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Summary 

Summary 

The scope of this work is to assess the influence of the weight-average molecular weight M,, the 

molecular weight dispersion D and the entanglement molecular weight M e  on the dimensional 

stability of amorphous thermoplastics. Systematic differences in these properties are obtained by 

using copolycarbonates with varying M e  and polystyrene standards with variation in M ,  and D. 

The material parameters are determined in oscillatory shear, gel permeation chromatography (GPC) 

and differential scanning calorimetry (DSC) experiments. 

As a measure for the potential dimensional instability, the recoverable compliance J," is determined 

from oscillatory shear and in steady shear creep and recovery experiments. 

The results indicate that the weight average molecular weight M ,  does not influence the 

recoverable compliance significantly. However, J," was found to increase rapidly with increasing 

polydispersity, i.e. the width of the molecular weight distribution. A proportional relation between 

J," and M e  is observed. 

It can be concluded that for a high dimensional stability a polymer should have a narrow molecular 

weight distribution, contain no low molecular weight additives and have a low M e ,  i.e. high chain 

flexibility resulting in a dense entanglement network. 

... 
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Samenvatting 

Samenvatting 

De doelstelling van dit werk is het onderzoeken van de invloed van de gewichtsgemiddelde 

molecuul-massa M,, de dispersiegraad D (de breedte van de molecuul-gewichtsverdeling) en de 

gemiddelde molecuul-massa tussen netwerk-knooppunten M e  op de dimensie stabiliteit van amorfe 

thermoplasten. Een systematische variatie in deze parameters is verkregen door het gebruik van 

copolycarbonaten met variërende M ,  en polystyreen standaarden met variatie in M ,  en D. De 

materiaal parameters zijn bepaald in dynamisch mechanische experimenten en met behulp van gel 

permeatie chromatografie (GPC) en differential scanning calorimetry (DSC). 

Als maat voor de potentiële dimensie stabiliteit is de recoverable compliance J," bepaald uit 

dynamisch mechanische experimenten en uit kruip en reversibele kruip in afschuiving. 

Uit de resultaten blijkt dat de gewichtsgemiddelde molecuul-massa M ,  geen significante invloed 

heeft op de recoverable compliance. Echter, J," neemt snel toe met toenemende dispersiegraad. 

Daarnaast is een proportioneel verband gevonden tussen J," en M e .  

Aldus kan er geconcludeerd worden, dat voor een hoge dimensie stabiliteit een polymeer een 

smalle molecuul-gewichtsverdeling moet hebben, geen laag moleculaire additieven bevatten en een 

lage M e  hebben, i.e. een hoge keten-flexibiliteit resulterend in een hoge vernettingsgraad. 
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Chapter 1: Introduction 

Chapter 1 

Introduction 

6 1.1 Injection moulding of amorphous thermoplastics 
Quality demands on injection moulded products are continuously increasing. Injection moulding is 

a powerful production process that makes it possible to manufacture complexly shaped plastic 

products in large numbers at short cycle times. An intrinsic problem of this process is, however, 

that large temperature and pressure gradients occur in time and space and that both the processing 

parameters and the polymer properties determine the ultimate long term performance of a product. 

Thermoplastics are attractive materials for injection moulding purposes, because of their good 

processability [2]. Amorphous thermoplastics are transparent to visible light. They can replace 

traditional inorganic materials in a number of optical applications such as compact discs, collimator 

lenses, etc. [3]. For these products high precision and constant (optical) properties are essential. 

Due to the nature of the materials and the injection moulding process, products show dimensional 

instabilities in time, caused by mechanisms such as volume relaxation, water absorption and 

recovery of frozen-in strains. Whereas much attention has been paid to a number of these aspects 

(e.g. [7, 8, 9, lo]), this report will only focus on the recovery of frozen-in strains. 

0 1.2 Dimensional stability and shrinkage above T, 
In the melt state, i.e. at temperatures high above the glass transition temperature T,, the long chain 

molecules of an amorphous thermoplastic are considered to be randomly coiled, without showing 

any structural order. In this equilibrium state the polymer is unoriented (see Figure l.la) and the 

entropy of the molecules is maximal. To visualize this situation, some authors refer to it as the 

'cooked spaghetti' model (Anidge [6]). During the injection stage of the moulding process the melt 

flows into the mould at high shear rates. The polymer molecules become oriented by the flow field 

(Figure 1. lb). This molecular orientation is partially frozen-in, because relaxation is prevented by 

rapid cooling. In time the deformed molecules will tend to return 

slowly to their equilibrium state, causing dimensional changes. 

At room temperature, far below Tg,  the mobility of the chain 

molecules is very low so that this process may take several 

years, thereby making it hardly accessible for experimental 

investigations. Increasing the temperature accelerates these 

changes. Figure P.fa 
Schematic diagram of an unonented 
amorphous polymer [5]. 

1 



Chapter I :  Introduction 

Bringing the temperature of a polymeric solid above 

its T, will cause the dimensional changes to take 

place within an experimentally reasonable time scale. 

Thus, by examining the free shrinkage above T,, the 

frozen-in strain can be determined and the potential 
Figure l . l b  
Schematic diagram of an oriented amorphous dimensional instability of a product can be 

quantified. polymer [5] .  

The thermo-mechanical history (that entirely determines the momentary state after moulding) is 

different for each material point of an injection moulded product [3]. It depends on processing 

conditions, specific material parameters and the geometry of the mould. This results in complicated 

spatial distributions of the polymer properties within a sample. At Philips, the dimensional stability 

of injection moulded flat plates has recently been studied by Schennink [9] and Beerens [30] 

(Figure 1.2). It was found that the relaxation of frozen-in orientation determines to a great extent 

the long-term dimensional stability of a product. Therefore the control of this orientation, causing 

anisotropic shrinkage, is crucial. 

1 .o2 

W O  

1.00 

0.98 

c /  PS sheet at 70% 

Figure 1.2 
Relative dimensional changes @/lo) vs. time t for an injection moulded 



Chapter I :  Introduction 

material points of a sample. 1," is then a material parameter which is only determined by the 

properties of the temporary network in the polymer. 

By examining this recoverable compliance, a reproducible method has become available to 

investigate the relation between molecular parameters and the potential dimensional stability. 

8 1.3 Molecular properties 

Polymers consist of long chain molecules that are built of small repeating monomeric units. 

Depending on the method of synthesis, the average chain length and the dispersion, i.e. a measure 

of the width of distribution of lengths, may vary greatly (Figure 1.3). 

molecules 

Number Of!, , ,A., , , 

Molecular weight of molecule 

b I 
Figure 1.3 Figure 1.4 
Schematic illustration of narrow (b) and broad (c) 
molecular weight distributions [20]. 

Typical molecular mass distribution in a polymer (after Flory [14]). 

Both the chemical structure and the molecular mass distribution are fundamental characteristics of 

polymers. It has become clear that the processing behaviour and many end-use properties of 

polymers are influenced by ?xth the merage mdeculzr mass a d  the molecz!~ m2ss uistribztion 

[4]. Molecular weight can be defined in different ways, of which the weight average, M , ,  and 

number average, M,, are the most common (Figure 1.4): 

wi Mi 
Mw =- 

CniMi 
Mn =- 

C ni 

C W ,  

M i  is the molar mass of the component molecules of kind i, w i  is the weight-fraction of the 

component molecules i and ni is the number-fraction of the component moiecuies i. 

The molecular weight dispersion D is then defined as: 

Another aspect of importance is that the typical properties of polymers are to a great extent 

determined by the fact that the long chain molecules are physically entangled [15]. 

3 
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8 1.3.1 The concept of entanglement coupling 

Chemically cross-linked polymers are known to show a rubbery behaviour as it was described by 

Treloar [16]. In amorphous thermoplastics, where a cross-linked network is absent', a similar 

behaviour can be observed above a certain critical molecular weight M,. This effect is attributed to 

entanglement coupling. Above M ,  temporary physical cross-links occur, because of adjacent chains 

that become entangled (Figure 1.5). 

In this network, junctions are constantly formed and broken up causing a constant concentration of 

topological constraints. From the dependence of viscosity q on molecular weight M ,  the critical 

molecular weight M ,  can be determined (Figure 1.6). 

Figure 1.5 Figure 1.6 
Polymer molecule entangled in a mesh of other 
polymer chains [12]. 

Dependence of viscosity on molecular weight. If M 2 M c ,  
then 17 = M3,4. 

M ,  is equal to M at the point where the viscosity becomes proportional to M3,4 [i]. 

This concept allows the definition of another important molecular parameter, the entanglement 

molecular weight M e ,  which is considered to be the average molar mass between neighbouring 

entanglements on a chain molecule. According to the theory of Bueche [27], M ,  is related to M e  in 

a rather complicated manner on the basis of the dragging of one molecule by another, but 

approximately M ,  = 2M,. 

In his pseudotopological theory [ is ,  17, 181, Wu states that the chain length of an entanglement 

strand depends on chain structure through a characteristic ratio C, by: 

Nv = 3 C t  

where "iy is the number of elementary skeIetai rotational units in an entanglement sîrand and C, 

the characteristic ratio of a coiled chain. This latter parameter is defined as the ratio of the end-to- 

end distance and the total chain length of a polymer molecule according to: 

<RE> 
C_ = lim - 

nv -+o0 nv <1,> 2 

where di> is the mean-square end-to-end distance of an unperturbed chain, n, the number of 

' Amorphous thermoplastics are soluble in a suitable solvent. 

4 



Chapter I :  Introduction 

statistical skeletal units and <Z:> the mean-square length of a statistical skeletal bond. 

When defined in this way, the characteristic ratio is a measure of the intrinsic stiffness of a coiled 

chain [15]. According to equation (1.4) it follows 1291 that M e  is proportional to the square of the 

characteristic ratio: 

Me e: (1.6) 

Although the analysis of Wu is theoretically speculative with respect to the physical reality, 

equation (1.6) has experimentally proven its validity [29]. As will be shown in a later section, the 

entanglement molecular weight M e ,  can be determined from dynamic mechanical measurements in 

the rubbery state. 

0 1.4 Objectives of the project 
Obviously, dimensional stability is an important requirement of injection moulded thermoplastics. 

Apart from the moulding conditions also the material choice is critical. Additional to existing 

selection criteria this study aims at addressing molecular properties which affect the dimensional 

stability. 

In this report the influence of the weight-average molecular weight M,, the molecular weight 

dispersion D and the entanglement molecular weight M e  on the dimensional stability of amorphous 

thermoplastics is investigated. 

An attempt is made to apply systematic changes in the above mentioned properties and compare 

their influeme on the dimensional stability by imestigating the recoverabk compliance J," from 

simple shear creep and recovery experiments. 

For comparison, J," is also derived from dynamic mechanical experiments, which were performed 

for the determination of M e .  

6 1.5 Materials with systematic variations in Me, M,,, and D 
To achieve systematical variations in the weight-average molecular weight My,  and exclude 

dispersion influences at the same time, narrowly distributed (D = 1.05) polystyrene standards from 

Polymer Laboratories with molecular weights of about 96, 330, and 560 [kg/mol] are used in this 

study. 

Effects of polydispersity were studied by including Styron 678E from Dow Chemical, a well 

known [e.g. 8, 91 broad disperse polystyrene with a molecular weight in the range of the above 

mentioned polystyrenes. 

5 
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At the Philips Research Laboratories the principle described by equation (1.6), was used to 

synthesize several copolycarbonates with a systematic variation in the entanglement molecular 

weight M e .  By adding a restraining spiro-group in different percentages to Bisphenol-A 

pclycarbonate molecules, different chain stiffnesses were obtained. Figure 1.7 shows the chemical 

structure of the resulting molecule. 

Figure 1.7 
Chemical structure of copolycarbonate with spiro group. 

The spiro-group suppresses rotation, which has an increasing effect on chain stiffness. The index a 

denotes the molar percentage of spiro-units. 

For this project, copolycarbonates with respective a's of 27, 46, 65 and 86 % where used. For a 

reference, Makrolon CD2000 from Bayer (100 % Bisphenol-A) was added. Experimental results 

for this material are widely available [e.g. 8, 91. For an extra comparison, a spiro copolycarbonate 

from General Electric and a tetramethylpolycarbonate (TMPC) from Bayer were included in the 

study. 

8 1.6 Outline 
In the next chapter aspects of linear viscoelastic theory are reviewed, followed by a chapter on the 

experimental methods and the materials that were used in the investigations. In chapter 4 the 

results of these experiments are presented, compared to literature and discussed. Final conclusions 

and recommendations for future research are given in chapter 5. 
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Chapter 2 

Linear viscoelastic behaviour 

0 2.1 Introduction 
Polymeric systems are viscoelastic materials, that exhibit a combination of elastic and viscous 

behaviour. An interesting feature of amorphous thermoplastics is that the contribution of both 

shares is depending on temperature and the experimentally chosen time scale. 

A general constitutive relation describing viscoelastic behaviour is given by [ 191: 

og , t )  = N { F ~ , T )  ITit) (2.1) 

where CJ represents the Cauchy stress, 5 the position of a material point, t the time and F denotes 

the deformation tensor. The equation shows that the stress in a material point only depends upon 

the deformation history of that point. In matrix representation, the stress tensor can be written as: 

Under assumption that the mechanical properties of the material are time invariant', the material 

behaviour is geometrically and physically linear and that the Boltzmann superposition principle2 is 

valid, straight forward linear viscoelastic theories can be applied to describe the material behaviour. 

IE the case of simple shear, the following eqmtions for stress oZi and strain 'yzl can be derived: 

where G(t) is the relaxation modulus and J(t) is the creep compliance, P,,(t) and 6 J t )  are time 

derivatives of strain and stress respectively. 

0 2.2 Models of viscoelastic behaviour 
To model viscoelasticity, use can be made of simple elastic and viscous elements, such as springs 

and dashpots. An ideal spring stores all deformation energy and returns it after the external forces 

Physical aging effects are negligible on the time scale that is considered. 

Proportionality and superposition in excitation and response. 
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are removed, by reverting exactly to its original length according to Hooke's law: oZ1 = G(t).yzl 

An ideal dashpot flows irreversibly under the action of external forces and dissipates all energy, 

which is described by Newton's law: 021 = q(t) .y2,. 

The most commonly used basic models for viscoelasticity consist of a single spring and a single 

dashpot, either in series3 or in parallel4. Since real materials exhibit a range of relaxation times, 

multi-mode models are more appropriate to characterize them. 

A discrete expression for the compliance J(t)  of a viscoelastic liquid can be obtained by looking at 

a generalized Voigt model (retarded elastic response) in series with an instantaneous elasticity Ji 

and a dashpot accounting for the viscous contribution (Figure 2.1) . 

GI G2 

1 + t  
Figure 2.3 
Generalized Voigt model, in series with a Maxwell model; also known as extended Burgers model [4]. 

In Appendix A the stress-strain relations for a single Voigt element are written down. For the 

multi-mode model it follows that: 

N - t  - 1 

J(t) = Ji + fk [ i  - e 'k] + 4 
k =1 17 

with f, a constant equal to UGk, z, = qJG, a characteristic retardation time and q the steady state 

viscosity. For an infinite number of elements, the Voigt model represents a continuous spectrum of 

retardation times, f(z), defined by a continuous analogon of equation (2.8): 

J(t) = Ji + J f(z) [1 - e  '1 dz + i 

where f(T) is a function offk and a standard impulse function 6(t): 
5 4  rl 

N 
(2.10) 

The compliance Jj is an hypothetical initial elasticity that must be added to allow for the possibility 

of a discrete contribution with 'I: = O. This compliance is experimentally hardly accessible, but must 

' Also known as the Maxwell model, and often used to describe stress relaxation. 

Also known as the Kelvin or Voigt model, which is commonly used to describe creep. 
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be present, otherwise instantaneous deformation would require infinite stress. More details are 

given by Ferry [I] and Oomens [ 191. 

8 2.3 Static Deformation 
Steady shear flow provides an elegant way to subject every element of a material 

history. Essentially two major variants are available to achieve steady state creep: 

to a well-defined 

applying a 

The compliance J," is also called the equilibrium recoverable compliance. Together with the 

applied stress o, it determines the final elastic response of a material. 

Recording strain recovery after an instantaneous stress removal provides a simple way of 

measuring the elastic recovery. This recovery is directly related to the internal strain [20]. 

Suddenly removing the stress during steady-state creep in an isothermal experiment, can be 

considered similar to deforming above Tg,  freezing in and subsequently releasing the frozen-in 

strain by free shrinkage above T,. 

An apparatus specifically designed to measure strain recovery after constant-stress deformation will 

be discussed in the next chapter. 

constant shear rate y 
for the case of a viscoelastic liquid. 

or a constant stress o,,. The latter will be described in more detail below, 

0 2.3.1 Creep and elastic recovery 

Particularly interesting is the situation where a creep experiment has progressed for some time and 

the stress is then suddenly removed, causing a reverse deformation called creep recovery. This can 

be described as follows: a stress oA = o, is applied at t = O followed by additional stress o, = -oo 

at t = tz, the total strain at time t is found according to equation (2.4): 

y(t) = o,J(t) + o,J(t -t2) (2.1 1) 

For a viscoelastic liquid (amorphous polymer above T,,) the shear creep followed by recovery is 

shown schematically in Figure 2.2. After a sufficiently long time (O << t < t,) when a steady-state 

flow is reached, the creep strain is given by: 
t 

= + -1 (2.12) 
q 0  

where J," is the steady-state compliance and qo a Newtonian viscosity. o,. J," represents the elastic 

part of the strain in the generalized Voigt model presented at the previous page for the case of 

constant stress and steady-state deformation. Accordingly, the viscosity q = qo accounts for the 

viscous contribution in equations (2.8) and (2.9). During recovery ( t > t,) the strain can be written 

as : 

(2.13) 

9 
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Figure 2.2 
Shear creep and creep recovery shown schematically for a viscoelastic liquid, e.g. an uncrosslinked polymer (after 
Ferry [ill. 

0 2.4 Dynamic Deformation 
Rheological properties describing the material behaviour of a molten polymer can be determined 

with oscillatory shear experiments. By imposing a small amplitude harmonic strain on a sample, a 

sinusoidal stress response (with a different amplitude and out of phase with the strain input) can be 

measured. In the next section the most important theoretical relations are given and it will be 

shown that some steady-state properties can be calculated from limiting values of dynamical 

properties for zero frequency. 

0 2.4.1 Oscillatory shear 

An harmonic shear strain excitation can be written as: 

y(t) = y,cos(ot) = y,%(e'"') (2.14) 

with yo the dynmic  str2in air,p!iti?de and cy the a2gda  freyuency. The latter exprP,ssi!X? % denetes 

the real part of a complex input signal with complex unity i. In the linear viscoelastic regime, the 

stress response will also be harmonic, but with a different amplitude and out of phase with the 

input (Figure 2.3): 

oZi(t) = yo%(G*e'"') = y,Gd%(e'("t+')) (2.15) 

~ 

where G* is the complex modulus and G, = IC*[. The loss angle 6 denotes the phase shift 

between stress and strain. 
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Figure 2.3 
Stress response to harmonic strain excitation. o* is the stress amplitude 
and 6 the phase lag. 

Equation (2.15) can also be expressed in terms of a storage modulus G’, which is in phase with y 

and a loss modulus G“, which is n/2 radians out of phase with y: 

cz,(t) = y,(G’sin(ot) + G”cos(ot)) 

Dynamic modulus G, and loss angle 6 are respectively defined as: 

(2.16) 

Gd =/= (2.17) 

GI tan(6) = - 
G’I 

When loss angle 6 = O, the behaviour is purely elastic, for 6 = n/2 it is purely viscous 

Analogously, a dynamical viscosity qd = 1q*/ can be defined from the complex viscosity q*: 

o o 

(2.18) 

(2.19) 

It follows directly that the limiting value of the dynamical viscosity for zero shear rate, is equal to: 

(2.20) 

A consequence of shearing 

equation (2.2) becomes: 

deformations is the appearance of normal stresses. For simple shear 

(2.21) 

Thus, even though the rate of strain tensor has only a y,, = y,, = y component, the stress tensor 

has different diagonal elements. 

Accordingly, the primary normal stress coefficient Y, can be defined as [i]: 

(2.22) 
i 

Coleman et al. [21] have predicted the limiting value of the primary normal stress coefficient for 

vanishing shear to be: 
(2.23) 

11 
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Thus by performing experiments at several 

different temperatures, the experimental time 
% 1 

2 
ö 
4 

1 window can be broadened extensively. 

Materials for which this time temperature 

where several models [21, 221 predicted the following relation: 

' * - +  \ '  'c n 
T1> T2 > T3 

M d s l e r C " p C  

IonaT I' 

7 
I . -  

' T3 
.* 

(2.24) 

Combining equations (2.23) and (2.24), an expression for the recoverable compliance .I," can be 

derived: 

For G" >> G', which is usually a reasonable assumption in the limiting zone, this equation 

corresponds to a relation given by others [23, 241: 

0 2.4.2 Time 

For viscoelastic 

O Je E lim 

(2.25) 

(2.26) 

temperature superposition 

materials, changes in time and temperature have an equivalent influence on shear 

moduli and viscosity [25]. This means that a set of isothermal curves of similar form that are 

measured in the same frequency range can be shifted onto one mastercurve by a horizontal shift 

along the frequency axis as shown 

schematically in Figure 2.4. 

viscoelastic functions, are called 

thermorheologically simple. 

Figurr 2.4 
Time temperature equivalence. The curves shift without 
changing in shape. 

The temperature dependent shiftfactor aT is defined as follows: 

6 (log w,T) = 6(log o%,,To) 
G(1og w,T) = b,G(log oa,,T0) 

(2.27) 

where Tv is the reference temperature, corresponding with the temperatiire of the iilasterciïve and 

b, is a correction factor that accounts for changes in density with temperature. Both a, and b, are a 

function of T and To. First a, is determined by horizontally shifting the loss angle 6. After aT is 

applied to the viscoelastic function G, the vertical shiftfactor b, can be determined. 

This time-temperature equivalence principle can also be applied to creep behaviour in a similar 

way. For amorphous polymers above Tg several procedures governing the temperature dependence 

of the shiftfactor are available. 

12 
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0 2.4.2.1 The WLF equation 

It was found by Williams, Lande1 and Ferry [26], that for amorphous polymers, in the range 

between T,  and 100 K above T,, the shift factor a, is governed by: 

with material constants c1 and c2. The WLF equation is extensively described by Ferry [i]. 

0 2.4.2.1 The Arrhenius equation 

For temperatures above T,  + 100 K ,  an Arrhenius-type equation can be applied to model the 

temperature dependence of a,: 

E, 1 1 In % =- (- --) 
R T To 

(2.28) 

(2.29) 

where E,, is an activation energy and R is the universal gas constant. More details are given by 

van Krevelen [4]. 

0 2.4.2.1 Temperature densiîy correction 

The vertical shift b, in the melt state can be modelled by a temperature density correction [i]  

according to: P T  
Po To 

b, =- (2.30) 

with temperature dependent density p. The index O refers to the reference temperature. 

13 
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Chapter 3 

Experimental 

DSC & GPC 
Experiments 

8 3.1 Introduction 

T, [KI <M,> <M"> D [-I Remarks 
[kg/mol] Fg/molI 

This chapter contains a description of the experiments performed for the material characterization 

and the rheological characterization. The methods that were followed for the determination of M e  

and .I," are reviewed. A section on simple extension is added. 

PS330 

PS560 

CD2000 

8 3.2 DSC and GPC measurements 
Glass transition temperatures were determined on a Perkin Elmer DSC-7. At rates of 10 [Wmin] 

samples were heated and cooled twice from at least 50 [KI below to about 100 [KI above the 

expected glass transition temperature. T ,  was determined during the second heating stage from the 

sudden change in heat capacity Cp that occurs at the glass transition. The results of these 

measurements are given in Table 3.1. More details on differential scanning calorimetry are given 

by Turi [36]. 

Gel permeation chromatography measurements were performed to determine M , ,  M ,  and D. 

Narrow disperse polystyrene standards are used for calibration of the GPC column, so values are 

calculated relative to polystyrene. The results of these experiments are also shown in Table 3.1. 

The GPC method is described more extensively by Braam [37]. 

.04 provided by manufacturer (Polymer 377.3 327 316 

378.7 555 553 1 .O6 

414.6 32 13.0 2.4 T,=412 [KI [32] 

Laboratories) 

60.0 7.7 Spiro YL LI YO 

Spiro PC 46% 471.1 460 92.0 5.0 

Spiro PC 65% 479.8 155 39.0 4.0 

Spiro PC 86% 490.3 59.0 48.5 1.22 

GE Spiro PC 478.5 64 9.0 7.1 

TMPC 469.3 38 10.0 3.8 

PS678E 361.0 T,=366 [KI [32] 1 PS96 I 376.2 I ::: I 90:; I :::4 I GPC-data of PS standards as 

Caudiform 

Caudiform indicates the presence of a small low molecular peak in the chromatogram. 
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The relatively small value of D = 1.22 for the material with 86% spiro is caused by the îact that a 

low molecular fraction was removed to decrease the brittleness of this material. 

All materials were vacuum dried at about 20 [KI below T, and moulded into cylindrical samples in 

a Fonteyne flat plate press using a maximum compression force of about 100 [kN]. The discs were 

checked for residual stress before the experiments, by looking at birefringence. For most materials 

less than 5 [g] was available for testing. All experiments were carried out under nitrogen 

conditions. 

0 3.3.6 Oscillatory shear experiments 

The linear viscoelastic properties are determined by oscillatory shear experiments, that were carried 

out on a Rheometrics Dynamic Spectrometer RDS-I1 at the Eindhoven University of Technology. 

Cylindrical samples were used in a plate-plate geometry. 

By imposing a small amplitude sindsoidal shear strain on a sample above Tg,  the response can be 

measured. First, a strain sweep at a set frequency was performed to determine the extent of the 

linear viscoelastic regime. This was followed by a number of isothermal frequency sweeps at 

different temperatures. A correction of 2 [pm/K] was applied to the gapwidth, accounting for 

expansion of the plates. Excess material at the outer edge of the plates was removed during the 

experiments, if possible. 

Thermal instabilities of both oven and polymer melt significantly affect experimental results, 

especially for high T,  polymers. For this reason, frequency sweeps are usually started at high 

frequencies. 

The first experiment is performed at the chosen reference temperature, followed by a number of 

experiments at lower temperatures. After the lowest temperature is reached (T = T,  + 20 [KI), the 

temperature is raised to above the reference temperature. 

Mastercurves are obtained, by applying the time temperature superpositon principle as described in 

§ 2.4.2. First the loss angle 6 is shifted horizontally along the frequency axis onto a masiereürve. 

After this horizontal shift is applied to the dynamic modulus G,, the vertical shift can be 

determined. 

The temperature dependence of the horizontal shiftfactor uT is modelled by WLF and Arrhenius 

type fits, using equations (2.28) and (2.29). The vertical shiftfactor b, was described by a 

temperature density correction according to equation (2.30). 

15 
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The density p depends on the temperature as follows: 

p = p o  -AT.9a 

where po is the density at 293 [KI, and a is the linear coefficient of thermal expansion. For 

polystyrene po = 1.051O3 [kg/m3] and a = 7.10-j [K-'1 and for polycarbonate po = 1.20.103 [kg/m3] 

and a = 6.8.10-5 [K-'1 [39, 401. For the temperature correction of polystyrene melts, an additional 

relation given by Wales [41] is available: 

pT = 400 + 0.82(T - 398) (3 .2) 

5 3.3.1.1 Detemination of Me 

According to a relation given by Wu [is], the entanglement mólecular weight M e  can be calculated 

from the mastercurve of the storage modulus G' by: 

PRT Me =- 
GN 

(3.3) 

with p the density, R the universal gas constant, T the absolute temperature and G,' the plateau 

modulus, defined as: 

(3.4) 

This method is illustrated in Figure 3.1. 

5 3.3.1.2 Determination of Lo 
It appears that the G '  and G" curves at low frequencies show slopes of respectively 2 and 1 on 

double logarithmic scaies [42j. This means that the ratio defined in equation (2.25) remains 

constant with decreasing frequency when these slopes are reached. Thus a method, which is 

depicted in Figure 3.2, for the determination of the recoverable compliance J," from dynamic 

measurements in the melt state has become available. 

AngularFrquency 

Figure 3.1 
Schematical representation of the plateau modulus G," 

AnguhrFrquency 

Figure 3.2 
The recoverable compliance can be calculated from 
limiting values of G' and G", if slopes 2 and 1 are 
reached. 

5 3.3.1.3 The Cox-Mem Viscosity 

An empirical rule relating the absolute value of the complex viscosity to the viscosity measured in 

16 
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a linear shear flow was derived by Cox and Merz [43]: 

where the index indicates that the angular frequency is equal to the shear rate. 

This rule makes it possible to translate results from small amplitude oscillatory shear to large strain 

steady flow fields, which are dominating in processing. Figure 3.2 illustrates the frequency 

dependence of the complex viscosity. For low frequencies, the dynamic viscosity becomes equal to 

the steady state viscosity q, 

0 3.3.2 Steady shear experiments 

At DSM Research a self constructed rheogoniometer, specifically designed to measure strain 

recovery after a steady shear flow, is in use. It consists of two parallel plates (Figure 3.3) in a 

small oven. While the lower one is fixed, the upper plate 
S 

o: - can rotate virtually frictionless by means of an air bearing. - 
The angular displacement a of this plate can be recorded 

contactless with an optical encoder. The smallest 

displacement detectable is equal to a = 1.26.10-4 [rad]. u 
When a sample is put in between the two plates and a Figure 3.3 

Torsion between parallel plates. 
constant torque S is applied, as schematically shown in 

Figure 3.4, an experiment can be performed similar to the method described in 

Relations of strain and stress, valid for small strains, are as follows [i]: 

2.3.1. 

a R  
Y21 =-  h 

2 s  
CJZi =- 

7c R3 

where R is the radius of the sample, h is its thickness and 

For this study a cone and plate geometry (Figure 3.5) was 

S is the torque applied. 

preferred in order to subject every 

element of a sample to an identical and well defined history. Equations (3.6) and (3.7) then 

become: 

a 
Y21 = -  o 

3s 
CJ,, = - 

2 n ~ 3  

where O is the angle between cone and plate. 

17 
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I 

F 
4 

Fixed 
Figure 3.4 
The principle of a constant 
stress rheogoniometer [20]. 

a 
___p 

Figure 3.5 
Torsion between cone and plate. 

The constant stress rheogoniometer was originally designed to test low T,  polymers. At 

temperatures near 250 "C problems due to heat leakage and thermal expansion of the apparatus 

may arise. Furthermore normal forces can not be recorded and must be controlled manually. 

Several methods that were used to determine the recoverable compliance from either creep or 

recovery are shortly discussed in the following sections. 

0 3.3.2.1 Detemination of dn from recovery 

When a recovery experiment has progressed for a sufficiently long time, J," can be determined 

directly from the limiting value of the recoverable strain yr, as was illustrated in Figure 2.2: 

O Y, Je = lim - 
t + -  o, 

(3.10) 

where o, is the constant stress that was applied during creep. The use of recoverable shear as the 

prime measure of elastic response has the additional advantage that, while it is being measured, it 

is the only thing which is happening [20]. Determined this way, J," is no longer influenced by 

start-up transients, but depends on long term processes. Using this method, the steady state 

viscosity q, still depends on the absolute value of the final creep strain 

The time-scale at which final recovery takes place depends on a number of factors, including 

molecular weight and dispersity. However, for numerous reasons experimenting times are limited, 

which may cause underestimation of J,". Here, recovery times in the range between 1000 and 2000 

[SI were used. 

9 3.3.2.2 Determination of dn from creep 

In this study two methods were applied to determine the recoverable compliance from the creep 

experiment. When, after a sufficiently long time the slope of the compliance J(t) against time on a 

double logarithmic scale has become equal to i, the behaviour is governed by linear viscoelasticity 

according to equation (2.12). 

18 
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Figure 3.6 shows how J," can be determined from linear 

A similar method was introduced by Sherby and Dorn [33] 

1 

O o 

regression of J(t)  versus time on linear scales. 

and is illustrated in Figure 3.7. A plot of the shear rate 

(determined from the creep curve) against the shear strain, - time 
should approach to a constant value yo.  This constant Figure 3.6 

The recoverable compliance can be calculated shear rate accounts for the viscous contribution in time and from the intercept of a regression line at t=o. 

if subtracted from the shear strain 'y, the elastic 

contribution can be separated from the total strain. 

This allows the determination of J,", from the shear strain against time. 

Creep "Sherby-Dom" Plot 
I I 

- time - time - Y  

Figure 3.7 
The elastic part of the total strain can be determined according to Sherby and Dom [33]. As a result, the recoverable 
compliance J," can be calculated. 

Even though long term constant rates may be achieved quite easily, results of these two methods 

are very sensitive to the accuracy of the apparatus. Transient phenomena during start-up have a 

direct influence on J," in this case, whereas qo only depends on long term processes. 

6 3.4 Simple extension 
In an early stage of this project, several creep-recovery experiments in simple extension were 

performed with polystyrene 678E and polycarbonate CD2000. Flat strips (100 x 15 x 0.1 [mm]) 

were moulded and labelled with 15 markers at a mutual distance of d = 5.0 [mm] (see Figure 3.8). 

These strips were stretched under constant force in an oven at temperatures of 20 [KI above T,  for 

PS678E and at 30 and 40 [KI above T,  for CD2000. The procedure is shown in Figure 3.9. During 

creep, ai time tl the weir is opened, caUsing the temperatiire to drop 2fid the defo:mztior, to freeze 

in. The strain between markers can then be measured. At time t2 the strip is put back in the oven, 

this time unloaded. 

Recovery of frozen-in strain will then occur and after a sufficiently long time the strip can be 

removed and the distance between markers measured again. 
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Figure 3.8 
Illustration of flat strip. F is the 
applied force and d the distance 
between markers. 

Actual temperature T 

Glass temperature Tg 

Figure 3.9 
Temperature-loading 
program 

The strain E, and subsequent shrinkage E, were respectively defined as: 

. 100% (3.11) 11 - lo 
Es =- 

10 

Er =- 11 - 12 . 100% 
10 

(3.12) 

where I, is the original length, 1, is the length after creep and I, is the length after recovery. 

A total number of 7 polystyrene strips were stretched, up to 320 % locally. It was found that they 

all fully recovered, in agreement with results of Schennink [9]. The complete experimental process 

was repeated by a different operator, giving the same results. For polycarbonate the results are 

given below in Figure 3.10 where the shrinkage E, is plotted against the applied strain E, for 

different initial stresses and temperatures. The true final stress for the maximum strain (+ 900 %), 

was found to be in the range of 5 [MPa]. 

An explanation for the relatively high amount of recovery could be given by the fact that during 

creep the stress increases sigriificantly. Conseqtenily, the true siïess is a function of elongation and 

no steady state is reached. An elegant method that deals with this problem and can be implemented 

quite easily, is illustrated is Figure 3.11 [37]. To support the sample and for efficient temperature 

transfer a silicon oil bath can be applied. During the creep experiment the load is decreased by 

using a cam. 

'Ooo T 0 Stress=i.3 [MPa]; T443 [KI 

l o StressdJ.65 [MPal; T443 [KI 

~ - 0  A 
A A  1 = -  

lo 
10 100 

(il-io)no [%I 

. Y  

- A  
- A  

. 6,-- 
,o- o 

A 
A 

loo0 

- Compensation lood 

Figure 3.10 Figure 3.11 
Results of creep and recovery experiments for polycarbonate CD2000. 
Maximum strains of over 900 % were reached. The dashed line indicates full 
recovery. Janeschitz-Knegl [37]). 

Schematical representation of extension 
test with virtually constant stress (after 
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Oscillatory Shem 
Experiments 

PS678E 

PS96 

PS330 

PS560 

CD2000 

Spiro PC 27% 

Spiro PC 46% 

Spiro PC 65% 

Spiro PC 86% 

GE Spiro PC 

TMPC 

Chapter 4 

Results and discussion 

To [KI 

480 

473 

470 

470 

462 

548 

563 

573 

569 

54 1 

538 

In this chapter the results of the oscillatory and steady shear experiments are given and shortly 

discussed. Effects of the different molecular properties on the elastic response of the materials are 

subsequently reviewed. 

Me 
[kg/mol] 

33.6 

19.0 

21.6 

21.1 

2.24 

3.10 

6.63 

7.60 

14.7 

8 4.1 Oscillatory shear experiments 

Je(T0) 
10.' [Pa"] 

14.3 

0.978 

1.98 

3.67 

0.551 

3.09 

6.41 

4.79 

11.9 

In Table 4.1 the results of the oscillatory shear experiments are summarized. Tu is the chosen 

reference temperature. The plateau modulus GNU, the density p, the entanglement molecular weight 

M e ,  the recoverable compliance J: and the steady state viscosity q0 were determined according to 

the respective methods described in Chapter 3. 

1.69 

1 .o2 

0.717 

0.368 

Table 4.1 
Results of Oscillatorv shear exueriments uerformed on a Rheometrics RDS-11. 

1.148 

1.445 

1.143 

1.144 

0.780 

0.871 

~ ~ 

1.149 6.63 1.47 

1.150 5.91 3.26 

rlO(T0) 
io4 [Pa SI 
0.34 

0.098 

2.95 

16.3 

6.75 

2.74 

2.23 

1 .O4 

0.276 

1 .O6 

0.545 

Remarks -+ 
slope log(G')#2 

slope log(G')#2 I 
The M e  values that were found agree reasonably well with available literature values that are given 

in Table 4.2 at the next page. For monodisperse polystyrene, Schausberger [42] has reported a 

criticd mdzcdz-  weight M c  ~f aboiit 38 [kgho& which agrees with the M ,  values (hfc = 2M,j of 

the narrowly distributed polystyrenes used in this study. 

Where the entanglement molecular weight of monodisperse polystyrenes is expected to be constant 

(M 1 M c ) ,  it should increase for the copolycarbonates as the percentage spiro increases. 

In Figure 4.1 the dependence of Iì4, and T,  on the percentage spiro is shown. Reference is PC 

CD2000 (100 % Bisphenol-A) 
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470 

460 ti I 440 I * 

450 E g, E o 

Table 4.2 
Literature values for the entanglement molecular weight M,. 

Me (Spiro PC) 

0 Me(GEPC) 

Tg (Spiro PC) 

O Tg(GEPC) 

Literature values M, [kgímol] Remarks 

PS678E 30.0 

4 4- 

2 E- 
81 

-- 
CD2000 

o ,  

PS678E 18.7 experimental 1171 1 17.9 predicted [17] 

-- 430 

420 

410 

6 
E 

Polycarbonates 

Figure 4.1 
The entanglement molecular weight M e  and glass transition temperature T, as a function of the molar percentage spiro in 
copoly carbonates. 

As one can see from Figure 4.1, it seems that M e  of the polymer with 46 % spiro is overestimated. 

This is probably due to the fact that during the experiments performed with this material some 

fluctuations in the temperature occurred, causing a small rotation in the curves. This rotation, 

which can be seen in the spectrum of the loss angle makes the interpretation of the shiftfactors 

somewhat arbitrary. 

IE Appendix B mechmical spectra of loss angle E and complex modulus G* , together with 

mastercurves of G', G" and q* are given for each material. A plot of the shiftfactors and the 

different fitting methods is also included. In general, the WLF fit agrees reasonably well with the 

shiftfactors whereas the Arrhenius equation is not able to describe the temperature dependence of 

a, satisfactory. The vertical shift b, does not agree with the temperature density correction. This is 

mainly due to the shifting procedure that causes a number of experimental errors (e.g. gapwidth 

correction) to gather in the correction factor b, ~ 
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~~ ~~ 

6.12 I 0.79 

1.42 

1.31 f 0.16 

1.69 ? 0.42 

0.51 f 0.03 

2.86 I 0.9 

4.06 I 2.97 

For most materiais a small vertical shift in the loss angle at low temperatures is observed. This 

may be caused by slip between the contact surfaces, but rather by the transducer reaching its 

specification limit at very high moduli (G* c- 1 [MPa]). At high temperatures and, accordingly, low 

viscosities, the apparatus is no longer able to measure the elastic contribution correctly; G'  is then 

observed to remain constant, causing a decline in the loss angle with decreasing frequency. This is 

shown in the loss angle spectra of GE spiro PC and TMPC (see Appendix B). 

For the determination of J:, this latter phenomenon presents a problem to the extent that the slopes 

1 and especially 2 in respectively G"(o) and Gym) are not always reached. If slope 2 is not 

reached, this causes an underestimation of J,". 

~ 

3 

1 

2 

4 

3 

2 

2 

0 4.2 Steady shear experiments 
Totally 45 creep and recovery experiments were performed, of which 19 successfully. Stresses 

between 0.94 and 72 [Wal were applied. In the successful experiments a relation between stress 

and recoverable compliance was not found, therefore the results of these experiments were 

averaged and are summarized in Table 4.3. In Appendix C tables with all results are given. The 

experiments were evaluated using the methods that were described in section 3.3.2. Determination 

of Jeo from the final value of the recoverable strain in the recovery experiment proved to be the 

only successful method. In most cases however, recovery was not completely finished at the end of 

the experiment causing a slight underestimation of J,". 

Table 4.3 
Averaged values of the recoverable compliance as calculated from the final value of the recoverable strain. - 

Steady shem e x p e h e n t s  

PS678E 

PS96 

PS330 

PS560 

CD2000 

Spiro PC 27 % 

Spiro PC 46 % 

Spiro PC 65 % 

Spiro PC 86 % 

GE SDUO PC 

5.79 f 0.51 

The recoverable compliance could not be calculated successfully from the creep experiment, 

because the available methods are based on subtracting a viscous contribution from the absolute 

value of the total strain during creep. Although linear viscoelastic steady state was achieved in 

most cases (slope log J( t )  = 1; constant shear rate), the elastic contribution was influenced by start- 

up transients unacceptably. 

Changing this will require a very accurate apparatus, designed for high Tg polymers. In Appendix 
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D, an illustration of the influence of smaii stress transients is given. 

Weissenberg [44] noted that, when an elastic liquid is subjected to simple shear flow, a pull along 

the lines of flow is present besides the shear stress. In a cone and plate rheometer that pull 

strangulates the flow, causing a pressure profile across the face of the instrument and a normal 

thrust forcing the faces apart. In this study it appeared that repeating experiments with one sample 

at the same stress level systematically resulted in a reduced elastic response, even at very low 

stress levels of 1 [Wal. This is illustrated in Appendix D. 

It was found that control of the normal force is critical to perform a well defined experiment. 

Pressing the cone into the cylindrical sample caused in some cases an unacceptable normal force 

that resulted in friction and/or dislocation of the optical encoder. Therefore the cone-plate geometry 

was replaced by a plate-plate system. Total absence of the normal force, however, may cause loss 

of contact surface, especially at high viscosities. 

Other experimental problems that were experienced include heat leakage and a windmill effect 

caused by airflows in the bearing that have an influence on rotation, especially at low viscosities. 

This is illustrated in Appendix D where recovery curves of PC CD2000 at different temperatures 

are given. 

To show that good results can be achieved with the DSM prototype at low temperatures, using the 

plate-pIate system, a poiydimethyisiloxane (PDMS) sampie was tested. Tie  strain curve is given in 

Appendix D. 

0 4.3 Molecular property effects 

9 4.3.1 The weight-average molecular weight Mw 
The elastic response of the three narrowly distributed polystyrenes (Table 3.1) is presented in 

Figure 4.2. The recoverable compliance J," is plotted against the weight-average molecular weight 

M,.  Results nf R ~ t h  nsdatory shear mind steady shear experiments are shown. As Figure 4.2 

shows, the experimental results agree reasonably well with values calculated from dynamic data (G ' 

& G'3 that was presented by Schausberger et al. [34, 351. 
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Polystyrene Standards 

I 1.0503 

A 
o LOU o0 

0 From creep recoveg 

A Calculated from [34] 

0 Calculated from [35] 

1.0E-O6 

1.0F,+01 1.0E+02 1.0E43 1.0E+04 
Mw [kg/moll 

Figure 4.2 
Elastic response as a function of the molecular weight. Square markers reperesent narrowly distributed PS standards, other 
markers represent literature values. 

As expected J," does not show a profound dependence of M , .  The molecular weight is directly 

related to the viscosity (q 0~ 

frequency axes. This does not affect the recoverable compliance. The value of J," that is found for 

PS560 is an overestimation.This can be explained as follows: during the oscillatory shear 

experiments excess material at the outer edge of the plates was removed, because it affects results 

significantly. For PS560 this was not possible, without tearing material out of the gap and therefore 

omitted. The resulting effect can be seen in the spectrum of the d y n a ~ i c  moduliis of PS560 

(Appendix B), which shows that some curves intersect above the reference temperature. 

and thus causes the moduli to shift horizontally along the 

§ 4.3.2 The dispersion D 
The effect of the molecular weight distribution on the elastic response is shown in Figure 4.3 

where PS678E is compared to the nearly monodisperse polystyrene standards. As expected [1, 241, 

J," increases rapidly with polydispersity. 

Where the dynamic and steady state values agree reasonably well for the nearly monodisperse 

polystyrenes, this is not the case for the broadly distributed PS678E. 

When a sample has a narrow molecular weight distribution, all the chains show a similar degree of 

entanglement, so they are uniformly stressed during flow. In a sample of broad molecular weight 

distribution, with the same average molecular weight, longer chains are present. It is the long 

chains that accept a large amount of the total stress, assuming that it is the entanglements which 

resist deformation. The resulting above-average elastic response in those molecules is retarded by 
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Figure 4.3 
The elastic response as a function of the width of the molecular weight distribution. 

viscous resistance as the smaller molecules conform. Thus a material of broad molecular weight 

distribution is expected to show more elastic response than a material of narrow molecular weight 

distribution, with a delay in the total time necessary to achieve maximum recovery [20]. 

It is this delay that causes the underestimation of J," for PS678E from recovery. Within the same 

experimental time window, the nearly monodisperse polystyrene can virtually reach maximum 

recovery, while the broadly distributed PS678E has only partially recovered. 

An investigation by Schausberger [35] confirms these observations. In his study two polystyrene 

standards, with molecular weights of 65 and 669 [kg/mol] show J," values of 6.30.10-6 and 

1.45.10-5 [Pa-'] respectively. A bimodal I : I  blend yields J," = 6.01.10-5 [Pa-']. It should be noted 

that the steady state viscosity qO for the two standards varies from l.00.103 to 3.02.106 [Pa.s] 

where the blend shows 3.55.105 [Pas]. 

In order to avoid influences of a variation in M e  on the results presented in 9 4.3.1 and 9 4.3.2, the 

rvroverhk compliance c22 be miiltii;liec! 5jr the plateafi E G ~ U ~ U S .  Based ûii the assümptiori that 

the value J;.G,' [-I is essentially universal for nearly monodisperse (D = 1) linear polymers, 

Wasserman et al. [24] reported values in the range of 1.8 to 2.5. In this study, values of 2.1, 3.6 

and 6.9 were found in oscillatory shear for PS96, PS330 and PS560 respectively, where it should 

be noted that the dispersion D of these materials is not exactly equal (Table 3.1). 

Schausberger [45] calculated a value of J,"GN0 = 2.8 for D = 1 and predicted a proportional 

relation between D and J,".G,' on double logarithmic scales for polymers with a log-normal 

molecular weight distribution. 
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For nearly monodisperse polymers is has been stated 1241 that the theoretical limit of the value 

J,".GNo is unity for D + 1. This would mean that the low frequency behaviour for D = 1 can be 

described by a single Maxwell element. To test this assumption, the storage and loss moduli of the 

polystyrenes used in this study were fitted with a single Maxwell element, using the plateau 

modulus and the zero shear viscosity of each material. 

The governing equations are given in Appendix E. The results for the different moduli (divided by 

the difference of T,  and the temperature of the mastercurve) are shown in Figure 4.4 and Figure 

4.5 where respectively G'  and G" are plotted against the angular frequency. Obviously, the low 

frequency behaviour of PS678E can not be described by a single Maxwell element, but it also fails 

to describe the low frequency storage behaviour of the nearly monodisperse polystyrenes. 

Consequently, the assumption that for monodisperse polymers at low frequencies the recoverable 

compliance J," is equal to the reciprocal plateau modulus GNo is not justified. 
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FigUiz 4.4 
Mastercurves of the storage behaviour as a function of the frequency. Markers are 
experimental results, lines are single-Maxwell-element fits. 
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Figure 4.5 
Mastercurves of the loss behaviour as a function of the frequency. Markers are 
experimental results, lines are single-Maxwell-element fits. 

Figure 4.4 and Figure 4.5 also illustrate that a change in molecular weight mainly causes a 

frequency shift, that does not influence the recoverable compliance. A difference in dispersity 
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causes a vertical shift and a change of the shape of the spectrum that greatly affects the elastic 

response. 

9 4.3.3 The entanglement molecular weight Me 
The influence of the entanglement molecular weight M e  on the recoverable compliance of different 

copolycarbonates is shown is Figure 4.6. 
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Figure 4.6 
The elastic response as a function of the experimentally determined entanglement molecular weight M, of different 
copoly carbonates. 

A proportionality between M, and J," appears to be present. However, a scatter of the results is 

observed. As shown in Table 3.1 not only the molecular weight M,, but also the dispersion D 

varies significantly for the different copolycarbonates. This has a profound effect on the elastic 

response. 

To determine the effect of M e  in a more unambiguous manner, materials with a more similar 

dispersion should be synthesized. 
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Chapter 5 

Conclusions and recommendations 

It was found that the entanglement molecular weight M e  of polycarbonate can be systematically 

varied by a factor of 10, by adding molecules with a restraining spiro-group in different 

percentages to Bisphenol-A polycarbonate molecules. 

The recoverable compliance J: can be calculated from dynamic mechanical measurements in the 

melt state, if the limiting constant slopes of the moduli at low frequencies can be determined. This 

provides a method to assess the intrinsic elastic response of a material, even if only a small sample 

is available. However, since the dynamic properties are plotted on double logarithmic scales, the 

results have to be considered with care. 

It also proved to be possible to estimate J," from steady shear recovery experiments. However, due 

to long relaxation times, especially in broadly distributed polymers, maximum recovery is not 

always reached within the experimental time window. Determining J: from creep experiments 

proved to be unsuccessful, due to start-up transients. This will require a more accurate constant- 

stress rheometer, specifically designed for high Tg polymers. Points of attention for the design of 

such an apparatus are control of the normal force, friction and the prevention of heat leakage. 

The weight-average molecular weight M ,  does not influence the recoverable compliance of 

polystyrene significantly. However, J," was found to increase rapidly with increasing polydispersity. 

A correlation between Jeo and was found to be present in copolycarbonates, although these results 

were affected by a variation in dispersion D. 

The product of J: and G," is not a constant, but unique for every polymer, even if monodisperse. 

Consequently, the use of the rubbery plateau modulus instead of the compliance for the prediction 

of dimensional stability will lead to different results, depending on the type of polymer and the 

molecular weight distr;lbiitlon. 

From this study it can be concluded, that the recoverable compliance J," can be used as a 

comparative measure for deducing the elastic response and thus the potential dimensional 

instability of materials with different molecular properties. 

However, simple deformation was applied and therefore results are only valid for comparative 

purposes. To link the results to actual injection moulded products that inhibit complex spatial 

property distributions, more research is needed. 
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In this investigation, experiments in shear were performed. With simple extension under constant 

force, the recoverable compliance cannot be determined due to the quadratic increase of the stress 

with elongation. An elegant method that deals with this problem, which can be implemented quite 

easily is shown in Q 3.4. By decreasing the load during creep with a cam, an extension test under 

virtually constant stress can be performed. 

Control of the dimensional stability is crucial for the long-term performance of injection moulded 

products. It was shown that the molecular network structure of amorphous polymers affects the 

potential dimensional stability. It was shown elsewhere [29] that this molecular network structure 

also influences the ultimate toughness of amorphous polymers. The range in M e  of the 

copolycarbonates used in this study can fill up the difference between M e  of the polycarbonates 

and M e  of the polystyrenes that were studied previously. Therefore, additional mechanical tests 

with the copolycarbonates that were used here may provide interesting information. 
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Appendix A 

The Voigt model 

The Kelvin or Voigt model is commonly used to describe creep behaviour in viscoelastic materials 

and is particularly useful in the case where the stress is held constant. In this appendix the stress- 

strain relations for a single Voigt element are derived. A single element, which is the basic 

component of a generalized multi-mode model, consists of a spring and a dashpot in parallel 

(Figure A.l). 

Figure A . l  
Single Voigt element. 

The total stress CJ and strain y are given by: 

(P =os *Od (A-1) 

y =Y, = Y d  ( A 4  

showing that the stresses in each component wiiI add, whereas the strains are Liniîorrn. 

The ideal spring stores all elastic energy and returns it completely after removal of external forces, 

following Hooke's law: 

CJ, = G.y, (A.3) 

with elastic modulus G. 

The dashpot accounts for ideal viscous behaviour, governed by Newton's law: 

CJd = 

\&p.re q is the .lisc^sig7 2nd ShCZl- l-Ztp_ + = %* 

CJ = G y  +q*Y (A-5) 

' dt 

Thus, combining these four equations yields a simple differential equation of the form: 
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Using straightforward Laplace transforming will show that equation (A.5) has the solution: 

G 
For a single element, the ratio 0 is constant and equal to the maximum elastic strain yo. 

Also the term 2 will be constant for a given Voigt element and can be replaced by a characteristic 

time constant 7, called retardation time. Equation (A.6) can then be written as: 

G 

y = y o  ( 1 - e  -:) 
For the case of recovery after creep, when the stress CT = O, equation (A.6) becomes: 

t - 
y = y o  e ‘0 

As discussed in Chapter 2, real materials exhibit a range of relaxation times and moduli. A 

generalized Voigt model consisting of several elements in series, which results in a discrete 

spectrum of relaxation times and moduli, provides a more accurate way to describe material 

behaviour. 

Where the Maxwell model describes the stress relaxation of a polymer to a first approximation and 

the Voigt model similarly describes creep, a next step is to find a combination of these two basic 

models that accounts for both phenomena. A relatively simple model that is able to do so, is 

known as the standard linear solid and consists of a spring and a Maxwell element’ in series. 

The more interested reader is referred to Ward [5j or Young et ai. [28]. 

’ A spring and a dashpot in series. 
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Appendix B 

Dynamical spectra 
In this appendix the results of the dynamic oscillatory shear experiments are summarized in the 

sequence given below. For each material mechanical spectra of loss angle 6 and complex modulus 

G" are given. Mastercurves of G', G" and q* are shown together in one plot for every material. A 

plot of the experimentally deduced shiftfactors and the different fitting methods is also included. 

Both a WLF fit (according to equation 2.28) and an Arrhenius fit (equation 2.29) are applied to the 

horizontal shiftfactor aT, by least squares linear regression using all values. 

The vertical shiftfactor 6,  is modelled by a temperature density correction. For polystryrene two 

fitting procedures were applied, according to equations (3.1) and (3.2)   rho) com. I '  and 'T(rho) 

com. 2' respectively). The vertical shift of polycarbonate was fitted according to equation (3.1). 

Material Page 

PS678E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

PS96 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

PS330 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

PS560 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

PCCD2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

SpiroPC27% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47 

SpiroPC46% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49 

SpiroPC 65% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51 

SpiroPC 86% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53 

GESpiroPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 

TMPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 
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Appendix C: Creep and recovery results 

Appendix C 

Creep and recovery results 
In this appendix tables are given with results of all steady shear experiments for polystyrene and 

polycarbonate respectively. Empty cells indicate that unambiguous results could not be determined. 

Results of the useable experiments are shaded, these values are averaged and given in Chapter 4. 

The results are discussed in 9 4.2 and details on the used methods are given in 9 3.3.2.1 and 

5 3.3.2.2 for recovery and creep respectively. 

Start-up transients occurring during creep do not prevent the recoverable compliance to be 

determined from the recovery experiment, if steady-state is achieved. 

The cone-plate geometry caused for the apparatus unacceptable normal forces, therefore it was 

replaced by a plate-plate system. 
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Appendix D 

Creep and recovery plots 
In this appendix some illustrative plots of the steady shear experiments are given. The results are 

discussed in 5 4.2 in more detail. 

Figure D.l shows the influence of stress transients during creep. The dip in the creep curve is 

caused by a small knot in the load string, at the moment it passed the second air bearing (see 

Figure 3.4). 
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Figure D . l  
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Figure D.2 shows that repeating an experiment with one sample results in a reduced elastic 

response, even at low stress levels. 
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Figure D.2 
The total strain during creep and recovery (T = 493 [KI; O = 9.37.10’ Pa]) 
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Appendix D: Creep and recovery plots 

X.WE+M) 

Figure D.3 shows the influence of airflows in the air bearing causing a windmill effect. At high 

temperatures and low creep stress the recovery is overruled by an opposite rotation. At high stress, 

recovery does not stop because of this effect. 

-- 
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Figure D.3 
Recovery for CD2000 at different temperatures and different stresses. 

Figure D.4 shows a smooth strain curve for PDMS, a low T ,  polymer. No start-up transients are 

observed and the creep quickly reaches steady-state. 
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Appendix E: A single Maxwell element 

Appendix E 

A single Maxwell element 

As shown in Figure E.l, a single Maxwell element consists of a spring and a dashpot in series. In 

this appendix the equations governing the storage and loss behaviour of a single Maxwell element 

are given. Ideally, the behaviour of a true monodisperse polymer is governed by a single relaxation 

time and modulus. 

G 11 

Figure E.1 
Single Maxwell element 

For a Maxwell model, the total stress and strain are related as follows [5]: 

dy - 1 $0 CJ 
dt G dt q 
- - _  - + -  

where y is the total strain, (3 the total stress, G the relaxation modulus and q the viscosity. If the 

relaxation time is defined as z = q/G, equation E.l can be written as: 

d r  (E.3 do CJ +T-  =Gz- 
dt dt 

when the stress is defined as: 

CJ = CJ e'wt =(GI + i@)y 
O 

with storage modulus G' and loss modulus G", substitution of equation (E.3) in (E.2) yields: 

From equation (E.4) it follows that: 

- Thus by substituting the plateau modulus GN0 for G and the zero shear viscosity yo for q, the 

storage and loss behaviour of a monodisperse polymer can be modelled to a first approximation. 
~ 
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Appendix E: A single Maxwell  element 

From equations (E.6) and (E.7) it foliows that: 

1 - =( i  + 0 2 2 2 )  - G9 
~ 9 /  2 G 

FQI- vanishing shear and G = GNo equation (ES) yields: 

which means that theoretically the product of GNo and Jeo is equal to 1, if a monodisperse polymer 

is modelled with a single Maxwell element. 

More details on experimental patterns for the storage and loss behaviour are given by Ward [5].  
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