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Summary 

The aim of this investigation was to evaluate two ways of homogeneous deformation in 

tensile tests, both with the underlying idea to determine the strain hardening modulus of 

glassy polymers. These methods were: 

1) Homogeneous predeformation above the glass transition temperature. 

2) Mechanical rejuvenation below the glass transition temperature. 

In both methods strain hardening could be described with neo-Hookean behaviour. In case 

of predeformation above the glass transition temperature a shear modulus G = 4.5 [MPa] 

was found. Besides, the activation volume was not influenced by the thermal treatment, 

nor by the predeformation. 

In the case of homogeneous deformation below T,, a strain hardening modulus was 

found of 31 [MPa] after rejuvenation in tensile, and a G of 26 [MPa] was found after 

mechanical conditioning in shear. The difference with the modulus, which was found in 

the experiments above Tg could be related to a time dependence of the strain hardening 

modulus. With both methods, both above the glass transition temperature and below 

T’, no upswing in the strain hardening, which is indicative for a finite extensibility of the 

entanglement network, was observed. 
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1 Introduction 

Large strain deformation of amorphous polymers occurs in many industrial processes which 

involve ‘cold’ deformation of polymers in the solid state. Because of large local deforma- 

tions, these processes, such as deep drawing and extrusion, give rise to  a significant texture 

in the final product. It is of great importance to be able to predict the mechanical response 

of these products to  various loading situations, as well as to understand the material be- 

haviour on a molecular scale. 

Several constitutive models have been developed to  predict the deformation behaviour 

of glassy polymers. These models are able to represent the three-dimensional nature of 

the stress-strain behaviour in such a way that the behaviour can be described with a 

single set of material parameters in a great variety of loading situations and environmental 

conditions. Examples are the ”BPA-model’’ by Boyce e t  al. (1988), the related ”full-chain 

model” by Wu and der Giessen (1993) and the modified Leonov model by Tervoort et al. 

(1994). 

Strain hardening is known to occur with large plastic deformation and various models 

have been used to describe this behaviour. Boyce and Arruda (1993) used a Langevin- 

spring to describe strain hardening which assumes the existence of a finite extensibility 

of the molecular network. A different way of describing strain hardening is to use a Neo- 

Hookean spring, which was, among others, suggested by Haward (1993). 

One important aspect of constitutive modelling, is the experimental characterization 

of the glassy polymer concerned. The most easy way to obtain the required material 

parameters is to conduct homogeneous testing. However, to perform a homogeneous test at 
large deformations is very difficult, since glassy polymers are known to develop necks and/or 

shearbands during tensile experiments. Some plastics however will extend uniformly, for 

instance PVC (Poly(Viny1 Chloride)) at low strain rates (Cross and Haward (1978, 1979); 

Vincent (1974)) and plasticized cellulose esters (Haward and Thackray (1968)). G’Sell e t  al. 
(1992) have developed an experimental method for homogeneous deformation in a uni-axial 

tensile test. This technique makes use of axis-symmetric, hour-glass shaped samples in a 

video-controlled tensile testing machine (a digital closed-loop system), which results in 

a constant value of the local strain rate. Unfortunately this is an extensive experimental 

setup which is not available at the CPC-laboratory of the technical university of Eindhoven. 

The aim of the present investigation is to evaluate two different methods to deform poly- 
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mer samples in a homogeneous way, and to determine their usefulness for characterization 

of strain hardening. The first method is to deform the sample above T’ and subsequently 

freeze in the obtained level of deformation by rapid cooling. In the second method homoge- 

neous deformation is obtained by eliminating one cause of strain localization, namely true 
strain seft’tening, by c9nditioning the sample mechanica!!.. J . In this study pdycarbenate is 

used as a model polymer (Klompen (1993)). 
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2 Large strain plasticity of glassy polymers 

t oad  

2.1 Introduction 

Mathematical models of the deformation behaviour of glassy polymers are verified very 

often with experimental data of a uni-axial tensile test. A typical example of such a 

tensile curve is depicted in figure [i]. In this figure three important deformation zones 

can be distinguished. The first region (AB)  prior to yielding shows more or less elastica1 

behaviour. After the yield point ( B )  a shearband is formed ( B C )  which is followed by the 

growing of a neck (CD) .  When sample geometry restrains further neck propagation, strain 

hardening causes the increase in the stress level ( D  +). The initial yield behaviour is due 

to stress induced segmental motion and is governed by the Van der Waals forces, which 

hold together the randomly packed covalent chains in a glassy polymer. Neck propagation 

is the result of the stabilizing effect of strain hardening and finds its origin in the rubbery 

respons of the entanglement network. 

Most of the constitutive models that have been developed to describe this behaviour are 

based on a Maxwell element to describe initial yielding, parallel to a spring which captures 

the strain hardening behaviour (see figure [2]). In the next section the compressible Leonov 

model will be described as an example of the modelling of a Maxwell element. After that 

two of the most used mathematical descriptions of strain hardening will be reviewed. 
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Maxwell-element 

Neo-Hookean spring 

Figure  2: Strain hardening spring parallel to a Maxwell element 

2.2 Compressible Eesnov-model 

Tervoort e t  al. (1994) developed a constitutive model for finite elastic-plastic deformation 

of glassy polymers. The so-called compressible Leonov model is based on a single Maxwell 

element as shown in figure [2]. In this model it is postulated that the total stress (T) in 

the Maxwell element can be divided in a hydrostatic stress which is coupled to the volume 

deformation of the material, and a deviatoric stress which is described by the isochoric 

elastic strain. According to Hooke’s law the hydrostatic stress (Th) can be written as: 

Th = K (  J - 1)I (1) 

where K is the bulk-modulus of the material and J is the relative volume deformation 

( J  = det(F)), assuming that volume changes remain small. The deviatoric part of the 

stress (T’) in the Maxwell element is determined by the deviatoric part of the left Cauchy- 

Green deformation tensor at constant volume (Be), which evolution equation in case of 

pure elastic deformation can be written as: 

where D’ stands for the deviatoric part of the rate-of-strain tensor and O denotes the 

Jauman derivative of B:. Furthermore it is assumed that the accumulation of isochoric 

elastic strain is reduced because of a (deviatoric) plastic strain rate (Dp) so the evolution 

equation of B; changes to: 

o *  
Be= (Dd - Dp) B: + B e .  (D’ - Dp) ( 3 )  
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Therefore a new constitutive equation is needed to describe the plastic rate-of-strain tensor. 

It is generally known that plastic shear is very often well described by an Eyring- 

flow process, which describes material flow on segment scale in case of polymers. One 

dimensionally the plastic shear rate can be written as: 

Here A and TO are material parameters which depend on the activation energy and the 

activation volume of the material concerned, and T is the shear stress. This formulation 

of the shear rate can be extended to a three-dimensional form and after some calculations 

the plastic rate-of-strain tensor is shown as: 

Here T~~ represents an equivalent stress and is defined as: T~~ = d m .  The 

deviatoric stress tensor Td can now be written as G(Be)d where G is the shear modulus 

of the material concerned. The total stress in the element described can be obtained by 

adding the hydrostatic and deviatoric stress terms, which results in: 

T = K ( J -  i ) I + G ( B ~ ) d  I 
Be = (D”- DP) *Be +B: .  (Dd - DP) I O *  I j I  = J t r (D)I  

I 

Strain softening - Description of the phenomenon 

The mechanical properties of glassy polymers are not only strongly time and tem- 

perature dependent, but are also determined by the prior history of the material (time, 

temperature and pressure). This process, which is thermally reversible, is usually referred 

to as physical aging. The process behind aging effects is to be found in the microstructure 

of the material, and considerable effort has been put in the examination of the exact na- 

ture of the local rearrangements within the molecular structure of the material concerned. 
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It is generally accepted that aging of amorphous polymers is directly correlated to the 

amount of free volume in the material (which means the ’older’ the material, the lesser the 

amount of free volume, Kovacs (1958), Struik (1978)). Although aging of glassy polymers 

has a considerable effect on the yield stress and post-yield behaviour, it does not affect 

materia! parameters as activation energy and activativri vo!ume, which was UemGXlstrclted 

by Bauwens-Crowet et al. (1969). 
Reversal of the aging process, which is called de-aging or rejuvenation of the material, 

can be accomplished in two ways. The first way consists of a thermal treatment which 

means that the polymer concerned is brought above its glass transition temperature and 

kept there for a certain amount of time. In this state free chain segment rotation is 

possible and a maximum amount of free volume exists in the polymer. Therefore, when 

the polymer is cooled instantaneously from above T’ to room temperature (assuming that 

the glass transition temperature is well above room temperature), a completely de-aged 

state will be frozen in. The second way to rejuvenate the material is plastic deformation. It 

is shown (Hasan et al. (1993)) that during plastic flow the flow stress evolves to a constant 

value irrespective of the prior history of the material. This implies that the aging history 

is completely erased during plastic flow. The process which involves this drop in the yield 

stress during plastic deformation is called strain softening (Hasan and Boyce (1993), Struik 

(1978)). 

Strain softening - Mathematical description 

In a first attempt by Boyce e t  al. (1988) to implement strain softening in a constitutive 

model they used an equivalent stress tensor that evolves during strain propagation from a 

certain peak stress to the lowest stress at plastic flow. The rate of the drop depends on 

strain rate and a phenomenological softening evolution equation was developed: 

In this equation h is the slope of the stress drop, s,, is the stress which is reached at steady 

state and s is the equivalent stress. Boyce and Argon use a different constitutive model, 

the so called BPA-model after Boyce e t  al. (1988), but in principle this softening equation 

can be used in any constitutive model. 

A second way to describe softening is related to the amount of free volume in the 

material. Hasan e t  al. (1993) postulate that shear transformations occur in those regions 
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where the local resistance is low, which is correlated with the amount of free volume. A 
new variable D is introduced, which stands for the number density of regions capable of 

undergoing shear transformations. In the first place D depends on the prior history of the 

material, particularly time and temperature, and D depends on the deformation history 
3 n A  r ~ t n  A f  A n f A r m , t ; A n  Th;c r n a i > I t a  in 3 G r a t  r \ r A n r  n x T n I i 3 t ; n n  n r t i i ~ t ; ~ n *  
UIIU Lu,”- V I  U b 1 V L I 1 I W U I V I I .  I I I1“  1 b U U I U U  111 w I L I U U  V L U b 1  b Y V I U U I V I I  b , Y U L I i U I V I I .  

D = D(D,D,) = - Dm (1 - ”> Dp 
TP Dm 

where D, represents the steady state number density of possible shear transformation 

sites and rp is a characteristic ‘time’ for the evolution of D. 
To complete the constitutive model, D is implemented in the evolution equation for 

the plastic deformation tensor (see equation [5]): 

2.3 Strain hardening 

The process of strain hardening finds its origin in the response of the entanglement network 

to a loading situation. Despite the existance of physical cross-links instead of a chemically 

cross-linked network as is the case in the material rubber, strain hardening is often modelled 

as a rubbery elastic spring. This results in an extra stress tensor which must be added to 

the response of the Maxwell element. In case of incompressible rubbery elastic behaviour 

the extra stress tensor depends on the amount of elastic energy stored in the material. 

TE = 2-. B 
dB 

The theory of rubber elasticity is based on the change in entropy which is the consequence of 

the distortion of the molecular network. The stored elastic energy (at isothermal conditions 

equal to the Helmholtz free energy) can be calculated from the change in entropy. 

The most simple expression for the entropy change follows from the so-called Gaussian 

network approximation and leads to the following expression for the stored elastic energy: 

1 
Qi = -G(AS + A i  + A i  - 3) 

2 
where (Al, AZ, A,) represent the strain in the three main strain directions. In combination 

with equation [lo] this leads to neo-Hookean behaviour: 

S E  = GB (12) 
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If one takes into account the finite extensibility of the network, more advanced ex- 

pressions for @ can be deduced. An example is the 'Langevin'-model by Kuhn and Grün 

(1942) : 

with N the number of statistical links, 1 the length between chemical crosslinks, rchain 

maximum extensibility in the model, r% Boltzmann's constant and L-l the inverse Langevin 

function. This one-dimensional expression has been extended to a three-dimensional model 

in several ways, for example the three chain model by Wang and Guth (1952)' the four chain 

(tetrahedron) model by Treolar (1946), and more recently the eight chain model by Arruda 

and Boyce (1993). The latter being the most sophisticated results in a three-dimensional 

expression: 

where X is d I ~ / 3 .  

It is assumed by many authors that the entanglement network has a limited extensibility 

which should lead to a strong upswing in the strain hardening at a certain strain, but 

Haward (1993) only observed neo-Hookean behaviour for a number of polymers. 
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3 Experimental 

3.1 Experimental outline 

The aim of this investigation was to evaluate possibilities for obtaining homogeneous de- 

formation in tensile tests. ‘Two main effects that influence the initiation of inhomogeneous 

deformation can be pointed out. The first reason is the stress dependence of the yield 

process. Small imperfections in the material cause local stress concentrations, which lead 

to a large increase in the local deformation rate (see figure [3,A]). The second effect is 

the occurrence of true strain softening after the yield point. Because of strain softening 

the yield stress of the material shows a considerable drop (see figure [3,B]) and this will 

promote further the localization of plastic flow. 

? 

Strain rate Strain 

Figure 3: A: Yield stress versus strain rate, B: Tensile curve of  true stress versus strain 

With polycarbonate the stress dependence of the yield process is determined by the 

stress activated flow of the chain segments, which is a material property. Therefore this 

cause of inhomogeneous deformation cannot be eliminated. However, taking the above into 

consideration, there are two ways to create homogeneous deformation: 

1) When the temperature is raised above the glass transition temperature, thermal agita- 

tion overwhelms stress-activated flow and the material will deform homogeneously like an 

elastic rubber. 

2) The strain softening phenomenon can be eliminated by mechanical conditioning. Large 

plastic deformation rejuvenates the material up to a saturation level which is maintained 

when the stress is released. As a result, subsequent testing will not lead to strain softening. 
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In the next section these methods will be discussed in more detail. 

3.2 Experiments 

Material 

Polycarbonate (Macrolon) in the form of 2 [mm] thin commercial sheets was used for the 

experiments in the rubbery state. The glass transition temperature is 155 "C as determined 

in a DMTA experiment [DMTA ME( 1111. For the experiments below the glass transition 

temperature extruded polycarbonate staff was used with an outer diameter of 10 [mm]. 

Predeformation above the glass transition temperature 

Dumb-bell shaped samples (ASTM D368 type 111) were cut from the sheet to perform 

uniaxial tensile tests. Before placing the samples in the oven to perform the predeformation, 

they had to be dried at 80 "C for about three days, to prevent the material from degrading 

at 160 "C. Before predeformation above the glass transition temperature, the samples were 

held 15 "C above T' for 15 minutes to ensure the same testing conditions for all samples. 

The predeformation tests were performed on a FRANK universal testing machine type 81565 

at a constant rate of extension of 500 [mm/min] at 163 "C. No large visual inhomogeneities 

occurred during this process and in this manner a range of predeformation states was 

created in which A, varied from 1.0 to 1.85. 

After predeformation the oven was opened immediately to obtain rapid cooling of the 

samples. To verify the imposed predeformation some of the samples were marked before 

predeformation. The length between two marks was measured right before and after prede- 

formation. Then the samples were put in an oven again and brought up to a temperature of 

180 "C. The samples were free to contract and after a period of 15 minutes in the oven the 

length between the two marks was measured again. All samples showed complete recovery, 

there was no difference with the measured length before predeformation. 

The university of Leeds (IRC of polymer science & technology) very kindly provided 

us with makrolon sheets which were predeformed planarly at 163 "C. A constant rate of 

extension of 3 [mm/min] was used. From these sheets small dumb-bell shaped samples 

were cut at different angles ( 8 )  with the main strain direction (see figure [4]). 
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X = 1.5 1 ;=1 

Figure 4: Schematic representation of the production of small dumb-bell s 

from the planarly predeformed plates 

3 

taped samples 

The actual tensile tests on the samples which were oriented uni-axially in the rubbery 

state were performed on the same FRANK universal tensile machine (81565) at four different 

rates of strain ( lop4 . .  . lo-'). The planarly predeformed samples were tested uni-axially 

on a ZWICK universa1 testing machine (type 1432). These tests were performed at three 

rates of extension, all at room temperature (21 "C). 

Homogeneous deformation below Tg 

For the tests below Tg extruded polycarbonate staff was used with a diameter of 10 
[mm]. Dog-bone shaped samples were created with a smallest diameter of 8 [mm] (see 
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figure Es]), All the tests below Tg were performed at room temperature. 

E = 10-4 [s- l~ 

E = 10-3 [ s - l~  

E = [s-'1 
E = lo-' [s-'I 

0 ._.... 

. .  . .  ... < ..' 

Wl 
lal 

A, = 1.63 
A, = 1.66 
A, = 1.78 
A, = 1.84 

--t 
/ I 

45 < > 

I 1 O0 I 

Figure 5:  Sample used for mechanical conditioning 

Large plastic deformation rejuvenates the samples and will therefore eliminate the strain 

softening effect with further deformation. Two ways are applied to accomplish this: 

1) The first method to create large plastic deformations is to let the sample neck in a uni- 

axial tensile test and let the neck grow as far as the sample geometry will permit. The strain 

distribution in the sample is nearly homogeneous. In the neck an oriented configuration 

arises and the amount of predeformation depends on the rate of strain applied (see table 

[U- 

Table 1: Strain rate dependence of the draw ratio in the neck 

After the neck had propagated as far as the shoulders of the sample, the stress was gradually 

removed. In this manner samples with a pre-orientaton A, = 1.66 and A, = 2.0 were 
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created. The latter could be reached by deforming the sample beyond the limits of neck- 

growth. 

2) The second way to create samples for homogeneous tensile tests was to apply a large 

plastic torsion to  the axis-symmetric samples. This was done manually on a universal lathe 

by clamping one side of the sample in the lathe and turning the other side 720". This action 

was reversed which resulted in the original geometric configuration of an isotropic sample, 

but with a large predeformation. A line was put on the sample as a reference during the 

torsion. A disadvantage of this method is that the deformation is not homogeneous over 

the cross-section of the sample, however, this method is the best so far to create isotropic 

samples which will not neck in a tensile test. 

After de-aging the axis-symmetric samples were tested uni-axially on a hydraulic ZWICK 

tensile machine type Rel 1852. This testing machine is only capable of imposing constant 

rates of extension, but for proper data-analysis a constant strain rate is necessary. This was 

obtained by the use of a personal computer which could calculate a displacement signal in 

two different ways (see also figure [SI). It is possible to use the constant rate of extension, 

which is imposed by the control unit of the tensile machine. The computer transforms 

the extension rate to a constant strain rate, which was sent as a Volt signal to the tensile 

machine. The second way is to calculate all points of the displacement curve (time between 

two points depends on the time needed to send a point to the tensile machine) and store 

them into memory. This function can then be sent to the tensile testing machine. The 

formula for the displacement is: 

x = Zo{exp(Et) - i> 

where ~t: is the displacement, Zo is the initial sample-length, and E is the imposed strain rate. 

The last method was used for the uni-axial tensile tests. Plots of the measured strain versus 

the time showed a perfectly straight line and the slope corresponded within 2 percent with 

the imposed strain rate (see figure [7]). The strain in this figure is calculated as the natural 

logarithm of the elongation in the sample, which was measured by an extensometer. 
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Control unit I1 
l l  

xn t 
"U I 

Tensile machine I \ 

Figure 6: Experimental setup for tensile tests at a constant strain rate 

0.20 

0.00 
O 100 

Time [SI 

200 

Figure 7: Measured strain versus the t ime at an imposed strain rate of  [s-l] 
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4 Results and discussion 

4.1 Characterization of the untreated material 

Eyring's equation for flow in case of a one-dimensional loading situati 

i. = E g  exp [ F ]  AH sinh [E] YO 

1 depicted as: 

where A H  is the activation energy, o the tensile stress applied and Y the activation volume. 

For high values of the stress this equation can be transformed in: 

2E 

This equation shows that plots of oy/T versus log(&) for various temperatures should give 

a series of straight lines. Besides, the plot of o versus E at various strain rates should only 

show a vertical shift. Figure [8] shows for PC the increase in stress with increasing strain 

rate. In figure [9] the yield stress is plotted versus the logarithm of the strain rate. A line 

i = 10-1 [s-'] 

0.00 0.05 0.10 0.15 

Strain [-I 
Figure 8: Strain rate dependence of  the yield stress €or polycarbonate at room tempera- 

ture (294 [KI) 

is fitted and it can be deduced that the yield stress increases with 2.75 [MPa] for each 

decade in the strain rate, which leads to an activation volume of 3.4 [nm3]. 
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10-6 10-5 10-4 10-3 10-2 10-1 1 o0 

Strain rate [sl] 

Figure 9: Yield stress at various strain rates, using the data from figure [8] 

4.2 

4.2.1 Mathematical background 

Predeformation in the rubbery state 

The constitutive model for describing large plastic deformation can be represented schemat- 

ically by a parallel arrangement of a Maxwell element and a Neo-Hookean spring to account 

for strain hardening. To facilitate the analysis of the data, which are presented in this sec- 

tion, it is assumed that the constitutive behaviour can be approximated by a compressible 

Kelvin-Voight model (see figure [io]). 

I +-I-, Above yield-point 

Figure 10: Approximation of the Maxwell model by a Kelvin-Voight model 

The total stress is calculated by summation of the hydrostatic stress and the deviatoric 

stress. The hydrostatic stress is assumed to be elastic with a bulkmodulus K .  The devi- 

atoric stress is determined by the viscosity of the yield process and the elasticity of the 
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entanglement network, which is schematically represented by the Kelvin-Voight model. 

T = Th + T d  = K ( J  - 1)I+ 2q(E,,)Dd + GBd (18) 

At a low stress (which is equivalent to a low rate of strain) and at a low temperature 

the viscosity is very high. At high stress and/or at high temperature the viscosity can be 

low enough to facilitate homogeneous deformation of the entanglement network, which is 

described by the spring. If the material is homogeneously deformed at high temperature, 

quenching to room temperature will freeze in the predeformed situation. After releasing 

the sample, the deviatoric network stress will be balanced by the deviatoric viscous stress, 

and the hydrostatic stress will be relieved. This means that the high viscosity prevents the 

material from returning to the original state. 

Uni-axial predeformation 

The predeformation B, in a uni-axial tensile test equals: 

B, = 

xp o o 

o o k  
0 1 0  

A P  

After releasing a predeformed sample the total stress can be described by (see eq. [is]): 

O 0 0  o o -; 

Ag - tr(Bp) O O 

O 1 1  
O A, tr(Bp) 

- - 

O O - f tr(Bp) 
A, 

It can be seen that the stress, which is frozen in, works in all directions. It is to be 

expected that the yield stress will be increased by the amount of stress, which is frozen in 

after predeformation. In a uni-axial tensile test (in the 2-direction) this will result in: 

where 00 is the yield stress of the isotropic material. 
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Planar predeformation 

The left Cauchy-Green deformation tensor can also be derived for planar predeformat ion: 

(22) 

In the same way as with the uni-axially predeformed samples, the total stress for a planarly 

predeformed plate can be derived: 

O 0 0  

T =  O 0 0  i O 0 0  

= 21i7 

E O  o X i  - i tr(Bp) O O 

o o o ] + G [  o 1 - $tr(Bp) 1 O 

o o -i O O 3 A, - tr(Bp) 

It is assumed here that after releasing the sample the strain rate in the y-direction will 

be zero since the sample was not deformed in that direction. From equation [23] it can be 

seen that: 

(24) 
1 
- t r (Bp)  = 1 
3 

In the z-direction the frozen-in stress will be G(X; - i), in the y-direction it will be zero 

and in the z-direction it will equal G(l/XP - 1) (the latter thrives towards expansion). To 

find the frozen-in stress at an angle with the z-direction, an axis-transformation must be 

cos2 S(Xp - I) cos I9 sin 8(X: - i) O 

=+ G cosdsind(X: -1) sin2d(XP - 1) 0 ] (25) i O O _ -  l 1  

rotation 

Therefore the stress due to predeformation at an angle I9 will equal: Gcos2 d(XP - 1). It 

is important to notice that the stress at an angle of 90" will not be influenced by the level 

of predeformation in the O"-direction. There is no frozen-in stress in the 90"-direction. 

4.2.2 Uni-axial predeformation 

An uniaxial tensile test is the easiest way to impose a well controlled deformation history 

on the material which has to be examined. Dumb-bell shaped samples were uni-axially 
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extended in their rubbery state until five different levels of extension were obtained. These 

samples were then uni-axially tested in the glassy state and the height of the yield point 

depends on the amount of predeformation (see figure [li]). 

80 I 

O V  I I 
0.00 0.05 o. 10 0.15 

Strain [-] 

Figure 11: Draw ratio dependence of the yield stress of uni-axial predeformed samples at 

a strain rate of  5 . [s-l] 

The predeformation could not prevent the samples from necking, because the cooling 

was not instantaneously and the material aged considerably during quenching. That the 

predeformation resulted in the orientation of the entanglement network was shown by the 

complete recovery of the samples, when they were reheated above Tg. 
It is important to know if the activation volume changes with the thermal and predefor- 

mation treatment. To verify the latter the yield stress was measured at various strain rates 

for the five different levels of predeformation. The plot of oy versus E shows an excellent 

fit with the same slope of 2.75 (see figure [la]). Therefore it can be concluded that the 

predeformation treatment in the rubbery state does not influence the activation volume. 

The (sometimes considerable) spread on the data can be explained by the differences in 

temperature history of the material. The cooling of the samples after predeformation was 

controlled as well as possible but various parameters influence the rate of cooling (sur- 

rounding temperature, time after removal from the oven). This has a considerable effect 

on the history of the material which implies aging of the samples. 

In the previous section it was shown that, assurning neo-Hookean strain behaviour, the 

increase in yield stress should equal 2/3G(Xp - i/&). This was verified by plotting the 
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Figure 12: Yield stress of  uni-axial predeformed samples at various strain rates 

yield stress versus A: - A;' at an arbitrarily chosen strain rate. This plot is depicted in 

figure [13], and a strain hardening moulus of 4.5 [MPa] was found. 
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3 

Figure 13: Determination of the strain-hardening modulus from the data from Egure (121 

at a strain rate of  1 [s-l] 
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4.2.3 Planar predeformation 

In the same way as with the uni-axially predeformed samples, PC plates were oriented in 

planar extension above the glass transition temperature. Small dumb-bell shaped samples 

were cut at four different angles from the plates, and tested uni-axially at three different 

strain rates. The same question arises here whether the activation volume is affected by 

the predeformation treatment. 
80 I 1 

75 c 
U 

o o o 65 - 

50 I I 1 1 1 1 1 1 1  I I I l l l l l l  I I I l l t l l l  I I I I I I I I  

10-5 10-4 10-3 10-2 lo-' 

Strain rate [s-l] 

Figure 14: Yield stress versus strain rate for planarly predeformed samples with A, = 1.23 
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Figure 15: Yield stress versus strain rate for planarly predeformed samples with A, = 1.5 
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Figure (141 and [15] show the strain rate dependence of the yield stress for A, = 1.23 
and A, = 1.5 at different angles with the main strain direction. Again it is obvious that 

neither the predeformation, nor the angle affect the activation volume. 

With the uni-axially predeformed samples neo-Hookean behaviour was found with a G 
ûf 4.5 [MPa]. This value CZE iiow be  used to predict the yield stress v e r s ~ s  the  angle in 

the plate. Earlier it was deduced that the increase in yield stress for different angles can 

be calculated using: 

oy(i) = o o ( E )  + G C O S ~  8(Xi - 1) (26) 

where o. is the isotropic yield stress, which should equal the yield stress in the 90"-direction, 

because in that direction there was no predeformation. This value cannot be compared with 
the yield stress of the uni-axially predeformed samples at A, = 1, because the temperature 

history of the planar samples is not known. 

In figure [16] the results are shown as a function of the angle for a strain rate of 

[s-'1, and it can be seen that in the 90"-direction there is no effect of predeformation. 

Therefore the average value of the yield stress in the 90"-direction was taken as the isotropic 

yield stress of the material. The value of 4.5 [MPa] gives a good prediction of the data. 

70 I 

60 ' I I 

-45 O 45 90 -90 

0 [degrees] 

Figure 16: Yield stress versus angle in the planarly predeformed plates, measured at a 

strain rate of  [s-l] 

Orientation above the glass transition temperature implies orientation on network scale. 

This form of orientation implies that the physical cross-links in the molecular network will 
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deform affinely, where as the segments remain more or less isotropic. In contradistinction 

to orientation below Tg hardening will occur in a much slower fashion, which explains the 

relatively low value for the strain hardening modulus G of 4.5 [MPa]. 

In order to perform homogeneous tensile tests it is necessary to eliminate strain softening, 

which is one of the main causes of strain localization. It has been shown that large inelastic 

deformation erases the prior history of the material (Hasan and Boyce (1993)). Two ways 

are presented in this paper to erase strain softening phenomena from a tensile sample. 

1) During neck propagation locally large plastic deformation occurs. When the neck prop- 

agates through the whole sample, there is an almost uniform strain distribution in the 

neck, and the amount of predeformation in the neck can be calculated with: 

The necked sample can now be used as a predeformed sample for another tensile test, which 

should be homogeneous assuming that the forming of the neck eliminated the history of 

the material. 

2) Large deformation can be imposed on a sample by torsion. The drawback of this method 

is the non-uniform strain distribution over the cross-section of the sample, because in an 

axis-symmetric sample the amount of shear depends on the distance from the axis, and is 

zero in the centre of the sample. However, this process can be reversed which results in an 

isotropic sample with no history, and should therefore deform homogeneously in a tensile 

test. 

These two methods were applied and will be discussed in the next section. 

4.3.1 Tensile tests on necked samples 

Samples were created with two different Ap’s in the neck (namely A, = 1.66 and A, = 2.0), 
as described in the experimental section. They were tested at various strain rates which 

leads to the results of figure [i?]. It is obvious that the more predeformed samples end up 

at the same curve as the samples with a smaller A,. This is to be expected because the 

amount of predeformation determines the increase in yield stress. It can also be seen that 
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Figure 17: Determination of  G from tensile experiments on previously necked samples 

the curves end in a straight line and the strain-hardening modulus can be determined as the 

slope of that line. This results in a strain-hardening modulus of 31 [MPa]. Because strain 

hardening is described with a neo-Hookean spring which stands parallel to a Maxwell- 

element, the contribution of strain hardening must be added to the Cauchy stress in a 

tensile test but has to be substracted in a compression test. In figure [is] the yield stresses 

of uni-axial tensile and compression tests on samples from a neck are depicted. 

There is a considerable difference in the yield stresses between tensile and compression, 

but the difference does not equal two times iG(XP - i/&). It is possible that one of the 

causes is the determination of the yield stress in the tensile tests. Because no load drop is 

seen, the yield stress has Seen determined by the intersection of the tangents of the first 

and the last part of the curves (see figure [19]). The actual yield point might be higher. 

Moreover? it can be seen in figure [is] that the activation volume is half the value of the 

activation volume of the isotropic material. This indicates that predeformation below Tg 
initiates material changes that are not yet well understood. 

4.3.2 Homogeneous tensile tests on isotropic material 

After large torsional predeformation of 720" and backwards? a uni-axial tensile test was ap- 

plied to the isotropic samples. During the tensile test no necking occurred? which confirmed 

that the amount of predeformation was enough to prevent the sample from inhomogeneous 
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9: Determination of the yield point in previously necked sample ( L  = [s-'1) 

deformation. This does not mean that the material is free of strain localization, but be- 

cause of the high strain-hardening modulus strain localization is stopped very quickly. This 

also explains why materials like PE and PP still show necking despite of the fact that they 

have no strain softening. These materials have a relatively low strain-hardening modulus 
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and strain localization can not be balanced by the strain hardening. It can be seen however 

(see figure [LO]), that right after yield a small region in the curve confirms that softening 

did not occur homogeneously over the cross-section. The center of the sample softened 

during the tensile test. 

1 .o 1.5 2.0 2.5 3.0 3.5 

A [-I 
Figure 20: True stress strain curve measured on a mechanically conditioned sample 

As can be seen a deformation up to X = 3 was reached. This is in contradiction with 

the theory of a finite extensibility of the network with a A,,, varying from 2.25 to 2.5 for 

polycarbonate (Boyce e t  al. (1994), Donald and Kramer (1982)). When the stress-data 

is plotted versus the left Cauchy-Green strain tensor (see figure [Li]) a perfectly straight 

line appears, which confirms the neo-Hookean description of strain hardening. The strain- 

hardening modulus is determined to be 26 [MPa]. 

The lack of an upswing in the stress is also an indication that the 'Langevin'-theory 

might not be an adequate description of strain hardening behaviour. The difference in 

strain-hardening modulus between the two forms of homogeneous deformation below T' can 

not be explained, but it is believed to lie within the experimental error of the experiments. 

4.3.3 Difference between strain hardening in the glassy and the rubbery state 

Two methods were used to impose homogeneous deformation in uni-axial tensile tests. 

Deformation in the rubbery state resulted in a strain hardening modulus of 4.5 [MPa], and 

deformation below the glass transition temperature resulted in a strain-hardening modulus 
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Figure 21: Determination of  the strain-hardening modulus from homogeneous tensile 
experiment after rejuvenation o f  the sample 

of 26 and 31 [MPa]. Both methods showed Neo-Hookean behaviour for strain hardening. 

The difference between the two values for the moduli could be explained by relaxation 

phenomena of the strain hardening response. In the rubbery state the total deformation 

is similar to deformation below T’, but at high temperatures a large part of the stress due 

to strain hardening will relax. Below T’ relaxation is less pronounced resulting in a higher 

strain-hardening modulus. 
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5 Conclusions 

o The objective of this study was to evaluate possibilities for testing polymer samples in 

a homogeneous way, in order to be able to determine the strain hardening behaviour 

of glassy polymers. 

o Two ways of circumventing inhomogeneous deformation were applied: Homogeneous 

predeformation above the glass transition temperature and mechanical conditioning 

below Tg. 

o With predeformation above Tg neo-Hookean behaviour was observed for strain hard- 

ening, with a shear modulus G = 4.5 [MPa]. Moreover the activation volume was 

not influenced by the thermal treatment, nor by the predeformation. 

o Below Tg also neo-Hookean behaviour for strain hardening was observed, with a shear 

modulus G = 31 [MPa] after mechanical rejuvenation in tension, and G = 26 [MPa] 

after mechanical conditioning in shear. 

o The difference in strain hardening modulus above and below Tg could be related to 

a time-dependence of the strain hardening modulus. 

o In all cases no upswing in the strain hardening, which is indicative for a finite exten- 

sibility of the entanglement network, was observed. 

Recommendations for further investigation 
Because the elimination of neck-forming during uni-axial tensile tests has only recently 

been discovered, not very much data are available yet for a full evaluation of the method 

concerned. It is recommended that more experiments should be performed to verify mate- 

rial parameters as the strain hardening modulus and the activation volume. Other loading 

situations could provide useful data to verify the constitutive model, and numerical simu- 

lations must complete the investigation. Perhaps other mechanical rejuvenation methods 

will show to be more convenient because the method now used has the drawback of inho- 

mogeneous deformation over the cross-section of the samples. 
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