from a coupled MDT 2D analysis and creep experiments. 

 

There is a maximum error of 22% between the numerical and experimental results. This error can 

be attributed to the error existing in the 2D analysis of bending of the bar compared to a 3D analysis 

(discussed previously). This is explored later in the model verification section (section  5.6.4.3). 

Also, the moisture uptake of the samples after each creep loading was measured and the results are 

compared with the numerical results in Figure  5-44. 
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Figure  5-44 The moisture uptake of PC/ABS samples following creep loading. 
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The difference between the numerical and experimental mass uptake reaches at a maximum value 

of 19%, which may be mostly related to the error in 2D diffusion analysis. 

5.6.3 The Effects of Physical Aging 

As explained in section  1.2, there are four physical mechanisms involved in the modeling of 

coupled moisture diffusion and physical aging in plastic plates: structural mechanics, moisture 

diffusion, heat conduction, and physical aging. It is assumed that physical aging affects two 

mechanisms: structural mechanics and moisture diffusion. 

5.6.3.1 The Effects on Structural Mechanics 

It was described earlier that the structural relaxation in the material caused by the physical aging 

phenomenon influences the material’s stiffness. It was observed in the stress relaxation experiments 

in Chapter 4 that the longer the PC/ABS blend is aged, the structural relaxation effects on the 

material’s modulus become more pronounced. It was seen that the effect of physical aging is 

manifested as the shifting of modulus curves along the time axes to longer times (Figure  4-15 in 

Chapter 4). In those experiments, the samples were sequentially aged and then loaded under stress 

relaxation modes to measure the modulus of the material. The obtained experimental modulus was 

curve fitted using KWW model and Prony series. The obtained Prony series together with the shift 

factors can be used for modeling PC/ABS plates assuming that it follows the rheological model of 

generalized Maxwell model.  

It was also shown previously in this chapter (section  5.5.1.2.1) that the compliance of the PC/ABS 

blend corresponding to the experimentally measured modulus can be obtained using a numerical 

analysis. The obtained Prony series for compliance as well as the shift factors can also be employed 

for modeling PC/ABS plates assuming that it follows the generalized Kelvin-Voigt model. 

It should be pointed out that the volumetric change due to physical aging was not directly 

considered in the governing equations (Equations (5-31) to (5-33) and (5-36) to (5-38)). Although the 

effects of physical aging on material’s volume at long aging times is known (experimental results of 

volume relaxation in section  4.1.2), incorporating its effect will add further to the complexity of the 

equations. 
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5.6.3.2 The Effects on Moisture Diffusion 

In the mass uptake experiments discussed in section  4.1.4, it was seen that the structural relaxation 

during physical aging influences the moisture diffusion of PC/ABS samples that were hygrothermally 

aged in the four hygrothermal conditions. The effect was pronounced as an anomalous overshoot in 

the moisture uptake curves. This anomalous behaviour can be modeled by considering a time varying 

boundary condition. The concept of using time varying boundary condition was proposed by Long 

and Richman [169] and was later extended to Prony series forms by Cai and Weitsman [170]. In the 

model of Cai and Weitsman [170], the boundary condition was raised exponentially with time until it 

reached a plateau. A similar concept of using a time varying boundary condition was applied in this 

study to model the anomalous overshoot behaviour with the difference that a decaying function was 

used for boundary condition as follows: 

   

ሻݐሺܥ ൌ ஶܥ ൅
ܣ

1 ൅ exp ቀ
ݐ െ ௢ݐ

ܤ ቁ
 (5-74)

 

where C∞ represents the equilibrium concentration; and A, B, and to designate the fitting parameters 

used to fit C(t) to the experimental data. 

A 2D analysis of moisture diffusion was performed on a PC/ABS bar having dimensions 25×3 mm 

to model the moisture uptake of the sample. The boundary condition was modeled in the form of 

Equation (5-74). The four parameters of Equation (5-74) should be determined in such a way that the 

numerical moisture uptake gets as close as possible to the corresponding experimental value. To 

achieve this, MATLAB® optimization method was employed with the four parameters of Equation 

(5-74); i.e., C∞, A, B, and to, as the variables. The coefficient of diffusion, D, was also considered as a 

fifth variable so that the best curve fit is acquired. The target function was set to be the 2D analysis 

performed in COMSOL Multiphysics®. The purpose was to obtain the five variables that can best fit 

the numerical moisture uptake to the experimental values obtained in the mass uptake experiments 

performed at the hygrothermal conditions (section  4.1.4). Among the four hygrothermal conditions 

considered for experiments of section  4.1.4, two conditions had the highest degree of overshoot 

(Table  5-4): 65 °C/50% RH and 50 °C/93% RH. Therefore, the modeling was conducted for these 
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two conditions and the five variables together with the corresponding coefficient of determination, R2, 

were calculated, as tabulated in Table  5-4. 

 

Table  5-4 The variables of time varying boundary condition for modeling overshoot behaviour. 

Condition C∞ A B [s] to [s] D [m2/s] R2 

65 °C/50% RH 7.05×10-4 2.93×10-4 2.47×105 1.63×106 1.09×10-11 0.98

50 °C/93% RH 3.98×10-3 4.54×10-4 7.94×104 1.07×106 5.61×10-12 0.99

 

The five variables presented in Table  5-4 were used to model the overshoot behaviour in the mass 

uptake curves for PC/ABS samples under two conditions of 65 °C/50% RH and 50 °C/93% RH in 

Figures 5-45 (a) and 5-45 (b), respectively. 
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Figure  5-45 Moisture uptake curves obtained from overshoot numerical models for conditions of (a) 

65°C/50%RH and (b) 50°C/93%RH. 

 

The overshoot curve illustrated in Figure  5-45 show how the curve is differentiated from the 

Fickian curve (also depicted in the figure). As discussed earlier in section  4.1.4.4, the difference is 

attributed to the effect of structural relaxation on the moisture uptake of the PC/ABS samples as 

desorption of some of the moisture which has already diffused into the material system. 

5.6.4 Model Verification Using Thin Housing Component 

In previous sections (sections  5.5 and  5.6), different models were developed for both uncoupled 

and coupled physics. Material characterization experiments were performed (Chapters 3 and 4) and 

the coupling coefficients were obtained by comparing the results of numerical analyses with 

experimental results. The developed model for coupled physics is now employed to model the 

behaviour of PC/ABS blend of an actual part used in service. The backside case of a cell phone 

housing, which is made of 75/25% PC/ABS polymer blend, is considered for model verification 

(Figure  5-46).  
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Figure  5-46 Different views of the backside case of a cell phone housing. 

 

It is seen in Figure  5-46 that the case is thinner than the PC/ABS bars used in experiments 

discussed in Chapters 3 and 4.  

In this section, the major parameter of interest is the deflection of the part, which is a key 

engineering physical parameter used in the design of components. The following sections describe the 

experimental work on these plastic cases as well as the corresponding modeling work which follows 

by a comparison between the experimental results and numerical analyses. 

5.6.4.1 Experiments 

The first set of experiments includes applying a mechanical load on the samples of the cell phone 

housing as the part is subjected to moisture diffusion and heat conduction. The specimens of the cell 

phone housing are stored inside a desiccator for 48 hours and then are exposed to creep loading 

conditions in a three-point bending mode. The tests are performed inside an environmental chamber 

at the hygrothermal condition of 65 °C/50% RH. A constant load of 8.48 N was applied on the 

samples for 2, 5, and 10 hours, respectively. Two replicates were used for each time measurement. A 

typical sample mounted in the creep clamp is depicted in Figure  5-47. 
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Figure  5-47 A typical sample of cell phone housing under the three-point bending mode. 

 

Following each creep test, the maximum deflection of the case was determined by attaching the 

deformed sample to a flat reference plate and the distance between the deformed sample and the 

reference plate was measured using a stereo microscope. 

In order to obtain the compliance of the material, the coefficient of diffusion, and the equilibrium 

moisture uptake; two different material characterization tests were performed. Since the average 

thickness of the cell phone housing is about 1.4 mm, PC/ABS bars of similar thickness were used for 

material characterization tests. First, the compliance of the specimens was determined for 

simultaneous physical aging and creep loading at 65 °C for 2 hours inside a DMA. These tests were 

similar to those described in section  5.6.2.2.2.2 with two differences: the thickness of the samples was 

1.6 mm and the applied load was 2.19 N. Similar tests were also performed inside an environmental 

chamber at 65 °C/50% RH. The deflection of the samples following creep loading was then measured 

using a stereo microscope. 

Next, PC/ABS bars with nominal dimensions 76.2×25.4×1.6 mm were exposed to the hygrothermal 

condition of 65 °C/50% RH to determine the equilibrium moisture uptake and the coefficient of 

diffusion of moisture into these thin samples using the mass uptake behaviour. The obtained 

parameters as well as the other parameters used for modeling are presented in the following section. 

5.6.4.2 Modeling 

The creep tests conducted on thin PC/ABS bars using the DMA resulted in the compliance of the 

PC/ABS bars in creep loading. The obtained experimental data is fitted to a Prony series in the form 
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of Equation (5-52). The compliance curve is then shifted using the hygrothermal shift factor 

determined in section  4.2.2.2 to obtain a new Prony series. The coefficients of the Prony series related 

to the shifted compliance; i.e., De, D1, and D2 are listed in Table  5-5. 

 The coefficient of diffusion, D, as well as the equilibrium moisture uptake, m∞, was obtained from 

the moisture uptake experiments of the thin PC/ABS bars. D and m∞ together with the other 

parameters that were used in the modeling are also tabulated in Table  5-5. 

 

Table  5-5 The model parameters of PC/ABS blend used for model verification. 

Parameter Value Parameter Value 

Structural Mechanics 

De [1/GPa] 0.443 1 [s] 5690 

D1 [1/GPa] 0.484 2 [s] 341 

D2 [1/GPa] 0.041   

Moisture Diffusion 

 [kg/m3] 1171 m∞ [%] 0.12 

D [m2/s] 1.55×10-11   

Heat Conduction 

c [J/(kg.K)] 1200 T [W/(m.K)] 0.19 

Coupling Coefficients 

T
e [1/K] 0.14×10-6 CT [kg/(m.s.K] 2.08×10-9 

T
an1 [1/K] 0.13×10-6 CTY [J/(kg.K)] 79.7 

T
an2 [1/K] 0.02×10-6 CST1 [m/(K.s)] 3.60×10-14 

d
e 4.92×10-4 CST2 [m/(K.s)] 1.80×10-14 

d
an1 4.72×10-4 CS1 [s/m] 4.11×10-14 

d
an2 0.64×10-4 CS2 [s/m] 2.06×10-18 

K [kg.s/m3] 2.61×10-11   
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The parameters listed in Table  5-5 are used in a 3D analysis of the thin PC/ABS bars (thickness of 

1.6 mm). The obtained numerical results are compared with experimental creep results in the next 

section. The comparison will demonstrate how a 3D analysis can improve the results compared to a 

2D analysis. A similar 3D analysis was also performed on the cell phone housing case. Figure  5-48 

shows the meshed model of the case with the boundary conditions. The case is meshed using 

tetrahedral elements. Because of the part symmetry, only half of the case was modeled. 

 

Figure  5-48 The 3D model of the cell phone housing case. 

 

5.6.4.3 Results and Discussion 

A 3D analysis was performed on a thin PC/ABS bar and the results were compared with the 

corresponding creep results. Figure  5-49 illustrates maximum value of viscoelastic deflection 

obtained from the numerical analysis. The deflection measured using the stereo microscope is also 

depicted in Figure  5-49. 
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Figure  5-49 Maximum deflection of the thin bar obtained from 3D numerical analysis and creep 

experiments. 

 

There is a good agreement between the experimental and numerical value of deflection depicted in 

Figure  5-49. This shows that the developed model works better for the 3D analysis of a thin PC/ABS 

bar as compared to the 2D analysis performed in section  5.6.2.2.2.3 (Figure  5-43). 

The viscoelastic deflection of the case obtained from the numerical analysis following creep 

loading at 65 °C/50% RH is shown as function of loading time in Figure  5-50. The deflection shown 

in the figure is the summation of the deflection of the point where the load is applied and the end 

points of the case with respect to the undeformed state. For comparison, Figure  5-50 also includes the 

numerical analysis result for a case where the physics are modeled as uncoupled by setting all the 

coupling coefficients equal to zero. The experimental values of deflection are also plotted in Figure 

 5-50. 
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Figure  5-50 Maximum deflection of the housing case after creep loading at 65 °C/50% RH. 

 

As seen in Figure  5-50, the consideration of coupling coefficients in the analysis improved the 

predictions by increasing the coefficient of determination (R2) from 0.61 for the uncoupled case to 

0.78 for the coupled case. It would be a larger challenge to determine the effect of each coupling 

coefficient on the deflection. This would require a thorough parametric analysis by accounting for the 

physical meaning of each coupling coefficient. The analysis is beyond the scope of this work. The 

discrepancies that exist between the numerical and experimental results in Figure  5-50 can also be 

reduced by the refinements suggested for future work in the following chapter. Nevertheless, the 

present model has demonstrated its capability in predicting deflection due to moisture diffusion and 

physical aging effects. 

5.7 Concluding Remarks  

In this chapter, the numerical modeling of the coupled physics was presented. The physics of 

structural mechanics, moisture diffusion, and heat conduction were separately modeled using PDEs 

and then the coupled physics were modeled. The effect of physical aging on the two mechanisms of 

structural mechanics and moisture diffusion were incorporated. The coupling coefficients between 

different physics were estimated by curve fitting the experimental data. Eventually, the comparison 

between the numerical and experimental results of three-point bending creep of both thin PC/ABS 

bars as well as cell-phone housing cases verified the model developed in this study. 
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Chapter 6 

Conclusions 

This chapter summarizes the results of the experiments conducted for material characterization, the 

model development procedure, and the model verification. It also presents some suggestions for 

future work. 

6.1 Summary and Conclusions 

The present study has focused on hygrothermal aging of glassy polymers with specific interest in 

moisture diffusion and physical aging phenomena. These two mechanisms have been known to cause 

changes in the thermophysical and mechanical properties of the material. These two processes, 

however, have opposite effects on the material structure and thus, on mechanical response. The 

coupling between the effects of moisture diffusion and physical aging complicates the prediction of 

the material’s behaviour and this becomes more challenging when other external factors in 

engineering service are considered: structural loading and heat conduction. 

In this work, the thermophysical and mechanical properties of a PC/ABS polymer blend subjected 

to coupled processes of moisture diffusion and physical aging was investigated. To achieve this, 

several experiments were performed on the material and the effects of the hygrothermal aging on the 

material’s behaviour were explored. The experiments can be categorized into two main parts: 

thermophysical properties and mechanical properties. The results of these experiments can be 

summarized as follows: 

1. The dual Tg’s of the PC/ABS blend were assigned using two thermal analysis techniques; 

i.e., TMA and DMA. In the TMA, the tests were performed at several heating rates under 

two modes of expansion and dilatometry. It was found that the lower heating rates (< 5 

°C/min) can better capture both of the Tg’s and therefore, the heating rate of 0.5 °C/min 

was selected for the physical aging tests. The Tg’s of the blend were also determined using 

the three-point bending mode of the DMA. The obtained Tg’s can be compared with those 

determined from the TMA as well as the DSC, which is available in the literature. It was 

concluded that the Tg’s determined by the TMA are greater than those obtained from the 

other two methods. The obtained Tg’s are used for selection of the aging temperature for 
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physical aging experiments because it is required in this study that the physical aging 

experiments be performed at the glassy region of the polymer material and therefore, the 

aging temperature is chosen below the Tg’s of the blend. 

2. The volume relaxation of the PC/ABS blend was studied by doing physical aging tests at 

the aging temperature of 80 °C. These tests were performed using the dilatometry mode of 

the TMA and covered the aging times in the range of 0.5 hr to 1008 hr. The experimental 

data were also fitted to the KWW model. This enabled us to find the volume relaxation at 

equilibrium. The obtained parameters, however, has to be corrected by performing tests at 

higher aging times. 

3. The modulated DSC tests were performed on PC/ABS specimens before and after 

hygrothermal aging at different hygrothermal conditions. The statistical analysis of the 

specific heat capacity of the samples before and after hygrothermal aging revealed that the 

specific heat capacity is not significantly affected by the moisture uptake. This is while 

temperature influences the specific heat capacity and hence, a temperature-dependant 

linear relation was proposed for the specific heat capacity of the PC/ABS polymer blend. 

This relation can be used in the numerical analysis of heat conduction in blend specimens. 

4. Moisture uptake behaviour of the PC/ABS blend was investigated by studying the mass 

uptake curves from the tests conducted on the test bars under five hygrothermal 

conditions. The moisture diffusion behaviour was found to be Fickian for the condition of 

immersed in distilled water at room temperature while anomalous behaviour with an 

overshoot was observed for the tests at conditions with temperatures of 50 °C and 65 °C 

and relative humidity of 50% and 93%. The coefficient of diffusion was obtained for the 

four hygrothermal conditions and the value was corrected for the edge effects. The 

equilibrium moisture uptake as well as the time to reach equilibrium was also determined 

and the effects of the aging temperature and relative humidity on these parameters were 

statically analyzed. It was found that the effects are coupled and complicated. The 

equilibrium moisture uptake values agreed reasonably well with theoretical results for PC. 

It was concluded that at the beginning of the moisture uptake tests, the moisture diffusion 

is the prominent physics but the physical aging becomes more influential as the test 

progresses. The physical aging mechanism, however, overcomes the moisture diffusion 

process in terms of affecting the material moisture uptake behaviour and consequently 
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desorbed some of the moisture which has already diffused into the material. The net effect 

is, therefore, manifested as an overshoot in the moisture uptake curve. 

5. Stress relaxation tests were performed to study the effects of coupled moisture diffusion 

and physical aging mechanisms on the modulus of the PC/ABS samples. This was 

accomplished by comparing the test results of thermally and hygrothermally aged 

specimens with those of un-aged samples. It was seen that although the modulus of the 

material is decreased by the absorbed moisture but the net result is an increase in the 

modulus when compared to the un-aged sample. This suggests that the effect of physical 

aging is more prevalent on the modulus of the PC/ABS samples that are hygrothermally 

aged for up to 168 hours. The stress relaxation tests were performed in two regimes of 

aging time: short term and long term. The results of the stress relaxation tests can also be 

used for numerical modeling of structural mechanics in the PC/ABS blend. 

6. The first set of coupling coefficients that exist in the coupled processes of structural 

mechanics, moisture diffusion, and heat conduction is defined to include the elastic 

coefficients of thermal and hygroscopic expansion. The elastic coefficient of thermal 

expansion can be extracted from the experimental results performed using the TMA. This 

coefficient is determined for both glassy and rubbery regions of the components of the 

PC/ABS at both expansion and dilatometry modes. The coefficient of hygroscopic 

expansion was obtained by an already established method using the TMA and TGA 

machines. The elastic coefficient of hygroscopic expansion was determined for samples 

that were hygrothermally aged at different conditions but no clear effect was observed on 

the coefficient. An average coefficient of hygroscopic expansion was proposed to be 

incorporated in the numerical modeling of the coupled processes. 

The numerical modeling of the processes involved in the coupled moisture diffusion and physical 

aging processes in plastic specimens was also investigated in this study. First, the governing 

equations with a brief explanation of their derivation were presented and then the numerical modeling 

was developed for uncoupled as well as coupled processes, as follows: 

1. The first uncoupled physics was structural mechanics, which was modeled considering 

two types of material behaviour: linear elastic and linear viscoelastic. The analyses were 

performed using the PDE mode of COMSOL Multiphysics® on a 2D pipe under internal 

pressure. For linear elastic behaviour, the analysis was conducted for the two modes of 
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plane stress and plane strain and it was shown that the results match with those of similar 

analyses run using the built-in module of COMSOL Multiphysics®. For the viscoelastic 

behaviour, two rheological models of generalized Maxwell and Kelvin-Voigt with two 

branches were considered. A transient analysis was performed on a 2D pipe under both 

creep and stress relaxation loading conditions in plane strain and plane stress modes. A 

comparison between the obtained results with those from similar analyses in ABAQUS® 

showed that the viscoelastic modeling has also been developed correctly. 

2. Moisture diffusion in the PC/ABS material was modeled in both 1D and 2D cases. Mesh 

refinement was used as a method to reduce the error produced due to the low value of the 

coefficient of diffusion. In both cases, the results of numerical analyses were compared 

with the analytical solutions and the comparison showed that the analysis represented the 

mechanism very well. 

3. A comparison between the numerical analysis performed using the PDE module and heat 

transfer module in COMSOL Multiphysics® showed that the PDE model of heat 

conduction works well for a PC/ABS bar. It was also shown that a 2D analysis can replace 

a 3D analysis for heat conduction without producing significant error. Moreover, an 

average value of specific heat capacity was proposed to be used instead of temperature-

dependant relation. 

4. The coupled models of structural mechanics, moisture diffusion, and heat conduction were 

analyzed on a pressurized pipe using the PDE module of COMSOL Multiphysics® while 

linear elastic behaviour was assumed for the pipe’s material. There was a good agreement 

between the results of the analyses with those of the parametric study of Rambert et al. 

[46], which suggests that the developed model is capable of analyzing the triple coupled 

physics for linear elastic behaviour. 

5. In order to conduct an analysis for the three coupled physics of structural mechanics, 

moisture diffusion, and heat conduction with the material having linear viscoelastic 

behaviour, the coupling coefficients needed to be determined. This was achieved by 

employing an optimization method using both software packages of COMSOL 

Multiphysics® and MATLAB®. The coupling coefficients CT and CTY, which relate 

moisture diffusion and heat conduction, as well as K were estimated by comparing the 

results of numerical analyses with the results of moisture uptake experiments. The 
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optimization algorithm obtained the coupling coefficients so that the numerical results got 

as close as possible to the corresponding experimental results. Similarly, CST and CS, 

which are related to the interaction of structural mechanics with heat conduction and 

moisture diffusion, were determined by employing an optimization method to compare the 

numerical and experimental results. The experiments were performed by applying creep 

loading on a PC/ABS bar in both dry and humid environments. The obtained coefficients 

provided the numerical results that were closest to the experimental results. 

6. The effects of physical aging on the structural mechanics and moisture diffusion were also 

studied. The influence of physical aging on structural mechanics was considered by the 

time/aging-time shift factors. The effects of physical aging on moisture diffusion were 

manifested as an overshoot in the moisture uptake curves. This was modeled by applying a 

time varying boundary condition with a decaying function. The parameters of the function 

were found for two conditions of 65 °C/50% RH and 50 °C/93% RH so that the numerical 

results were fitted with 0.98% coefficient of determination. 

7. The complete quadruple coupled physical model was validated by creep experiments 

performed on thin PC/ABS bars and the backside case of a cell phone housing made of 

PC/ABS. The specimens were subjected to a three-point bending loading condition. A 

transient numerical analysis was conducted on a 3D model for both the PC/ABS bar and 

the cell phone housing. Maximum displacement of the bar obtained from the 3D numerical 

analysis had an exact agreement with the experimental results of creep loading for 2 hours. 

Similar comparison was made for the creep loading of the cell phone housing exposed to 

hygrothermal condition of 65 °C/50% RH for 10 hours. There was a reasonable agreement 

between the displacement obtained from the numerical analysis and that measured in the 

creep experiment. 

In general, the current study led to a number of scientific contributions in both aspects of 

experimental and modeling work. The hygrothermal aging of PC/ABS polymer blend was 

investigated by doing mass uptake experiments as well as stress relaxation tests. The competing 

effects of physical aging and moisture diffusion on the material behaviour were studied using the 

experimental results. Moreover, the volume relaxation of the blend at 80 °C was studied and other 

thermophysical properties including glass transition temperature, specific heat capacity, and 

coefficients of thermal and hygroscopic expansion were determined. In the numerical work, the 
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coupled physics of structural mechanics, moisture diffusion, heat conduction, and physical aging were 

modeled in thin PC/ABS blends. In the developed model the material has linear viscoelastic 

behaviour. A strategy was also proposed for estimating the coupling coefficients between different 

physics in the model. The main scientific contributions of the current work can therefore be 

summarized as follows: 

1. a modification of Fickian diffusion in the coupled PDEs to simulate the anomalous 

overshoot behaviour, 

2. a model capable of simulating the viscoelastic behaviour of a polymer blend 

including the effect of moisture diffusion and physical aging, and 

3. a model capable of simulating the coupled physical aging, moisture diffusion, heat 

transfer, and structural mechanics in a viscoelastic polymer blend. 

A list of publications resulted from the present study is provided in  Appendix D. 

6.2 Recommendations for Future Work 

The model developed in this study is capable of simulating the behaviour of a viscoelastic polymer 

blend subjected to coupled physics of structural mechanics, moisture diffusion, heat conduction, and 

physical aging. This was achieved by doing both experimental characterization tests and numerical 

simulation. Although the predictions are good, it is proposed that the model can be made more robust 

with the following recommendations: 

1. The volume relaxation of the blend was investigated using physical aging experiments 

conducted at 80 °C in the TMA for the aging times up to 1008 hours. However, the 

maximum aging time in these experiments, 1008 hours, was not sufficient for 

determination of volume relaxation at equilibrium. Longer aging time experiments, on the 

other hand, may not be practically conducted in the TMA because of experimental 

limitations such as running out of purge gas in the tank for such long times. However, the 

volume relaxation data for longer aging times can be obtained using another technique. It 

was proposed by some authors [14, 171-176] that there is a linear relation between the 

volume and enthalpy relaxation of a polymer material. This relation, denoted by a term 

referred to as apparent bulk modulus, can be determined by conducting enthalpy relaxation 

tests with similar procedure to that performed by TMA. The enthalpy relaxation tests can 

be done using a DSC. The relation of the volume and enthalpy relaxation can lead to 
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determination of the apparent bulk modulus for PC/ABS polymer blend. Once the apparent 

bulk modulus is calculated, the volume relaxation can be obtained for longer aging times 

by conducting enthalpy relaxation tests at those high aging times and then calculate the 

volume relaxation of the material given the enthalpy relaxation and apparent bulk 

modulus. The advantage of doing enthalpy relaxation tests in a DSC compared to similar 

tests in a TMA is that it is possible to age the material outside of the DSC and inside an 

oven and therefore, it does not have the limitations that exist for volume relaxation 

measurements. 

2. The coefficient of thermal expansion was measured for un-aged PC/ABS samples. The 

effects of hygrothermal aging in different hygrothermal conditions on the CTE can be 

studied by doing tests on hygrothermally aged specimens. 

3. The coefficient of diffusion as well as the equilibrium moisture uptake was determined for 

the moisture diffusion into the polymer blend at 4 hygrothermal conditions. This can be 

obtained for other hygrothermal conditions for more accurate numerical analyses. 

4. Stress relaxation tests can be performed for both thermally and hygrothermally aged 

specimens at other aging temperatures. Therefore, it will be possible to apply a 

time/temperature shift factor on the modulus curves. The obtained data can be used in the 

numerical modeling and for wider temperature range. Moreover, the PC/ABS samples can 

be exposed to hygrothermal conditions until saturation and then tested in the stress 

relaxation mode. 

5. In the developed numerical model, the sample temperature was not necessarily constant 

throughout the analysis time. This is while the characterization experiments were 

performed at hygrothermal conditions which were constant in time. The aging 

experiments, however, can be conducted at variable temperatures. These tests, which are 

referred to as non-isothermal aging tests, have been done by some authors such as Guo et 

al. [28]. By determining the material properties at non-isothermal conditions, the analysis 

will lead to better results for the coupled physics. 

6. The mechanical tests in this study were applied in the three-point bending mode. Similar 

experiments can be performed for other loading conditions such as tensile and 

compressive loads. 
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7. The current study investigates the behaviour of a typical thermoplastic material subjected 

to coupled processes of moisture diffusion and physical aging. This can be extended to 

other types of polymer materials such as thermosets, which have also various industrial 

applications exposed to hygrothermal aging. 
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Appendix A 

Governing Equations — Viscoelastic Material 

Generalized Kelvin-Voigt Model: 
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Generalized Maxwell Model: 
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Appendix B 

Convective Heat Transfer Coefficient 

This Appendix deals with the calculation of the convective heat transfer coefficient, which is used 

in the modeling of heat conduction inside the PC/ABS material. The convective heat transfer 

coefficient, hc, is employed in the definition of the Nusselt number. The Nusselt number, a 

dimensionless number, is the ratio of convective to conductive heat transfer across the boundary 

within a fluid, and is defined as follows: 

 

ݑܰ ൌ
݄௖ܮ௖

்ߣ
 (B-1)

where T denotes the thermal conductivity of the fluid and Lc represents the characteristic dimension. 

The Nusselt number can also be expressed in terms of other dimensionless numbers. In forced 

convection, which is the case for mass uptake of PC/ABS bars inside the environmental chamber, the 

Nusselt number for a turbulent flow over a flat plate, is defined as: 

 

ݑܰ ൌ 0.036 ଵ/ଷݎܲ ܴ݁଴.଼ (B-2)

where Pr and Re designate the two dimensionless numbers of Prandtl number and Reynolds number, 

respectively. The Prandtl number is equal to 0.71 for air at around 60 °C and Reynolds number is: 
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where v and f are velocity and kinematic viscosity of fluid, respectively. 

The kinematic viscosity of air at 60 °C is 18.90×10-6 m2/s and assuming that the air velocity inside 

the environmental chamber is around 1 m/s, the Reynolds number for the PC/ABS bars used in mass 

uptake experiments (section  3.3.1.4) with characteristic length of 0.076 mm becomes 4021.2. 
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By replacing the Prandtl and Reynolds numbers in Equation (B-2), the Nusselt number becomes 

24.6. By inserting the Nusselt number and the value of T equal to 0.0285 W/m.K for air at 60 °C in 

Equation (B-1), the convective heat transfer coefficient becomes 9.2 W/m2K.  
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Appendix C 

Corresponding Figures from [46] 

 

Figure C1 Spatial distribution of the relative scatter of temperature ([T-T1]/|T1|), for the coupled case (T) 

compared with the uncoupled case (T1) for k=2.104 kg.s/m3 at different time [46] (corresponding to 

Figure  5-26 on page 125) 

 

Figure C2 Effect of expansion coefficients on radial displacement [46] (corresponding to Figure  5-27 on 

page 126) 
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Figure C3 Effect of a small CT vgalue: 10-2 kg/(m.s.K) on temperature [ 46] (corresponding to Figure  5-28 

on page 127) 

 

Figure C4 Effect of a small CT value: 10-2 kg/(m.s.K) on concentration [46] (corresponding to Figure  5-29 

on page 127) 
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Figure C5 Effects of CT and CTY on the thermal problem for Km = 104 kg.s/m3, CT = 1 kg/(m.s.K) and 

various CTY [46] (corresponding to Figure  5-30 on page 128) 

 

Figure C6 Effects of CT and CTY on the diffusion problem for K = 104 kg.s/m3, CT = 1 kg/(m.s.K) and 

various CTY [46] (corresponding to Figure  5-31 on page 128) 

 

Figure C7 Effects of CT and CTY on the mechanical problem for K = 104 kg.s/m3, CT = 1 kg/(m.s.K) and 

various CTY [46] (corresponding to Figure  5-32 on page 128) 
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