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Abstract

VIp, which stands for Polymer Processing & Product Properties Prediction Program . is a finite
element program which is- designed for the simulation of the injection moulding process and
the prediction of the volume relaxation of injection moulded products . A model that is capable
of describing this volume relaxation, the KAHR model, is presented in this work . The
behaviour of the specific volume of PMMA 7H is studied as a function of different kinds of
loadings. The volume relaxation data of the measurements are used to determine the KAHR
parameters. The KAHR model proves to be an excellent tool, when it comes to the prediction
of volume relaxation in 'single step' experiments, where only one temperature or pressure step
is involved .
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Chapter 1 : Introduction

1 .1 Objective of the research

Goal of this study is to find the parameters, involved in the KAHR model, in order to
describe the volume relaxation behaviour of PMMA, given the temperature and pressure
history .

1 .2 Injection moulding

On an ever increasing scale polymer materials are applied in industrial products . There is a
large number of industrial processes for the manufacturing of polymer products, but about 30
per cent of all polymers is processed by injection moulding . During the injection moulding
process the moulding material is subjected to a complex pressure and temperature history .
These two factors are important for the degree of dimensional stability of the product after
it has left the mould . One of the most important causes for dimensional instability is physical
ageing. To illustrate the complex process the moulding material undergoes, a short description
of the injection moulding process is given . Figure 1 .1 is a schematic representation of an
injection moulding machine .

ctampft uadc fmoefim =it

moving mould Ldf
.a.iwora rahe

ós.a soamJUN

a

Figure 1.1 : Schematic representation of an injection moulding machine

The granules - that come out of the hopper - are melt by means of the heat bands and by
viscous heating as a result of the screw rotation . The polymer is further condensed and
homogenized in the metering zone . The screw is pushed backwards against an adjustable back
pressure . As soon as sufficient polymer is supplied the screw rotation stops and the polymer
is injected into the closed mould through the nozzle at high speed by pushing the screw
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forward. The mould halves are protected against opening by the use of a clamping unit, which
is designed to offer resistance against the high pressures in the mould . This stage is called the
injection stage .

The temperature of the mould is controlled by recirculating water or oil through the
cooling/heating channels . After the mould has been filled, more material is put into the mould
by applying a high back pressure, to prevent shrinkage of the product due to cooling. Without
this additional material flow the volume shrinkage would be about 5 per cent for amorphous
polymers, which leads to an unacceptable size and shape of the product .

The foregoing packing and holding stages are followed by the cooling stage after
solidification of the gate . When the temperature of the product is sufficiently low the mould
is opened and the product is ejected .

1 .3 Amorphous polymers

It is known, that polymer molecules are able to crystallize . Crystallization occurs when the
polymer is slowly cooled to a temperature below the melting point of the crystalline phase .
A group of polymers that is not able to crystallize from the melt is called amorphous
polymers. These polymers possess no clear structure and can be seen as frozen polymer
liquids. This assumption is based on X-ray diffraction measurements . Two typical examples
of X-ray diffraction patterns are shown below [5] .

~

(a) (b)

Figure 1.2 : X-ray diffraction patterns of a amorphous polymer (a) and a semi-crystalline
polymer (b)

The pattern of the semi-crystalline polymer shows several well defined rings, whereas the X-
ray diffraction pattern of the amorphous polymer shows only one diffuse ring . Clearly visible
rings in a diffraction pattern as mentioned above, correspond to the reflections from particular
crystallographic planes within the crystals, so they denote the existence of crystalline order .
The lack of such discrete reflections in fig 1 .2 (a) indicates the absence of any crystalline
order in the structure of the amorphous polymer . Although some kind of nodular structure has
been established by electron microscopy one assumes, that the structure of amorphous
polymers is random in contrast with the structure of semi-crystalline polymers .
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1 .4 The glass transition

In most cases an amorphous polymer is used in its glassy state . However, the physical
properties in this state are-a function of the conditions under which the glass is formed from
the melt. An important fact is, that a polymer is capable of reaching its equilibrium within
the experimental time scale in the melt, but not in the glass . It is obvious, that there is a
certain region, in which the polymer is not able to attain equilibrium any more due to
relatively long relaxation times . The molecular relaxation times become even larger at lower
temperatures as well as the deviations from equilibrium . It has been noticed, that many
properties change in a small region. This region is called the glass transition region . In the
regions above and below the glass transition temperature region, there is an almost linear
variation in specific volume with temperature, but within this region there is a significant
change in the slope of the curve, that takes place over several degrees . The glass transition
temperature Tg is normally taken as the point at which the extrapolations of the two lines
intersect. Tg is not a constant for a certain polymer, but depends on the cooling rate and the
applied pressure . Tg shifts to higher temperatures for increasing cooling rate and/or pressure .
The whole process is illustrated by figure 1 .3 . The glass transition can be explained by the
so called free-volume concept. The foundation of the free volume theory is the hypothesis,
that the mobility of polymer segments primarily depends on the degree of packing or free
volume V f respectively. With decreasing free volume (increasing degree of packing) the
mobility decreases at first slowly, but later on at an ever increasing rate until, at a critical
value of free volume, the mobility steeply falls to almost zero .

I
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Figure 1.3 : Influence of the applied pressure (a) and the cooling rate (b)
on the glass transition temperature

1.5 Physical ageing

The change in mobility of the molecular segments is assumed to be the origin of the change
in properties during physical ageing. When the temperature is lowered the free volume
becomes smaller and as a result the mobility decreases . The decrease in mobility obstructs
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the change in free volume . This can be presented as follows :

~v~---- ) M-4dw~tdt
IE

Around the glass temperature Tg the mobility has such a low value, that the free volume Vf
remains nearly constant. It should be noticed, that the mobility below the glass temperature
is very small, but certainly not equal to zero . As the free volume is higher than the value
corresponding to the equilibrium state, the non-equilibrium state has a higher free energy and
the system tends to change towards the equilibrium. This process was described in detail by
Struick [6], who called it physical ageing . The most fundamental way to observe physical
ageing, is by measuring the specific volume beneath the glass temperature as a function of
time. Although physical ageing is attended with large changes in the mechanical properties
of polymers, its effect on the specific volume itself is small [6] . Therefore, accurate methods
for detecting volume changes are necessary to study volume relaxation behaviour .

Note: Not only non-crystalline polymers are able to form glasses . Any kind of material, that can be cooled f a r
enough below its melting temperature without crystallization, will experience a glass transition . The detection
of a glass transition in a semi-crystalline polymer is much more difficult because the change in properties
at Tg is usually less drastic, than for a fully amorphous polymer.

1 .6 Theories for relaxation behaviour

All existing relaxation theories can in principle be divided into two groups . On the one hand
there are the phenomenological theories and on the other hand there are the theories, that treat
relaxation as a molecular kinetic process . It is obvious, that - although the ways of
approaching the relaxation problem are different - both theories often lead to similar
expressions and equations . Phenomenological theories only deal with the description of the
non-equilibrium glassy system and the parameters involved do not necessarily have a physical
meaning, in contrast with molecular kinetic theories in which the parameters do have a
physical background . Important in the case of phenomenological theories is, that the
dependence of the relaxation times on temperature, pressure and/or the actual structure has
to be defined . It has been acknowledged, that both temperature and structure dependence must
be implied to improve the description of isobaric volume relaxation, which was first done
by Tool [14]. He used the fictive temperature Tf to describe the structure dependence in the
non-equilibrium state . This fictive temperature Tf was defined as the temperature of the
equilibrium state, that corresponds with the actual non-equilibrium state. This assumption has
some limitations, because there is no clear connection between the glassy state and a single
equilibrium state. As a result different fictive temperatures were found, depending on the
measured property. Tool's concept of a fictive temperature was combined with a memory
effect by Narayanaswamy [8], who related the memory effect to the history of the glass . Both
ideas are applied in the KAHR model .

The assumption of a distribution of relaxation times is characteristic for
phenomenological and molecular kinetic relaxation theories . It has been tried in vain to
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describe volume relaxation with only one relaxation time . In case of single temperature jumps
this method succeeds, but when it comes to expansion experiments or the desription of
memory effects, this approach failes completely. In the following section the extended KAHR
model [1], which does include a distribution of relaxation times and also deals with the
consequences of a pressure history, is discussed . .
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Chapter 2 : Theory

2 .1 Introduction

When a system is in thermodynamic equilibrium the specific volume of a polymer is a
function of state variables alone. As stated above the melt state is such an equilibrium state .
The glassy state cannot be regarded as an equilibrium state, because the properties of the
polymer are path dependent. This means, that the specific volume is not just a function of the
momentary temperature and pressure, but of the entire formation history . There are several
so called PVT-relationships, which describe the specific volume as a function of pressure and
temperature. One should always keep in mind, that in these kind of relationships the glassy
state is treated as a quasi-equilibrium and as a consequence the relations are only valid for
glassy samples with particular formation histories . It is obvious, that PVT-relationships can
not account for time dependent volumetric effects . Therefore a model is needed, that includes
one or more relaxation times, which are a function of the temperature, the pressure and the
deviation from equilibrium . The dependence of the relaxation times on the deviation from
equilibrium results in a specific non linearity of the response of the system to various stimuli .

About 27 years ago, a simple non linear differential equation for the volume relaxation
of polymers was presented by Kovacs [7] . The model involves one relaxation time . If one
assumes, that this relaxation time depends on temperature as well as on the actual state of the
glass, calculations with this so called 'one-parameter model' have been quite successful in
describing volume relaxation experiments in relation to contraction . In volume relaxation
experiments in expansion, however, the agreement is very poor and the model is not capable
of describing memory effects . In recent years several expressions have been proposed for the
temperature and structure dependence of relaxation times based on activation processes [8],
configurational entropy [9,10] or free volume [ 11,15] . Apart from a time constant, the one-
parameter model contains three parameters in addition . One of them can be obtained by
measuring the thermal expansion coefficients in the glassy and rubbery state, and the two
others, for example, by measuring the time-temperature position of the glass transition in
shear creep. Given that all these parameters are known, it should be possible to describe the
volume relaxation behaviour, even under complicated thermal history . However, a comparison
with experiments shows that this equation is too simple to describe the experimental
observations. It seems, that there is need for a model with more than one relaxation time . A
model, which does include more relaxation times is put forward by Kovacs, Aklonis,
Hutchinson and Ramos [7] . The current paper deals with an extension of the KAHR model
and instead of considering the effects of temperature alone, pressure dependence of the
retardation times is also taken into account . Of course more parameters are necessary to
describe the experimental data in a satisfactory manner .

2.2 The Taitequation

To determine the distance to equilibrium of an ageing polymer the quantity S(t) is used,
which is equal to [v(t)-v„]/v,,, where v(t) is the measured specific volume during an
experiment and the equilibrium volume v„ can be estimated by extrapolation of the liquidus
line. Data on the specific volume of PMMA 7H, for a certain temperature and pressure range,
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has been produced by E . Nies on the Eindhoven University of Technology . The experiments
were carried out on a PVT-research station capable of measuring the specific volume of a
polymer as a function of temperature and/or pressure . With this apparatus it was not possible
to monitor the specific volume as a function of time for a certain temperature or pressure,
because the temperature could not be set accurately enough . The data are fitted with the Tait
equation . This equation describes the volume along an isotherm in terms of the volume at
zero pressure, V(0,T) and the Tait parameter B(T), which depends on temperature only . For
polymers it is normally written as [13] :

V(P, T) = V(0, T) 1 - C ln
[1+ B(T) j

(2.1)

where the parameter C has the value of 0 .0894 and the temperature dependence of B(T) is
exponential [13] :

B( T) = Bo exp (-B1 T) (2.2)

The Tait equation is not a complete equation of state since it only describes the volume along
isotherms. To complete it, one must also know the volume at zero pressure as a function of
temperature . An equation of the form [13]

V(O,T) =Ao +Al T+A2 T2 +A3 T3 + . . . . . . . . .
(2.3)

with a suitable number of coefficients can always be used . In this report only the first two
coefficients are involved, because quadratic and higher terms did not improve the result
significantly. The Tait equation is used to describe the equilibrium behaviour of PMMA,
needed for the calculation of the distance to equilibrium S(t), which will be treated in
paragraph 2 .3 .

2.3 The extended KAHR model

The KAHR model makes use of a quantity representing the distance from glass to
equilibrium. When it comes to volume relaxation this quantity is the relative excess volume
[1] :

S ( t) _ [v( t) - vm]
M (2.4)
V.

In this equation v(t) represents the momentaneous specific volume of the glass and v„ is the
equilibrium specific volume along the extrapolated liquidus line, using the Tait equation in
paragraph 2.2 .
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S(t) can be related to the thermomechanical history of the glass by writing

ó (t) =f(-0 a q + A r. p) R(t l,t) dt ' (25)
0

according to the concept of Tool [14] and Narayanaswarmy [8] . Here Act is equal to the
thermal expansion coefficient of the liquid minus the thermal expansion coefficient of the
glass and OK is equal to the compressibility of the liquid minus the compressibility of the
glass. The applied cooling and pressurization rates are q and p . R(t',t) is a response function,
which represents the bulk relaxation spectrum of the glass . In this work R(t',t) is defined using
the fractional exponential or the Kohlrausch-Williams-Watts (KWW) function [16],

c

R(tJ, t) = exp [- ( j d t')p] (2.6)
t~

/

The usage of this KWW function circumvents the necessity of an explicit definition of a
distribution of relaxation times and it is known, that this function is able to describe the
distribution function in many different experiments . In this equation T is the relaxation time
of the glassy polymer and (3 is a material constant ( in case of thermorheological simple
behaviour) representing the breadth of the distribution of relaxation times (0 <(3 < 1) . If (3
equals one, then the relaxation is determined by a single relaxation time . When 0 is less than
one, a distribution of relaxation times is obtained . The relaxation time is supposed to depend
on temperature, pressure and structure, and is written as [1] -

ti =tioaTapaa

where tio is a reference relaxation time and ar , ap and as are shift factors, which include the
effects of temperature, pressure and structure on the relaxation time . The chosen expressions
for the shift factors are shown below [1] :

aT=exp[-8 (T-Tr)]

aP = exp (b P)

aa = exp [ (1 - X) 8 ~ a ]
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In these expressions 8, b and X are material constants and Tt is a reference temperature . T
and P are the actual temperature and pressure during the measurement . In contrast with
literature [1], Tr is not a constant in this report, but depends on the applied experiment . 0 is
a constant that determines the magnitude of the temperature effect on the relaxation time and
b has the same function -for the pressure dependence . X is a quantity, that partitions the
relative distributions of temperature and structure to the relaxation time . When the KAFIR
model is written in its complete form, the following equation is obtained [1] :

b(t) =~(-Da q+Oxp) exp [-(~ dt"
)~J

C, to a,. aP aa0

This equation is rather complicated and not accessible for fit procedures . When it is assumed,
that the cooling and pressurization rates are constants and only single temperature- and/or
pressure steps are involved during the experiments, it is possible to derive an equation, which
can be subjected to a fit procedure, which is shown in the next chapter .

2.4 The fitting procedure

2.4.1 The KAHR model for single temperature/pressure jumps

Assuming that the applied temperature and/or pressure steps are small enough and provided,
that these steps take place in a short time interval so that they can be considered instaneous,
the first factor in equation 2.11 can be simplified to

- Da 0T + Ax AP (21Z)

By integrating with respect to t", it follows that the second factor can be written as

exp[-( 913)

where t' is the reduced time at which a certain jump took place . Since only single
temperature- and/or pressure jumps are treated, t' equals zero . Equation (2.13) can be written
as

exp [- (-t) P] ~1~

9



where t is the momentaneous time . Acc and AK are constants for a certain experiment, so the
instantaneous &(S+= S(0)) is similar to equation 2 .12, because equation 2 .14 equals one for
t=0. Equation 2.11 can be rewritten as

b (t) = (-QaT+ áxP) exp[-(i) 0]

With S(0) =-AaOT + Ox OP this leads to

8(t) = á(0) exp[-(

So on each point in time the next equation must be valid

8~ - exp [ - ( t a ) ~ ] = 0 (2I7}
(tioexp(T-Tr) exp(bP) exp[(1 - X) 0 0 a ])

During a measurement data are gathered at different points in time . Because of the fact, that
equation (2.17) must be valid for every single data point, it is possible to class the data of
several experiments in the same vectors . This leads to the following notations :

t [s] : column containing time data of all experiments
T~-T [K] : column containing temperature data of all experiments
P_ [Bar] : column containing pressure data of all experiments
8(0,) [-] : column containing "distance from equilibrium" data at t=0
8(t) [-] : column containing momentaneous "distance to equilibrium" data

Since all volume relaxation experiments are carried out under atmospheric pressure, P_ is a
column containing a number of ones, equal to the total number of data points . T and TI both
depend on the applied experiment.

2.4.2 Determination of Ooc, Atc and Tg

For the prediction of volume relaxation the KAHR model needs information about Da, Ax
and Tg. OQG is experimentally determined by temperature-extension measurements, whereas
aK is found in literature . The reference temperature Tr is taken as the glass transition
temperature Tg during most experiments . In relation to the fit-procedure it is important to
know this glass transition temperature well . Several quantities change in a narrow region in
the vicinity of Tg. So Tg can be observed by any apparatus, which is able to detect changes
in these quantities as a function of temperature. In this report Tg is defined as the
temperature, where the slope of the observed volume-temperature curve changes . The used
apparatus must be able to follow changes in volume, as a function of cooling or heating,
extremely well. Because Tg is not a constant for a certain kind of polymer, its dependence
on cooling- or heating rate and pressure must also be known . Both the pressure dependence
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[ 17] and the dependence on the applied cooling rate [3] are derived from literature . The next
equation is used to define the pressure dependence of Tg [17] :

Tg (P) = Tga + dP P (218)

This expression denotes, that Tg is equal to a reference temperature Tgo at a reference pressure
Po, plus a pressure dependent contribution, which is linear with the applied pressure P . The
value of dTg/dP is found in literature .

For all polymers investigated, Tg varies nearly linear with the logarithm of the cooling
rate. Thus Tg can be calculated for any cooling- or heating rate by the following equation [3] :

T9=Tgo+blog( q) ~
go

where Tgo is a reference temperature at a reference rate qo and b is the parameter, which
describes the magnitude of the effect of a cooling rate on the glass transition temperature . Tgo
is experimentally determined, while b is found in literature [3] .

2.4.3 Detennination of the KAHR parameters

An advantage of the previous mentioned procedure is, that it is possible to perform an
optimization method with multiple data sets from different kinds of experiments . In this way
a global optimization is created and the prediction value of the obtained parameters is more
powerful than it would be in case of only one fitted experiment . The parameters evaluated
with the optimization method are•,co [s], b[Bari], X [-], 0[K-'] and The equation, used
for the evaluation of these parameters, is written as

$~ - exp[-( 1
) o] =4

En- (To exp ( T - T,) exp (bP) exp[(1 - X) 8A a~ J )

Om

where 0_ is a column containing zeros with a length equal to the number of data points . The
calculations are performed by array operations, so the number of equations to fit is equal to
the total amount of datapoints . The number of unknown quantities is five (co , 0 , b , X and
0) .

As a number of 50 out of 10000 data points per experiment is sufficient to describe
the experimental curves, data reduction has been applied .

The algorithm used for the parameter evaluation is a non-linear leasts squares
algorithm. It solves the non-linear least squares problem: Y = min (E [F(X).^2]) where F and
X may be vectors or matrices starting at an initial estimate . In the current paper F(X) is equal
to equation (2 .20) and X is a vector, which contains the earlier mentioned parameters i, 0,
0, b and X. The default algorithm is the Levenberg-Marquardt method with a mixed quadratic
and cubic line search procedure . More information about this optimization method can be
found in appendix B .
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Chapter 3 : Experimental set-up

3 .1 Choice of material

At the Philips Research laboratories there is experience with PolyMethylMethAcry late
(PMMA), PolyCarbonate (PC) and PolyStyrene (PS) . R. Wimberger-Friedl and J. G. de Bruin
determined gapwise density distributions in injection-moulded PMMA with the help of
Schlieren measurements [12] . This is a method to measure density distributions in a material .
With this optical method it is possible to measure refractive index variations in transparant
objects . PMMA is a suitable material for Schlieren measurements, because the influence of
birefringence can be neglected, in contrast with materials like PC and PS . These two materials
have a stress optical coefficient, which is two orders of magnitude higher, than that of
PMMA, which causes the influence of birefringence on the Schlieren method . Because the
density distributions of PMMA in a particular injection-moulded product are known, all
experiments in this report are carried out with PMMA 7H from ROHM Gmbh to make a
comparison possible .

3.2 Sample preparation

In relation to the contraction and expansion experiments PMMA 7H granulate is pressed at
a temperature of approximately 180 °C, with a pressure force of 10 kN . The dimensions of

the samples can be found in table 3 .1 and depent on the type of equipment used to perform
the experiment . The formation pressure for the 'pressure induced samples' is respectively 424
and 849 Bar. These samples are cooled to room temperature with a cooling rate of 10
K/minute, before leaving the press . Between the start of the pressure induced experiments and
the formation the 'pressure induced' samples are stored in a cooling box to reduce ageing
effects. Before starting the pressure induced experiments these samples are heated to 50 .2 °C .
In case of the contraction and expansion measurements the samples are dryed in an oven at
a temperature of 95 °C, for at least one day . In that way memory effects, introduced by
ageing at room temperature, are eliminated . This has the additional advantage, that water
absorption of the samples, which can seriously harm the results of the measurements, is
avoided as well . During the contraction experiments, the same samples are used several times .

3.3 Refractive index measurements

To determine the glass temperature of PMMA 7H refractive index measurements were carried
out on an Abbe refractometer . The refractive index of a small strip of PMMA 7H is
monitored as a function of temperature at two different cooling rates . The applied cooling

rates are 0.20 and 0.95 K/minute . The results are found in appendix A .
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3.4 Voltune relaxation experiments

Three kind of experiments are performed to examine the correctness of the KAHR model .
These experiments are illustrated by figures 3 .1 a, b and c . The experiments considered
include contraction following a quench from equilibrium, expansion after a temperature
"jump" and pressure induced densification [1] . In the contraction experiments the sample is
cooled from a temperature above Tg to a temperature below Tg at a fixed cooling rate. The
temperature is then kept to T2 and the evolution in volume is measured. In the expansion
experiments the polymer is equilibrated at a temperature below Tg and heated to a temperature
T2 , kept to this temperature and the change in volume at T2 is recorded . During the pressure
induced experiments the sample is formed in a press, under a pressure P1 by cooling at a
fixed rate through Tg to T2 . At T2 the pressure is removed and then the change in volume
is followed with time . The applied formation pressures are 424 and 849 Bar. The applied
cooling rate in the press is approximately -10 K/minute. The pressure induced experiments
are carried out at a temperature of 50.2 °C. This is not an arbitrary temperature, which will
be explained in chapter 4 .

T2 Tg
TernperaturF

izi

P=o

P1

T1 Tg
Temperature

Figure 3.1 : Schematic trajectories of volume relaxation experiments: (a) contraction, (b)
expansion, (c) pressure-induced densification

In table 3 .1 a complete summary of the performed experiments is shown . The temperatures
refer to figure 3 .1 .
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Nr Type T2 [°C] TI
[°C]

T,
[°C]

Cooling/
heating
rate
[K/minute]

Method Pressure
during
experiment

[Bar]

M

[g]

Pressure
during
formation
[Bar]

Sample
size
( diam . x
length)
[mm]

I C 78 .6 98 .8 x -5 TMA 1 0.423 x 6 x 12

2 C 88 .2 98 .8 x -5 TMA 1 0.500 x 6 x 15

3 C 88 .6 98 .8 x -5 TMA 1 0.423 x 6 x 12

4 C 78 .6 98 .8 x -5 TMA 1 0.423 x 6 x 12

5 C 95 .5 98 .8 x -5 TMA 1 0.500 x 6 x 15

6 C 90 .5 98 .8 x -5 TMA 1 0.500 x 6 x 15

7 C 88 .4 98.8 x -5 TMA 1 0.423 x 6 x 12

8 C 68 .6 98 .8 x -5 TMA 1 0.423 x 6 x 12

9 C 88.2 95 .5 x -0 .5 DIL 1 1 .320 x 30 x 1 .6

10 P 50.2 109 .5 x -10 TMA 1 0 .500 424 6 x 15

11 P 50.2 119.3 x -10 TMA 1 0 .423 849 6 x 12

12 E 99.7 x 95 .5 5/+5 TMA 1 0 .500 x 6 x 15

C = contraction, P = pressure induced, E = expansion

Table 3.1 : Data of the performed volume relaxation experiments

3 .5 Dilatometríc experiments

The dilatometer (see Appendix C), used during the experiments, was developed a few years
ago at the Philips Research Laboratories . It consists of two basic parts ; a metal vessel filled
with mercury, in which the circular shaped specimen with a diameter of 30 mm and a
thickness of 1 .6 mm is placed and a narrow glass tube with a diameter of 1850 µm, which
is fixed on top of the vessel. The vessel is divided in two halfs, which can be put together
by bolts . The glass tube is fastened with glue on the upper vessel half. A change in volume
of the sample, due to time or temperature effects, will result in a change of the mercury level
in the tube. A floating body in the tube enables the observation of the change in volume of
the sample. The displacement of the floating body is registered by a TESA - LVDT (Linear
Variable Differential Transducer), consisting of three coils, which converts the mechanical
displacement into an electrical signal . This signal is monitored by a personal computer with
a resolution of 1 µm. The dilatometer is placed in a bath of silicon oil, of which the
temperature can be controlled with a accuracy of 0 .1 °C. The temperature of the silicon oil
is measured by a thermocouple, which is placed in the bath. Silicon oil is chosen because of
its good evaporation properties. Experiments have been carried out in the past with other
fluids, but due to water absorption these fluids caused pollution of the glass tube, as a result
of evaporation at a temperature of about 80 °C. To reduce the chance of pollution, the top of
the tube is also covered with a small rubber, folded tube . An advantage of the dilatometric
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method is, that the whole volume relaxation measurement has been automatized. The
maximum displacement, which can be handled - without moving the inducer - is equal to
4000 µm. An illustration of the dilatometer is given in figure 3 .2 . The applied cooling rate
is 0.5 K/minute. During the measurements, the floating body got stuck in the glass tube
several times . The reason for this undesirable behaviour is probably some kind of pollution,
in spite of the applied protection and the use of silicon oil as heat conducting liquid . Different
kind of floating bodies have been tested, to overcome this problem . Two new floating bodies
were developed during my investigation . Their qualities are presented in appendix C .

m

IM

Figure 3.2 : Dilatometer

3.6 TMA - measurements

Because of the above mentioned undesirable behaviour of the dilatometer an alternative
method for studying volume relaxation has been used. The TMA 7 Thermomechanical
Analyzer of Perkin-Elmer permits the measurement of dimensional changes as a function of
temperature or time . The change in length of a cylindrical sample is measured by a movable
element, which results in a signal for the built-in variable differential transformer . The output
is connected to a personal computer . The TMA can be programmed at a linear heating or
cooling rate or held at a constant temperature. The applied heating and cooling rate, during
the contraction and expansion experiments, is 5 K/minute . A low mass furnace provides the
desired cooling or heating of the sample . This apparatus is capable of measuring dimensional
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changes of 3 nm. A programmed, constant temperature To varies within To ± 0 .2 K. The
element presses on top of the cylindrical sample with a adjustable force. The probe loading
is programmed as 1 mN during all experiments . A disadvantage of this method is the one
dimensional character of the observed sample behaviour . Instead of measuring volume
changes, length changes are measured . This is not a problem in case of contraction and
expansion experiments, but when pressure induced experiments are performed, the applied
pressure could cause anisotropy in the material properties of the sample . This would result
in a wrong interpretation of the data . That is why the density of the samples, used during the
pressure induced experiments, is determined before and after the experiment . In that way the
change in diameter of the samples can be compared with the change in length, since the
weight of the samples is constant . The possible effect of the probe load has also been
analysed .
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Chapter 4 : Results and discussion

4.1 Results of the Tait fit

Figure 4.1 shows the original PVT-data together with the data points, calculated with the Tait-
equation, in the equilibrium stage . The applied pressures are 100, 200, 400, 600, 800, 1000,
1300 and 1600 Bar respectively . The tait - parameters (see section 2 .2) were obtained by a
optimization procedure, resulting in :

Ao = 0.6570
A, = 5 .8551e-4
Bo = 9.3796e+3
B, = .0044

[cm3/g]
[cm3 g-' K-']
[Bar]
[K-`]

-------------- -------------- ----------------------------------------------
0

Specific I .1 1, -0
Volume ; ~

- ----------•--_: - - , -------------- ~•---------- ;[cm/3 g ] 0.95 ~-~ - ~ ?t '----,

~

0 .9[--------------=----------- ~ .
-S< ;~-5K ----"~~ ~y X ,. ~. 9~~ . g ~ ~ 0 ~S~~XxX - R ~ ~

~------------------------------

-- ~ Temperature [K]

x= data gathered with the Tait equation, when equilibrium is assumed for all temperatures
o = original PVT- data

Figure 4.1: PVT data together with the datapoints, calculated with the Tait-equation, in the
equilibrium stage

In this report volume relaxation is studied at atmospheric pressure in all cases, so the only
remaining term of importance is the one, which describes the volume at atmospheric pressure
as a function of temperature. In figure 4 .2 the PVT-data for atmospheric pressure is shown
together with the predicted Tait - data in the equilibrium stage .
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o = PVT data

Temperature [K] --+

Figure 4 .2 : Extrapolated equilibrium line for atmospheric pressure

4.2 Determination of Da, AK and Tg for PMMA 7H

Da is defined as the difference of the thermal expansion coefficients between the liquid and
the glass. Figure 4.3 shows the measured strain of a cylindrical sample as a function of
temperature measured with the TMA . The applied cooling rate is 5 K/minute .

0.014

0.012

0.01
~
~ 0.008
G

~ 0.006
V)

0.004

0.002

0
0 20 40 60 80

T emperature (C)

Tg 4P8.8 °C

100 120

Figure 4.3: Strain of a cylindrical sample as a function of temperature

140
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Calculating the slope of the tangent for respectively the melt and the glass part, the linear
strain per unit of temperature is found for the glass and the melt . Da however, is expressed
in terms of volumetric strain per unit of temperature . To derive the volumetric strain per unit
of temperature the following equation is used :

Evoi = 3 £lin

This equation can simply be derived for isotropic materials and is valid for any sample form
in case of small strains . Finally, this leads to ag,. = 2.37 E' [ K"1] and ameit = 5 .46 E4 [K'`] .
So Da = 3.09 E"4 [K-'] . In literature [3], values between 3 .55 E"4 K-'and 2.88 E"4 K"' are
found for Da. According to [1] the pressure and cooling rate dependence of Da is neglected,
and Da is treated as a material constant in the applied KAHR model .

The glass transition temperature can easily be derived from figure 4 .3 . Tg is taken as
the point at which the extrapolations of the two tangents intersect . A glass transition
temperature of Tg = 98 .8 °C is found. In literature glass transition temperatures of 105 °C and
104 °C are found [3], determined with dilatometric experiments . The higher values in
literature are probably due to higher cooling rates . The applied cooling rates are not
mentioned .

Refractive index measurements were performed at cooling rates of 0 .95 K/min and
0.20 K/min. Cooling rates higher then 0 .95 K/minute can not be achieved with the used
apparatus. The results can be found in appendix A. The determined glass transition
temperature, at a cooling rate of 0.95 K/minute, Tg = 96 .4 oC. For higher cooling rates this
temperature should scale with (see eq . 2.19)

T9 = 96 .4 + b log( cl )

A value of b = 3.3 [K/decade] is found for b in literature [3] . The glass temperature at a
cooling rate of 5 K/minute leads, according to equation 4 .2, to a glass transition temperature
Tg = 98.8 C°. This value agrees with the glass transition temperature found by the TMA
measurement.

For dTg/dP (see section 2 .4.2) a value of 23 [K/kBar] is found in literature [17] and
according to [2], Oic = 2 .40 E"5 [Bar 1] (see section 2 .4.2) .

4.3 Determination of the KAHR parameters for PMMA 7H

The data of all experiments is put together as described in paragraph 2 .4. S(0) is computed
as soon as the desired temperature T2 is reached, by calculating

S (0) = V(0 ) V" (4.3)V.
where V(0) is the specific volume at t = 0 s. Here it is assumed that the ageing starts at t =
0 s from the moment T2 is reached, which is an idealization of reality . Because of the relative

19



fast rates during the TMA measurements it is allowed to neglect ageing effects during the
temperature jumps. In case of the contraction experiment performed with the dilatometer, it
is impossible to measure V(0) in an accurate way, because it takes a long time for the
dilatometer to stabilize after a temperature jump, due to its relative slow heat exchange .
Moreover, the volume of the sample has to be derived from the displacement of the floating
body from a reference volume at room temperature . Since the applied transducer can measure
displacements with a maximum of 4000 µm the transducer has to be moved several times,
which will not benefit the accuracy of the measurement . The PVT - data of E. Nies, which
are measured at atmospheric pressure with a cooling rate of 1 K/minute, are used to
determine the instantaneous specific volume V(0) at a temperature T2. However, it cannot be
prevented that inaccuracy is introduced in this way . To illustrate how 8(t) is calculated in case
of the dilatometric experiment and the TMA experiments, figures 4 .4a and b show the results
of the contraction experiments 9 and 2 (see table 3 .1 in section 3 .4) .

(a)

15,099

15,098

15,097

~ 15,096E

5,00E+04 1,00E+05 1,50E+05

Time [sj

2,00E+05 2,50E+05

(b)

Figure 4.4: Dilatometer contraction experiment (a) and TMA contraction experiment (b)
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Figure 4.4a shows the displacement of the floating body as a function of time at a constant
temperature T2 (see table 3.1 in section 3 .4). The data is plotted from the moment T2 is
reached. At this moment t = 0 s in the present formulation. The specific volume of the sample
at t = 0 s(=V(0)), is estimated with the PVT - data of E . Nies, who measured the specific
volume at approximately the same cooling rate . Since the weight of the sample is known (see
table 3.1 in section 3 .4), the volume at t = 0 s can be determined . The change in volume can
be calculated with

AV =á-í n(1/ZD)2 (4.4)

where D is the diameter of the glass tube and OH is the measured displacement of the floating
body. The equilibrium specific volume V„ is determined with the Tait equation (section 4 .1) .
Equation 4 .3 is used to determine 8(t) .

Figure 4.4b shows the measured sample length as a function of time, from the moment
T2 is reached. Both the diameter and the length of the sample are measured at room
temperature . With the use of equation 4.1 the specific volume as a function of time V(t) can
be determined, since the sample weight is known (see table 3 .1 in section 3 .4). The distance
to equilibrium S(t) is calculated in the same way as for the dilatometric experiment .

4.3.1 The contraction experiments

Figure 4.5, 4.6 and 4.7 show the KAHR predictions for all performed contraction experiments .
The data are plotted in three figures for reasons of scaling . The numbering of the experiments
refers to table 3 .1 .

x1Ó3

T
6(t)
[-]

o = experiment 2 (T2 = 88.2 C), - = experiment 9(T2=88.2 C), ® = experiment 7(T2=88 .4 C), x = experiment 3(T2=88 .6 C)
`= experiment 6(T2=90.5 C), + = experiment 5(T2=95 .5 C)

Figure 4.5: Contraction data together with KAHR predictions
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time [s] -->
o = experiment 1 (T2 = 78 .6 C), x = experiment 4 (T2=78 .6 C)

Figure 4.6: Contraction data together with KAHR predictions
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Figure 4.7: Contraction data together with KAHR prediction

T-Tt is taken as T2-Tg for the fitting of the contraction data, where T2 is the temperature
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during the experiment and Tg depends on the applied cooling rate . P = 1 [Bar] during the
contraction experiments .

4.3.2 The expansion experiment

Figure 4.8 shows the KAHR prediction for the performed expansion experiment .

X 104

-2

-2. 5

0

------------------------ J. . . . . . . . . -- .. . . . . . ---- . . -

~ ,,
------------------------ ------------------------------------- ,

100 102 104 106
time [s] ->

* = expenment 12 (T2=99 .7 C)

Figure 4.8 : Expansion data together with KA HR prediction

T-T, is taken as T.2-T, for the fitting of the expansion data, where T2 is the temperature during
the experiment and Tl is the temperature where the temperature jump starts . At this
temperature the sample is assumed to be in its equilibrium state, due to the long holding time
at T, before starting the expansion experiment. P = 1 [Bar] during the expansion experiment .

4.3.3 The pressure induced experiments

Figure 4.9 shows the KAHR predictions for the pressure induced experiments . T-Tr is taken
as T2-Tg, where T2 is the temperature during the experiment and Tg depends on the applied
cooling rate and formation pressure . P = 1[Bar] during the pressure induced experiments .
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o = expenment 10 (T2 = 50 .2 C), x = experiment 11 (T2=50.2 C)

Figure 4.9: Pressure induced data together with KAHR prediction

The following KAHR parameters arise from the optimization procedure :

T°
0
b
x
R

= 0.04588
= 0.935
= 0.025
= 0.421
= 0.197

The residual term Y = minimum Z F(X) * F(X) (see section 2 .4.3) = 0.000051 [-]

It is clear, that the KAHR model provides a good prediction of the response of polymeric
glasses in the various relaxation experiments . However, a difference is found between the data
of the pressure induced experiments and the predicted KAHR values . The KAHR model
predicts higher densities then are actually found during the experiments . This is probably due
to the fact that some relaxation occurs before the beginning of the measurement . This is not
taken into account by the KAHR model . In the pressure induced experiments the relaxation
behaviour is studied at a temperature of 50 .2 °C. Much higher temperatures can not be applied
because this will result in loss of 'pressure memory' . When the experiments are carried out
at a temperature, much lower then 50 .2 °C, the relaxation times will become too large .
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Chapter 5 : Conclusions and Recommendations

5 .1 Conclusions

5.1 .1 The dilatometer

The floating bodies used during the measurements with the dilatometer got stuck in
the glass tube several times . For this reason several dilatometer experiments were
useless and only one dilatometer experiment is reported . The reason for the sticking
is some kind of pollution, which could not be avoided . To reduce the chance of
sticking, other floating bodies have been designed . In Appendix C three different
floating bodies are presented. Floating body 3 has not been tested yet .

The measure range of the used transducer is too small. The transducer has to be
moved several times to register a change in mercury level . It is difficult to 'catch' the
momentaneous floating body level in the transducer's measurement range . Moreover,
since the transducer is placed around the glass tube, movements of the transducer can
result in an undesired displacement of the floating body .

The thermocouple measures the silicon oil temperature in which the dilatometer
is placed. It is not possible to measure the real sample temperature, because of the
construction of the dilatometer .

Due to the slow heat conduction from the dilatometer to the silicon oil, higher cooling
rates then 0.05 K/minute cannot be applied . The low heat conduction coefficient of
silicon oil, X = 0.10 [W/m K], and the high mass of the dilatometer are probably the
causes for the slowness in heat conduction .

5.1.2 The Thenno Mechanical Analyzer

The Thermo Mechanical Analyzer proves to be a good substitute for the measurements of
volume relaxation . The effect of the proab load (section 3 .6) on the measured total extension,
is less than 1 %o in experiments with the least change in volume . In experiments where the
change in volume is bigger the error, introduced by creep effects, will even further be
reduced. A disadvantage of the TMA is, that the maximal experimental time t = 9999
minutes, which restricts the duration of the measurements to approximately 7 days .

5.1.3 The volume relaxation experiments

The results of the fitting of the volume relaxation data with the KAHR model are very
satisfying. In contrast with literature [11, where a fixed reference temperature is used, the
reference temperature depends on the applied experiment in this report . The volume relaxation
data is fitted with a fixed reference temperature as well, but the results were very poor . The
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reference temperature is chosen as the temperature where the material leaves equilibrium . In
case of contraction and pressure induced experiments this is the glass transition temperature,
which depends on the applied cooling rate and/or formation pressure . In the expansion
experiment this temperature is assumed to be T, . In literature[1] it is not clear whether the
experiments for PVA and PS are performed with the same cooling rates and formation
pressures . In that case a single reference temperature is sufficient . Because Tr is not quantified
in literature [1] the KAHR parameters [1] cannot simply be compared with the KAHR
parameters in this report .

5 .2 Recommendations

5.2.1 The dilatometer

Floating body (number 3), presented in appendix C, could be the solution of the
'sticking problem'. The floating body is designed on minimum contact with the glass
tube. When this floating body not improves the behaviour of the dilatometer, optical
methods for observing the mercury level should be designed . In that way mechanical
contact is avoided and the influence of pollution is much smaller .

The measuring range of the transducer should be enlarged from 4000 µm to
approximately 30000 µm. In that way temperature jumps with a maximum of 100 °C
can be monitored, without moving the transducer. This only is possible, when another
transducer is applied .

The construction of the dilatometer must be modified to improve the heat conduction
coefficient of the dilatometer. This can be done by reducing the mass of the
dilatometer. Also a construction should be developed, which makes it possible to place
the thermocouple in the dilatometer .

The heat conduction of silicon oil is poor, but other liquids are not available because
of their water absorption properties . A better heat conduction can only be reached by
re-designing the dilatometer .

5.2.2 The voltune relaxation experiments

To perform long duration experiments (> 7 days) the software of the Thermo
Mechanical Analyzer must be modified .

The pressure induced data show a difference with the KAHR predictions . Not all
relaxation is taken into account by the fit. It is possible that the calculated glass
temperatures are not precise enough . It is assumed, that the cooling rates and the
pressurization rates are constant during the formation of the samples, which is
probably not true . Therefore the glass temperature related to pressurization should b
determined more precisely in the future .
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Appendix A : Refractive index measurements

i aW
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Figure A. 1 shows the measured refractive index for PMMA 7H as a function of tempera-
ture. Each experiment is repeated once for each cooling rate and each experiment is
carried out with a new sample .. The dimensions of the samples are 15 x 8 x 0.5 mm
(1 x b x t) .
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Figure A .1: Refractive index as a function of temperature
for two different cooling rates (0.2 and 0.95
K/m inute)

ilï

C E=+ArTnl::11 .V~ C;lrtYn

• lwEfDE maw, m.5 t; : mn

~ EE~56E vtER4kó t1 .9C t : rtr~n

° TWEEDE MNG 0 .Mf_ trtin

ir

cc

I



Appendix B : The optimization algorithm

The used command is leastsq which is standard available in the toolbox of Matlab 4.0 . It
solves non-linear least squares optimization problems .

Synopsis : x = leastsq('fun' , x0 , options)

The function 'leastsq' minimizes a non linear function composed of squared terms, starting
at an initial estimate . The problem is mathematically stated as :

minimize E F(X) . * F(X)

where X and F(X) are matrices . The Matlab notation indicates element-wise
multiplication .

x = leastsq('fun' , x0, options) starts at x0 and finds the least squares minimum to the
functions described in the file "fun .m" . The function should return a matrix of function
values :

f = fun(x)

'Options' defines a vector of optional parameters . F. e. options (2) controls the accuracy of
x at the solution and options (3) controls the accuracy of f at the solution . Both values were
set on 0.00001 before starting the fitting procedure . Options (5) controls the chosen algorithm .
The used and default algorithm is the Levenberg-Marguardt method. More information about
the Levenberg-Marguardt algoritm can be found in literature [18] .
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Appendix C : Floating bodies

Figures C.1 a, b and c show three floating bodies, which are used during the dilatometric
measurements . In figure CA (a) the dilatometer is shown with floating body 1 inside . This
floating body floats on the Mercury and is made of Pyrex . Figure CA (b) shows the glass
tube with floating body 2, which is made of Titanium, inside . The lower part of this
floating body is partially under the mercury level to gain stability . In this way the floating
body will not easily touch the glass tube . Moreover, in case of a temperature fall, the
mercury should force the floating body to go down . Figure C.1 (c) shows the latest manu-
factured floating body, which is made of Aluminium . The goal is to reduce the chance of
touching, by reducing the diameter of the body over a large part . This floating body is
also partially under the Mercury level .

(A)

Figure C.1 (a, b and c) : . Different floating bodies

Aluminium

i

I 25

I -

I 6

Floating body 1 and 2 got stuck in the tube several times . Floating body 3 is not used
during the experiments yet
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