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Selected thermodynamic aspects of the influence of 
pressure on polymer systems 

hbslract 

The inllucncc or prcssurc and Icmpcrolurc on iI scloction or physical/thcrn~odyn;Imic 
propcrlics is cxplorcd. In the Crsl part. srm~o cxpcrinwntial filets of the thermal hchaviour 
arc summarized. Tllc qualions uf SfillC of melts ilnd glassy amorphous polymers arc 
considcrod. From this. the prossurc dcpcndcncc ol the glass transition tcmpcraturc is 
dcrivcd. 

As ii first illustrulion uf the non-equilibrium nature of the @ilssy state. the impact of 
cuoling rate on lhc glihSS lrnnsition tcmpcrnlurc is dcmanstrarcd. In a further dcmonslrn- 
tion of the nnn-equilibrium character. the lncvitnblc physical agcing is illuslraicd for 
simple and cnmhincd tcmpcraturc and prussurc jump cxporimcnts. Finillly. some cxamplcs 
of thermodynamic properties at high Frcqucncics. such us Ihc dynamic comprcssihili1y, arc 
d iscusscd. 

In the second part raf this conlrihutbn. ii model of the dunsc disordered stale. pcrtincnt 
lo chain and smiill molrzculc Fluids, is discussed. The n&cl is brrscd on a ccl1 model with 
adclitiorial C0nf’rguri~lhllal disorder prnvidcd by VilCilnCiCS. In the theory. IWO parameters 
dofinu the intcrmolcculilr intcracticms. In palyatomic systems, LI third paramtilcr is 
introduced. quanti@ing mOlccuIi~r modes of motion which i1t-L: perturhcd by the surrounrl- 
ings. The theory is successfully applied to dcscribc tho uyuirtion-or-state hchaviour of pure 
ctmslit ucnts. Typicillly. the cxpcrimcntal data arc dcscribcd within the cxporimcntnl 
uncertainty of the measuring tcchniquo. 

In nrdcr t& racilitatc :I discussion of the non-equilibrium nnd high-frcqucncy propcrtics. 
the equilibrium theory is complcmcntcci with a stochastic formalism. This combination 
:lllr~~s the influcncu of formation pammctcrs on the glUSSy state to he diScussed. For 
insrnncc. the dcpcndcncc of the g!ass transition tcmporaturo on cooling rate and pressure 
is prcdictcd. Also the equation of stilto of the resulting glasses is prcdictcd and cornparcs 
favaurubly with the cxpcrimcnlal due. Finally, this method is also applied to address the 
frcqucncy dcpsndcncc of thcrmodynnmic propcrtics in gcncral. 

The prcscnwd formalism opens the way to discuss the depcndcncc of the ultimate 
pmpcrtics or materials. <>btaincd along ii processing route. on the non-equilibrium 
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conditicns kxpcrienccd during proccssing. In particular, the importance of formation 
history and physical ageing is clarified. 

INTRODUCTION 

The tractability of polymers is greatIy relat.ed to the ease with which 
polymers can be formed into commercial products by a variety of 
processing techniques. In most processing conditions, pressure, in com- 
bination with temperature, plays a prominent role. For instance, each 
individual small material element in a polymer melt which is subjected to, 
for example, an injection moulding process, perceives a complicated 
formation hisotry during the short process cycle. Important variables 
defining this formation history are, for example, the temperature and 
pressure as well as the rates of cooling/heating and pressurizing sensed by 
the material element. For instance, during injection moulding, cooling rates 
of lOOKs-’ and pressurizing rates of 30 MPas-t are not exceptional. 
Furthermore, if the final product is used in the glassy state, the formation 
history also influences the ultimate properties of the products. For instance, 
the dimension stability of precision-formed components are particularly 
sensitive to the formation history, i.e. the precise course by which this glassy 
state was accomplished. In the present paper, the influence of pressure and 
temperature on equilibrium, as well as the time-dependent thermodynamic 
thermal .properties, is addressed. In the first part, experimental details are 
considered. The equation of state of amorphous polymers in the melt and 
glassy state is presented. Furthermore, the situations in which the time 
dependence of the thermodynamic properties become apparent are 
summarized. The first examples comprise the influence of pressure and 
cooling rate on the glass transition temperature, the path dependence of the 
equation of state in the glassy state, and the subsequent volume relaxation 
behaviour. Finally, the high-frequency analogue of the campressibility and 
its course with pressure and tkmperature is illustrtitcd. 

The experimental observations arc: di~;rrr=~~(l in terms of a theory 
appropriate to the liquid state. The rr~orl~l I CSI-_; till iI quusi-lattice or cell 
approx,imation with additicln;rl disrtr’dcr &~;I~!IL:LI t~>l ;lllo%ing for vacant 
lattice pbsitions defining a structure fuzi..r it )r! It, i 18. 111~. l’r;!rtion cif vncnnl 
cells on the lattice. If the equjljbriLlrl1 tlt~bt~: !,’ 1~: c ~III~~‘:. -:. -ri\:i.j with _: 
stochastic formalism, the timetideporldrrt:z -I, >i:;’ ii? t!!. ?J r:< i;tl’~- f’!,jlILliC}TI 

h can be evaluated. fn doing so. !lrr.+ ti! I:. t: i -~vi&rrc!r.l to Iii* 11 
consequence of a gradual freeyt. 1:. i.. .:Zrit~., i;! iI ,/::, ;,!.:I l.L-l:iy. ;l..,!r \/ijles 

large in comparison with rrl t: I L tti :. : zil : 133ihl~ the 
properties of the polymer gl;r.-,i ii% 12 $!7: wl~ir:h is 
retraccablc t~l lilt_* f:.j~~!l31~i: :’ 
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Fig. 1. Equation-of-state dala for atsctic polystyrcnc (Dow Stryron 6X6. Ad,, = 90 kg mot ‘. 
Md M,, = 3) 121. Specific volume versus tcmpcrnturc (cc-ding from ~IIC melt at 10 K h ’ and 
subscqucntly) after isothermal pressurizing at 4011 bar h ’ from 1 bur to the indkalod 
pressures. The isobars ate shown for convenicncc. The apparatus used is of the bellows lypc. 
using mercury ils a confining Iiquid. 

PROPERTIES 

A typical example of the equation of stzite of an amorphous polymer is 
shwon in Fig. 1. At sufficiently high temperatures, the polymers are in the 
liquid state and the values of the expansion coefficient cy = (l/ti)(W/aT),, 
and compressibility factor F.,. = (- l/u)(&~/fip).,. are typical of ordinary 
liquids. Extensive experimentation on and analysis of polymer melts, has 
taken place [l]. Experimental cl!rta rcllected by Simha and colkagyes 
conqxiscd viriyl-type compounds, whereas Zoller and colleagues also 
included in their studies various engineering plastics, compatible polymer 
blends and copolymers. 

At sufficiently low temperatures the polymer experiences a transition to 
the glassy state. The glass transition is typical of amorphous polymers which 
are unable to. crystallize (see Fig. 1) and can be observed in the puT 
diagram as a change in slope in the isobars or as a discontinuity in the 
expansion coefficient and compressibility factor [23. In the glassy state, 
values for p.,. and CK are- typical of solids. Several polymers show other 
transitions in the glassy state [3,4]. However, often other techniques have 
to be used to demonstrate their existence. 
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Fig. 2. Schematic vc~lumc-t~m~.:raturc diagram for a glass-fclrming pdymcr. Two cliffcrcnt 
eliISS formation rc~utcs arc shown and discusscd in the text. 

The sttldy of equilibrium conditions, i.e. in the melt, has the enormous 
advantage that pl- ,;3ical properties have unique values determined by a 
limited set of microscopic variables. in this case, at a given pressure and 
temperature, the volume CA’ a single component liquid is uniquely 
determined by its equation of state. In the glass transition region and the 
glassy state, this simplicity no longer holds [S, 61. From the experimental 
?&ults of, for example, G reiner and Schwarzl [4], McKinney and Goldstein 
[7] and Kogowski and Filisko [8], it is clearly established that the formaLion 
history, i.e. the route of preparation, L *iIso influences the equation of state 
and the other properties of the polymer glass. 

Consider as an illustration the situation depicted in Fig. 2. In contrast 
with polymer liquids, the same limited set of macroscopic variables does not 
suffice to fix the thermodynamic state of polymer glasses: a polymer melt 
cooled isobarically at a fixed iate from temperature r, at PI to a 
temperature T, < 7;. The polymer glass vtlill be characterized by a volume 
ul,. The polymer glass at Ti and P, can also be prepared along a different 
route: first pressurize the melt at r, from P, to P’, cool isobarically (at the 
snmc fixed rate) to T,, and finally reduce the pressure to P,. In this case the 
volume of the polymer glass will be uzc, i.e. different from uI,. From this 
cwn~ple. it is clear that the formation history, i.e. the exact, path followed to 
prepare a par;icular g.!assy sample, must be specified and, thus, that the 
glassy state is not an eyuilibrium state. In Fig. 2, it can be observed that the 
value of the glass transition temperature depends on the formation history 
and, iti particular, on pressure. 

Experimental details for atactic polystyrene (PS) (Dow Stryron 686, 
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Fig. 3. The vatialion of thr: glass tr;rnsilion tcmpcraturc of atactic polystyrcnc Witti (a) 
prcssurc [_)I during isobaric ccw)linp at IO K IY ’ and (b) cooling rntc nt nmbicnt pressure [4]. 

&In = QO kg mol ‘_ I, MJM,, = 3) are shown in Fig. 3(a) [2]. Furthermore, as 
depicted in Fig. 3(b), the cooling rate also has an-influence 611 the value of 
the glass transition temperature [4]. This last observation in particular 
indicates the relevance of kinetic and non-equilibrium conditions for the 
glass transition. 

The onset of the glassy state is, in general, indicated by the sudden 
change in many properties over a rather narrow region called the glass 
transition region. The transition can be assigned as the glass transition 
temperature+ One of the most fundamental ways to determine this is by 
obssrving the speci’c vohnte. The 7” can be defined, based on dilatometry 
experiments, as the temperature of the intercept of the tangents at the glass 
and melt part of the u-T curve during isobaric cooling or heating. But 
other properties are also indicative of the glass transition. The enUralpy 
follows the same general trends as the volume in the case of glass 
formation. Differential scanning calorimetry- (DSC) is usually us&d ‘to 

measure the derivative of the enthalpy with respect to time, Le. a; heat flow, 
which at constant heating rate is proportionai to the specific heat c,,. With 
small-angle X-ray scattering (SAXS), neutron scattering and light 
scattering, dcnsityfluctrrations can be n:easured. Wheti a polymer is cooled 
to temperatures below Tg, density fluctuations show a sudden change in 



AiMhci aspect of the non-equilibrium conditions becomes apparent in 
the follo+g experiment: the volume of the polymer glass (prepared by 
cooling iS&arically) as a function of lime experiences a continuous 
dinsilicntion. This is (3ne aspect of the physical ageing that is typical of 
glassy systems. 

Figure 4 depicts some more detailed experimental results on the voIurne 
relaxation behaviGur of polyvinylacetate (PVAc) [$I]. Pi-!ymcr samples arc 
jumped (a) from the same initial tcmperaturc ‘c = 7; + 5 K to differant final 
tcmbei-atures 7: < 7; with T, in the neighbourhooci of Tg, and (b) from 
different initial temj3eratures 73’ close to -4: to the same final temperature 
r, = r, + S K, r, > T. The volume relaxation following isothermal pressure 
jumps is analogous to the temperature jump experiments considered 
previously. Figure 5 shows the volume relbxation behaviinur after jumps 
from different pressures to atmospheric pressure [IO, 1 I]. All thzse data can 
be explained by the free volume concept. 

Polymer glasses prepared at atmospheric pressure show physical ageing, 
i.e. a densification in time, High density glasses can he prepared under high 
pressure sonditions. One can consider then an appropriate formatior! 
history so that physical ageing can be reduced or circumvented comr3letely. 
A tentative scheme for PVAc is the following: the polymer is jumped from 
the initial temfieraturc 7; = 3i3 K to a temperature r, (indicated in Fig. 6). 
The polymer is kept at this temperature until the density is equal to the 
equilibrium density at another temperature Tr. At this moment the 
temperature iS jumped to this temperature T and the volume is monitored 
with time. Naively, one might hope that nti p!lydcai iigcing will occur 
because the glass at r, has attained its cyuiiibrium density. The time 
response of the glass prepared in this manner is shown in Fig. ‘;1[9]. It can be 
observed that the density ddes not remain constant with time but at first 
decreases, reaches a minimum, and then returns to the equilibrium density. 
The polymer appears to possess a memory for its formation history. 

A similar effect can be observed with pressure if, for example, the 
following formation path is followed. The polymer is cooled at high 
pressure to a temperature T,. The pressure and temperature are chosen so 
that the deilsity of the fresh sample is equal to the (equilibrium) density of 
the sample prepared at atmospheric pressure at r,. The pressure is then 
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Fig. 4. Vol:tmc dcparturc from equilibrium versus time ailcr singlu tcmpcrnture jumps far 
pdyvinyl;tcctatr? with 7;: = 35°C mcaaurcd wilh a dilatometcr [Y]. (a) Jumps Irom 4Il.OT tr> 
indicntcd tC’rnpcr;lturc::. (b) Jumps Tram indicated tcmpcraturcs to 4WI”C.. l’hcrmiil 
cyuilihriu>n is rcxhcd withi:l 0.02 h. 

released and the subsequent time response of the density is followed. A 
memory effect is also observed in thl ‘s case. From these experiments, it is 
clear that the density is not the only factor determining the characteristic 
behaviour of glasses. 

Although transient and dynamic oscillatory experiments are related to 
each other by Fourier transforms and thus contain the same time- 
dependent information, experimentally it is often more convenient to 
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Fig. 5. Volume dcparturc from equilibrium versus time ahr sin@ pressure jumps from 
indicated initial pressures (in bar) to atmosphuric pressure for atactic polystyrcnc at 365 K, 
using a high-prtisurc dilaiometer [lg. 1 I]. 

perform dynamic oscillatory experiments instead [ 121. In these experiments 
the actual deformations are usually small and at the same time a large 
constant hydrostatic pressure can be applied. Therefore, these experiments 
are extremely suitable for studying the influence of pressure on the linear 
viscoelastic behaviour. 
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Fig. 6. The effect of combined temperature jumps on the volume relaxation behaviout [9]. 
The sample is jumped from an initial temperature T= 40°C to the indicated temperatures T,. 
When the density of the sample is cquai to the cquilihrium density at temperature T = 3cI’C. 
the sample is jumped to this temperature. The volume relaxation behaviour after this last 
jump is followed with time. 



The most extensive direct measurenient of dynamic compression; the 
frequency analogue of the equilibrium compressibility &, has been 
performed for PVAc in the frequency range 50-1000 Hz and for pressures 
froni 1 to lCO6 atm [12]. 

In analysing these data, the significant pressure and temperature 
dependence of the limiting bulk compliances at high and low frequencies 
must be taken into account. From these results, the pressure and 
temperature dependences at a given frequency can be derived. 

In more recent years, a new. technique to measure the longitudinal bulk 
compliance M has become available. Photon correlation spectroscopy 
presents an elegant, non-destructive technique to measure this quantity as a 
function of pressure and temperature over a considerable time (or 
frequency) range 113-151. 

EQUILIBRIUM THEORY: HELMHOLTZ FREE ENERGY AND EQUATION 
OF STATE 

The equilibrium theory is based on a quasi-lattice having a fraction of 
vacant positions, and with the poIymer segments sited on the lattice 
positions. Each unit (segment or molecule) is subjected to thermal motions 
in the field of its neighbours. This field is computed employing a mean field 
approximation which places these neighbours onto average positions 
defined by the sites of the lattice, In order to enhance the configurational 
disorder, a fraction 17 of vacant sites is introduced. It may be viewed as an 
excess free voIume function over that prevailing in the fully occupied lattice 
[16]. 

The free volume function enters through three factors into the partition 
function, and hence, also into the Helmholtz free energy A and all the 
thermodynamic properties derivable from this. These three factors are 

(i) A combinatory factor arising from the mixing of empty and 
occupied sites. 

(ii) A free volume term characteristic of cell theories which is 
computed by approximating the cell poten’tial by a square well. 

(iii) A lattice contribution, again characteristic of cell theories. 

We note that the resulting expressions for these contributions are functions 
of the configurational disorder, i.e. the free voluine function 11. In ‘recent 
investigations, it has been demonstrated that the external contact fraction 9 
is more appropriate to describe the iriflticnce of the configurational disorder 
[17-211. This exteintil coritact frtiiztion (1 is related to the free volume 
function, according to 

(1 - 4Y 
(I =(, - au) 

(0 

with a!=~(1 - I/S), .Y.=~/z, and y = (1. - It), where z is the lattice 



coordination number and s is the number of lattice sites occupied by a 
molecule of molar mass M. 

Introducing c, with 3c being the number of external or volume- 
dependent modes in the S-mer, the abbreviations n = 1.011, b = 1.2045, the 
reduced vaiiabIes fi = p/p*, P = V/V*, $ = T/T*, and 77 = 2--“fiy( 1 - 
+((l - czy)G 113), with i; = YP, the reduced volume of a lattice site or cell, 
the Helmholtz free energy A is given by 

In(y) 
A/M&T = S -I- 

(1 -y)ln(l -y)_(l -c4y)ln(l -LxY) 

Y YY 

-:ln(v*&(l - 7j)3) + X (n& -.I - 2bG -2) 
2sT 

From the Helmholtz free energy, the pressure equation can be obtained 
according to 

(3) 

The temperature and volume or pressure dependence at equilibrium of the 
chziracteristic structure function (I (or h) is uniquely determined by the 
minimization of the configurational free energy (16,171 

ilA (4 = 
r3y 

0 
rv:r: v 

(4) 

Performing the necessary algebra, we obtain the two coupled equations [1’7] 

pi7 
T=(l 

and 

(5) 

1 --j+iln(l 34 -$ln(l -cry,-; 

c (3Tj-1+cXy) (1-cy)y =- 
[ s (1 - rl)Cl - QY) +2T(l - cYy)2Gz { 

*~ 3CE 
-y+4ny($-h)jj (6) 

W’ 

The characteristic scaling parameters of pressure, volume and tempera- 
ture, denoted by p *. V:" and T*:, are combinations of the inter-segmental 
attraction energy ~1~ and the segmental repulsion volume Y* for a segment 
of mass MS, and again with 3c representing the number of external or 
volume-dependent modes in the s-mer. The importance of the c parameter 
was first recognized by Prigogine, Trappeniers and Mathot [22]. The scaling 
parameters are defined by the following relations 

.,p” = z(l - a)@/+ v*- = .sy* T”: = z( 1 - a)@/@$) (7) 

A cdmfiarison ‘between theory and experiment&l equation-of-state data 



serves to estimate the scaling parameters (p*, T*, V*) or alternatively the 
molecular paraxne ters (E*, u *, cS). The theory quantiatively describes the 
pvT data for solvents and polymers, including engineering plastics and their 
mixtures, at densities typical of the liquid state at low and high pressures 
[ 17,22,23]. 

In the further application of the theory to the glassy state, one needs to 
consider the fluctuations in free volume 6tr,, which can be computed from 
[24-281 

NON-EQUILIBRIUM THEORY: GLASSY STATE AND GLASS TRANSlTION 

In contrast to polymer liquids, the same limited set of macroscopic 
variables does not suffice to lix the thermodynamic state of polymer glasses. 
Instead, the formation history of the glass influences the equation of state 
and other properties. It may be clear that the unambiguously defined melt 
state can serve as a good starting point for th.: simulation of glasses. A 
stochastic theory has been developed to describe the influence of fbrmation 
history on the equation of state of polymer glasses and on the glass 
transition temperature. The theory is based on rhe RSC theory [24]. The 
assumption of a spatill distribution of free volume and, hence, mobility in 
the polymer system ‘is made. Because the equilibrium is chosen as a 
reference state, this zillows one to define both the free volume (distribution) 
and the mobility ir: a well-defined way. The free volume is identified with 
the order parameter h in the Holey-Huggins theory. The response of the 
system to a change in pressure and/or temperature is formed by a change in 
the actual free volume distribution to the new equilibrium. 

It is assumed that the relaxation behaviour governing the glass transition 
region can IX described by the approach to equilibrium of the conforma- 
tional degree of freedom of the polymer backbone. Vibrational and 
side-group rotational degrees of freedom are assumed to be sufficiently fast 
and thus to respond almost instantaneously to variations in thermodynamic 
variables. 

Consider now a change iri temperature and/or pressure in the system 
from an initial to a final state. The thermodynamic properties change 
accordingly. It is our aim to monitor the kinetics of. the changes. On a 
microscopic level, this change in macroscopic properties is caused by. 
rearrangements in the polymer chains. A discussion of the interrelation 
between microscopic and macroscopic changes has been given in the 
context of the relaxation behaviour in polymer.glasses [29]_ The importance 
of the segmental rearrangements in the isolated chain and the influence of 



the surrounding segmerits in the dense disordered state have been 
explained. Furthermore, the rate of change in the small .volume element, 
containing the rearranging segments, is not only determined by the local 
segmental mobility but also by the possibility of the environment to 
assimiIate the necessary changes. 

However, our main interest is the kinetics of macroscopic properties and 
it is hoped that less detailed information concerzling the microscopic state 
of the system should suffice to discuss these relaxation phenomena. It was 
suggested by Robertson [29] that the Iocal free volume is an appropriate 
parameter with which to describe the Iocal segmental mobility and, thus, 
the rate of rearrangements. The system is thought to be subdivided into 
smaI1 volun~e elements, each with its (local) free volume. The sample is thus 
characterized by a (time-dependent) free volume distribution. For mathe- 
matical convenience, it is assumed that this distribution is a set ofn discrete 
levels (w,(t), i, = 1, n}. Changes in the occupation of the IeveIs occur by 
transitions between the different levels and can be regarded as a stochastic 
process known as a Markov chain. The calculation of the evol,ution of the 
occupation of the free volume levels can be expressed in matrix form with 
the use of a transition probability matrix P(r). The time derivative of P(r) 
can be evaluated by the Chapman-Kolmogorov equation. A set of coupled 
differential equations ensues 

P(t) = P(r) - A (9) 
with A the generator matrix. In an infinitesimal time interval (S-O), only 
transitions between adjacent levels can occur. Then A becomes tridiagonnl 

A= 

where A,, is the transition rate from state i to state i. 
The formal solution of eqn. (9) is given by 

P(t) = P(0) enr 

1 (10) 

(11) 
where P(0) is the initial transition probability matrix, in all applications set 
equal to the identity malrix f. Equation (11) is solved by an eigenvalue 
analysis [30]. It can be sI:own that at sufficiently long times, the Markov 
chain w(r) evolves to a stationary distribution {ei, i = 1,n) 

.In this contribution, tht; stationary distribution is identified with the 
structu,re function I7 and its distribution defined in the He theory [17, 27, 
281. For sufficiently small fluctuations, it can be shown that the fluctualtions 
have a Gaussian distribution fully determined by (h),, and ((6h.J’). 



In order to use the stochastic theory, the upward and downward 
transition rates hial+, and hi+,,i, 1 G i G (12 - l), respedtivety, must be 
defined. The functional dependence of the local transition rates on the 
regional free volume h, is assumed to be identical with the dependence of 
the global mobility p on the equilibrium overall free voiume {I?),,,. The 
global mobility of a system with free volume k can be defined, for example 
by a Williams-Handel-Ferry (WLF) type of equation [31]. On a local level, 
then, the mobility can be defined as 

b 
Pi== (13) 

For the tocal transition rates, the following expressions are used [24-303 

where R (in s-l) contains a characteristic rate and a compensation for 
differences in global and local mobilities, p equals the difference in free 
volume content between two adjacent states, and the ratio of E values 
ensues from the balance equation. 

The numerical simulation procedure will be illustrated for a cooling 
experiment. A polymer melt, initially, at time I, temperature Tand pressure 
p, is cooled isobarically at a rate T’ (in K s-l). At a certain temperature, 
the glass transition temperature will be reached-and upon further cooling a 
polymer glass is formed. The stochastic simulation’of the evolution of the 
free vrdume distribution with initial average (!a},, and width ((Sh,.,,)‘) in this 
real time experiment proceeds along the following scheme [28] 

1. 

2. 
3. 

4. 
s. 

6. 

Calculate the equilibrium properties (u, {h),,, ((8/z,,,)‘}) at T and’ p 
corresponding to a time t + A&. 
Calculate the equilibrium distribtition (&, i = 1 ,n) at f + Ar. 
Compute the transition rates using.the equilibrium distribution and the 
actual distribution (wi(T), i T 1,n) at time l (eqns. (13) and (14)). 
Determine the transition probabilities P(f) (eqns. (10) and (I 1)). 
Update the actual distribution {wi(t + At), i = l,n} at time f + At, using 
PO)- 
Increment the time with At, and repeat steps 1-6. 

A similar experiment ‘can be done by, for example, specifyjug a 
pressurizing rate p’ or by a simultaueous change in T and p. Furthermore, 



7" and p' can be changed at wiII during the simulation. For example, at a 
given T and p in the glassy state, one can set T’ = 0 and p’ = 0 and from hat 
time on monitor the physical ageing. It is thus possible to simulate the 
complete formation history of a polymer glass and to study the influence of 
these parameters on the resulting thermal properties. 

During the simulation, the actual distribution IV(~) and the calculated 
average free volume (/?(I)):,, can differ from the equilibrium values. At 
sufficiently high temperatures, the actual and equilibrium values (and, of 
course, also the complete distributions) coincide; thus the system is 
equilibrated. At a ,certain temperature, the actual distribution NJ(~) and also 
the actual average free volume (I?(r));,, being to deviate from the 
equilibrium condition. Upon further cooling, the difference between actual 
and equilibrium states increases. As depicted in, for example F’ig. 1 I, a 
transition temperature 7; can be obtained as the intercept of the 
extrapnlatec? ‘glassy’ part of the curve with the equiIit3rinu.m !ine. This 
transition temperi*ture is now identified with the glass transition 
temperature T, in the real experiment. Furthermore, the p, h, T data 
obtained from a specific simulation experiment can be used to compute the 
thermodynamic properties [28]. 

APPLICATIONS 

An illustration of the quality of the fit obtained with the equilibrium hole 
theory is given in Fig. 7 for the equation-of-state data for PS investigated 
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Fig. 7. Equation-of-state darn for ataclic polystyrene in the melt [Z]. Lines are drawn 
according to the hole theory. 



TABLE 1 

Mdecular characlcristic paramctcrs for some constituents 

over pressures up to 2 kbar [2]. The results displayed in Fig. 7 are typical for 
the many polymer systems investigated. The characteristic parameters for 
some constituents are summarized in Table 1. The predictions of the theory 
have also been examined for low molar mass compounds. Again, 
satisfactory comparisons have resulted for both homogv:neous fluids and 
their mixtures 1321. Similar results have been obtairled for polymer 
solutions and mixtures 1331. 

The stochastic theory will be applied to the thermal behaviour of PVAc. 
With the scaling parameters (see Table l), {I?),,, and ((S/Z,,,>~> can be 
calculated. Subsequently, the full h distribution {&} is calculated using a 
Gaussian approximation [28]. The parameters 6 and n in eqn. (13), 
describing the correlation between mobility and free vol~lme, are obtained 
from experimental viscosimetric shift factors and are summarized in Table 
2. The description of the shift factors with these parameters is shown in Fig. 
8 by the line. 

The parameter R (eqn. (14)) can be estimated from different kinds of 
experiments. In this application, following Robertson, Simha and Cum-o 
[24], we use the relaxation In a jump experiment 193 to obtain a value for R 
[27, 281. The best description of this experiment (shown in Fig. 9) yields the 
value for the constant R given in Table 2. The set of parameters, 

TABLE 2 

Parameters lb- PVAc used in simulations 



0.18 

Fig. X. Espcrimcntal dynamic maAl:tni cal shift factors versus the order paramctcr Iz for 
PVAC III. diclcctric [%I: V. diclccticlccrric [SS]; 0, creep: A. viscosity [-?C;J; 0. stress rclnxation 
[37]; -, fir af cyn. (13). 

summarized in ‘Table 2, is now fixed and we are ready to expbre other 
dynamic simulations. 

In .Fig. 9, the computed volume relaxation behaviour brought about by 
single temperature jumps is compared to experimental [‘_I] results [27,28]. 
The observed agreement is typical for the present impiernentation of the 
stochastic theory as observed earlier [24]_ The agreement can be improved 
by adopting a temperature-dependent R and more refined functions 
correlating the macroscopic mobility and free volume [24-261. 

in Fig. 10, the simulated and experimental glass transition temperatures 
ar ambient pressure are presented as a function of cooling rate [27, ZS]. In 
the simulations, the glass transition temperature is identified with the 
intercept of the extrapoIated glass and liquid-like volume traces. An 
important obs&vation is that the best R value derived from the jump 
experiment gives an accurate prediction of the glass transition temperature 
Tg at atmospheric pressure. This aIso suggests that the volumetric giass 
transition temperature, which is more commonly avaiIabIe than volume 
relaxation experiments, can be used to estimate the parameter R (eqn. 
(14)), which enables prediction of the volume relaxation behaviour for a 
given polymer under different conditions. 

It is important to noEe that the sensitivity of volume relaxation 
experiments on R is significantly larger than that of predictions of r, on R. 
Therefure, any reasonable value for R (even a ‘universal’ value, e.g. 
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Fig. 9. Volume dcparturc from equilibrium versus time after single tompcrnturc jumps for 
PVAc. Symbols. cxpcrimenra1 data (Kovacs [%I]). (a) Jumps from 40°C CO: 0, 37.S”C; LL 
35°C: 0, 32S”C; 4, 30°C; and q , 25°C. (b) Jumps to 40°C from: 0, 375°C: A, 35°C: 0. 

32ST; and -I-, 30°C. Solid lines. calculated. 

R = 10”’ [28]) will result in predictions of TS that are at most only a few 
degrees off [38,39]. 

The influence of pressure on the formation of the glassy state is shown in 
Fig. 1 I. The simulated formation conditions are chosen to mimic the 
experimental formation history (p and cooling rate T’) [7]- The depen- 
dence of volume on temperature under isobaric cooling is depicted [28]. 
The agreement for .the 0.1 MPa curve is excellent: maximum deviations 
between experimental and theoretica! specific volumes Au do not exceed 
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111. Calcularcd spcciGc volume versus tcmparaturc for the indicated cooling rates in 
’ for PVAc at ambient prcssurc. The broken line represents the equilibrium specific ~. 

valutnc according to theory. 

2 X 1CF3 cm3 g-l. At higher pressures the predicted specific volumes are 
systematically too large but the maximum deviation Au remains less than 
8 X 10m3 cm-l g- ’ at JI = 80 mPa. Values for the thermal expansion coeficient 
cyE and the glass transition temperature Tg extracted from the simulation 
relations compare favourably with experimental data. However, with 

Tin K 
Fig. 11,’ Specific vdumc versus temperature for indicated fortiation pressures in bat for 
PVAc. cooled at S K h-.‘. Solid lines, calculated isobars: symbols. cxpcrimcntol data. using a 
high-prcssurc mcicury dilatometcr [7]. 
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Kg. 12. Spccilic volume versus temperature for a PVAc glass formed by coolil!g at 5 K II-’ 
at 1 bar and subscqucntly pressurizing at apprcrximatcIy 4c)O bar h-’ to the indicated 
prc-ssurcs in bar. Solid lines, calculated isobars; symbols, experimental data PI- 

increasing pressure, systematic deviations occur between theory and 
experiment which can be attributed to too small a predicted value of the 
pressure dependence of the glass transition temperature (dT,/dp) of PVAc 
gIasses [28]. 

The simulated pvT behaviour of a polymer glass formed by cooling at 
0.1 MPa and by subsequently pressurizing is shown in Fig. 12 together with 
experimental data [7]. Once more, the experimtintai formation history was 
reproduced accurately [28]. In this case the maximum deviation between 
experimental and theoretical volume Au is smaller than 3 X 10m3 cm> g-‘, 
For a polymer glass formed by cooling a high-pressure polymer melt 
(p = 80 MPa) and by subsequently depressurizing, the results are depicted 
in Fig. 13, together with experimental data [7]. In this case, the deviations 
Au are larger (Au < 8 X 1W3 cm’g-‘) and can be mainly attributed to the 
overestimated pressure dcpenden’ce of the glass transition temperature 
WI * 

It has been shown 138,391 that the inclusion of pressure data to define a 
relation between mobility and both pressure and temperature improves the. 
prediction of the pressure dependence of Tg to an almost quantitative level. 

For PVAc, results of the calculations are summarized in Table 3. 

In previous applications [28,39],. experiments with a low characteristic 
rate were studied. We will now focus on experiments on a shorter 
time-scale, and investigate the influence of time and frequency on the 
response of a polymer system. This is shown from the simulation of the 



Fig. 13. Specific volume versus tcmpcruturc for a PVAc glass formed by cooling al 5 K h -’ 
at 800 bar and subscqucntly depressurizing at approximatcfy 4Ot) bar hW ’ to the indicated 
prcssurcs in bar. Solid lines, calculated isobars; symbols, experimental data ]7]. 

TABLE 3 

Comparison of calculaled quantities 127, 281 with cxpcrimental data [7, SO] for PVAc 

Properly Expcr. Cak. Formation history 

p/MPa q/K 5”’ 

T,l K 

dTg/d(log cooling rate)/K 

T&/K 

dT,/dp/K MPa-’ 

a(O.1 MPa glass. 273 K)/K-’ 

PEO. 1 MPa gktss. 273 K)/MPa ’ 

a(80 mPa glass. 273 K)/K’ ’ 

p(SO MPa glass, 273 K)/MPa”’ 

2.9” 

304.7 301 .o 
309.7 307.3 
314.2 314.0 
321.6 327. I 

t-J.212 0.33 

2.86 x IO “.I 
2.59 x IO J 
2.75 x 10 -’ 
2.54 X lt3- ’ 

2.24 X lo-’ 
2.03 X 10 J 
2.64 x 1W' 
2.32 X 1O‘J 

2.94 x IO ” 
2.63 x 10-j 
2.70 x 10’ ’ 
2.42 x 10”’ 

1.96 x IO’ J 
1.74 x 1o’-J 
2.65 x 1O‘J 
2.31 X IO ~’ 

314.5 
3 IO.0 
306.2 
303.1 
300.7 

3.5 

0. I 
x0 

0.1 
80 

10 
1 
0.1 
0.0 1 
O.IlO 1 
n.00 I - 

10 

f-J.001 39 
0.00139 
O.tIO I39 
O.00 I 39 
0.00 139 

0.00139 
0.00139 
O.UQ139 
fJ.00 139 

0.00139 
0.01) I 39 
o.t10139 
O.OcJ139 

” Based on cnthalpic data in the range 0.005 G cl =G 0.17 K s-“. 



dynamic compressibility of PVAc,’ for which experimental datEi are 
available 1121. To predict dynamic behaviour, no new parameters have to 
be introduced. Because we will only p,redict atmospheric pressure data, the 
issue of pressure dependence of mobility discussed earlier [39] is not 
relevant here. 

En the simulations, a sinusoidal and isothermal pressure change with tin 
amplitude of 0.2 MPa (this is well within the linear region) and a cycle 
frequency of v Hz was used. After four cycles, a steady-state response was 
observed. From the phase shift between the sinusoidal pressure and the 
response of the system (the volume), an analysis can be inade in terms of 
storage and loss components B’ and B”, respectively, of the dynamic 
compressibility B. From B’ and B”, tan S can also be calculated. En Fig. ‘14, 
the isothermal compressibiiity is plotted versus frequency for several 
temperatures. In the melt-like state, i.e. at low frequencies, the behaviour is 
completely viscous. The level of B’ is here related to the equilibrium 
compressibility and shows a temperature dependence. In the glass-like 
state,, i.e. tit high frequencies, the behaviour is fully elastic, There B’ is 
related to the compressibility of a glass, which hardly shows temperature 
dependence. It is clear that for each temperature, an increase in the 
frequency results in a transition from a melt-like (high B’) to a glass-like 
(low B’) behaviour, via a transition region where B” and tan S reach a 
maximum. As is also found experimentally [41], the maximum i,-a tan S is 
always located at higher frequencies, compared to the maximum ir, B’. 

The configurational part of the enthnlpy 17 can be obtained from the HH 
theory [38]. With increasing pressure, the average segment distance 
decreases due to compressibility. While the system ccln be described with a 
Lennard-Jones potential, this will result in a less favourable situation when 
the sum of all intermolecular contacts is considered. In Fig. l$ the 
calculated enthalpy is plotted for PVAc glasses formed at different 
pressures [28,38,39]. The volume of these glasses has already been 
presented in Fig. 11. The predicted enthalpy data can be compared to 
experimental data. As an example, at 30°C and 0.1 MPa, simulations yield 
Ah = k,,,, - I?,, = 0.7 J g-’ for a cooling rate of 5 K h”, and Ah = 1.5 J g-l 
for a cooling rate of 1 K s--l. Experimental data by Cowie et al. [42] show an 
initial Ah at 30°C of 1.9 J g-l for a quenched (40 K min-:) PVAc glass. 
Experimental data on a PVAc glass cooled at 0.31 K min-’ reported by 
Sasabe and Moynihan [40] yield AC,, = c,,., - c,>.~ = 0.5 J g-l K-l at 3Ci*C. For 
the same cooling rate, calculations yield AC,, = 0.32 J g-l K-l. If the 
derivative of enthalpy with respect to ti.me is monitored duri.ng cooling and 
heating runs, differential scanning calorimetry (DSC) experiments are.simu- 
lated. As an illustration,in Fig. 16 some simulations of DSCexperiments on PS 
are compared to experimental data [43] for identical thermal history. The 
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Fig. 14. Calculuted equilibrium dynamic comprcssibilily versus frcquuncy for PVAc at 
1 bar. The storage compressibility Iz’. the loss comprcssibilily A” and tan 6 at: -, 7YC; 
- - -1 6OT; -s-,-. 45°C: * ’ -, 3WC. 

height of the normalized c,, peaks Shows excellent agreement with 
experiments; the Iocatlon is shifted to lower temperatures over about 8 K. 

With these few examples it has been shown that the presented stochastic 
theory is capable of predicting energy-related properties, as we11 as the 
earlier presented [X,38,39] volume-related properties. Good quaIitative 
agreement is obtained. No new parameters have to be introduced. The 
possibility to relate enthalpic, volumetric and mechanical properties not 
only during the process of glass formation but also during physical againg 
might contribute to a further understanding of the relationships between 
these properties. Also, a theoretical analysis of glass formation in terms of 
the Ehrenfest relations is now possible. Evaluation of the Prigogine-Defay 
ratio has been published elsewhere [38]. 
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Fig. 15. Cakulatcd specific enthalpy versus temperature for PVAc glasses cooled at 5 K h- ’ 
at Chic indicated pressures in bar. 3roken lines reprcscnt the equilibrium specific enthalpy. 
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Fig. IA. The normalized specific heat (c,, - c,,,)/(c,,, - c,,,) versus temperalure for PS, tiith 
c {,. cIJp and c,,, lhc actual, glassy and equilibrium specific heat capacities. rcspectjvely. VaIuc& 
during heating at 10 K min ’ from XIII K after the following thermal history: cooling at 
411 K min ’ from 420 K to a tcmpernturc ‘4,: agcing at 7;, for a time I,,: cooling at 40 K min ’ 
from 7;, to 300 K: - - -, simulations: -. cxperimcntal [8]. Upper curves. I,, = 36011 s; lower 
curves, t,, = Cl s. 

The presented stochastic formalism enables the calculation of the 
influence of formation history on several properties of the glass. In 
particular, the influence on volumetric properties has b&en discussed SO far, 

These calculations have been combined with simulations of injection 
moulding processes [44,45]. In these, simulations the glass formation plays 
an important role, while simultaneously molecular orientation and stresses 
in the final product have to be accounted for. The influence of the inje+on 
nioulding history bn the puT behaviour of the glass can be.evaluated with 
the presented theory. This can be done separately at several locations in 
the rnould, where different pressure-temperature-time paths have been 
followed. These calculations Can be performed for amorphous polymers in 
general, with the use of parameters determined in the polymer melt 
(Takles 1 and 2). Further implication s of, for example, physical ageing for 
the detailed density profile are still under investigation. 

CONCLUSIONS 

The combination of pressure and temperature results in a much more 
extensive dependence of many physical properties than the varation of, for 
example, temperature alone. In the case of single constituents, th.e influence 



of pressure has been examined. Finally, the influence of pressure on the 
glass transition temperature and the glassy state itself was discussed. 
In particular, the importance of the formation route and, the occurrence 
of. volume relaxation was demonstrated. The molecular mechanism 
responsible for the glass transition leads to the study of the time 
Jependence,+or high-frequency behaviour of thermodynamic properties. 

1 The equlltbrium theory outlined yields, qutintitatively successful equti- 
tions of state for dense disordered assemblies of low and high molar mass 
constituents, and their mixtures. With 8 limited set of parameters, a 
quantitative description of puT data is obtained at densities typical of the 
liquid state at ambient and elevated pressures. This excellent description of 
the equation-of-state data also contributes to the accurate prediction of, for 
example, the complicated influence of pressure found in miscibility 
behaviour [18]. 

The presented stochastic theory offers a route to extend the description 
and prediction of equation-of-stite data through the glass transition region 
into the glassy state. The equation-of-state behaviour of glasses, the glass 
transition temperature and its dependence on formation history are 
predicted from equilibrium puT data, equilibrium dynamic mechanical shift 
factors and a single non-equilibrium volume relaxation experiment. 
Simulations at ambient pressure show excellent agreement with ex- 
perimental data. Discrepancies between theory and experiment at high 
pressures are almost entirely reIated to the dependence of Tg on the glass 
formation pressure [28,38,39]. The use of shift factor data, obtained at 
ambient pressure, to obtain a relation between mobility and free volume, is 
probably limited to low pressures. Piscrepancies at high pressures, as 
shown in this contribution, suggest that mobility at high pressure is not 
described by the order parameter 11 alone, .which is here used as a measure 
for free volume. It has been shown [38,39] that the inclusion of pressure 
data to define a relation between mobility and both pressure and 
temperature improves the prediction of the influence of pressure on T&_ 

The only non-equilibrium data used for the predictions are volume data 
of a.single relaxation experiment, to estimate a value for R. As is shown in 
this contribution, the parameter R can also be estimated from different 
experiments, e.g. the location of the ambient glass transition temperature. 
Also other properties, e.g. dynamic compressibility, enthalpy relaxation, 
dynamic light scattering, are being simulated and investigated for PVAc 
and other polymers as well, e.g. polycarbonate, polystyrene, polymethyl- 
methacrylate [38,39]. 
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