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Differential scanning calorimetry (d.s.c.) and specific volume, V, measurements have been made on
polystyrene glasses formed by cooling from the melt under pressure. Conventional glass temperatures,
T4(H) and T4(V), defined by the points of intersection of enthalpy, H, or V curves for the glass and
liquid agree well for one atmosphere glasses but show very different behaviour if the glass has been
formed under pressure. This is due to the inability of the high pressure glasses to attain a suitable

liquid conformation at atmaspheric pressure. The thermodynamic state of densified glasses is discussed.

INTRODUCTION

The vitrification of common amorphous polymers by cooling
from the melt under high hydrostatic pressure has been
shown!~3 to give glasses with densities that are higher than
those formed by comparable cooling under atmospheric pres-
sure. Typically the density increase is of the order of 1% per
100 MN/m2. Previous work on such densified glasses has
shown complex pressure—volume—temperature®, specific heat
(Cp)—temperature®® and enthalpy—densification pres-
sure>% 19 relationships.

Since quenched glasses anneal to denser states'! it could be
argued that densified glasses represent a closer approach to
equilibrium but in fact the materials relax fowards normal
density values as the glass temperature, T, is approached®*°.
This complex behaviour leads to problems in determining 7.

Two methods (specific volume and enthalpy) which give almost

identical 7, values for one atmosphere glasses'? give contradic-
tory results when applied to densified material. The present

study was undertaken to resolve these apparent inconsistencies.

Thermal and volumetric properties of glasses densified under
pressures of up to 350 MN/m?2 were investigated by differen-
tial scanning calorimetry, d.s.c. and dilatometry, care being
taken to use similar conditions in the parallel experiments to
allow a direct comparison of experimental results.

EXPERIMENTAL

Materials and densification procedure

Measurements were made on polystyrene, both anionically
(Pressure Chemical Co., M,, = 20400, 110000, 2 000 000)
and thermally polymerized (BDH, M, = 150000).

Polymer was first moulded into 10 x 10 x 60 mm bars
from which rods 3.6 mm diameter x 20 mm long were
machined; these had a concentric hole, 1.55 mm diameter x
10 mm long at one end. The rod was positioned in a silica
glass tube of internal diameter 3.6 mm, external diameter
5.6 mm and 30 mm long, by silicone rubber stoppers which
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were held in place by tin foil at each end (Figure I1). This as-
sembly was placed in a high pressure differential thermal
analysis, d.t.a., cell with the thermocouple’s metal sheath a
press fit into the recess'>. The d.t.a. cell comprised a high
tensile steel tube with external heaters, filled with silicone
oil which could be pressurized by a hand pump’®. A large
volume dielectric cell'® was used as a ballast reservoir to pre-
vent pressure change during the heating process.
Densification was carried out by heating the sample
under the required pressure to a temperature some 20K
above the glass transition under pressure,as determined from
the step in the differential e.m.f. — temperature curve of
the high pressure d.t.a. The maximum temperature was
maintained for 30 min to allow the sample to equilibrate,
it was then cooled, under pressure, at 1 K/min through T,
to room temperature when the pressure was released and
the sample removed and stored below room temperature.

Differential scanning calorimetry

A Perkin—Elmer DSC-2 with alumina as calibrant!® was
used; the heating rate was 20 K/min except where stated.
Samples were scanned over a wide range of temperature so
that all thermal events were preceded or followed by some
40-50K of ‘normal’ C, behaviour. After a densified
sample had been run it was cooled in the d.s.c. usually at
20 K/min, and rerun to provide a reference, one atmosphere
glass; conversion of results for a —20 K/min glass to the
more appropriate —1 K/min glass is discussed later.

Enthalpy differences between normal and densified glasses
are small and are best measured by direct superposition of
the relevant curves'®. Clearly the liquid regions must super-
impose but it was important to verify that this treatment
was also valid for the two glasses. A ‘backing off’ technique
was used. The bulk of the signal from the polymer was
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Figure 2 Specific heat curves (20K/min) for polystyrene glasses

(M, = 150000) formed by cooling from the liquid at 1 K/min under
the pressures shown. ‘Reference’ is formed at atmospheric pressure
{0.1MN/m?2) by cooling at 20 K/min. A, 310 MN/m?2; B, 140 MN/mZ;
C, reference

Cp (J/a)

360 400

7 (K)

Figure 3 The effect of heating rate on the 310 MN/m? glass of
Figure 2. A, 5 K/min; B, 20 K/min; C, 40 K/min

320

backed off by alumina in the normally empty ‘reference’ pan
so that the instrument could be operated at maximum sensi-
tivity. The densified glass was then run between, say 280—
320K, taken through Ty, cooled at 20 K/min, and rerun over
the same range. Subtraction of the curve for the —20 K/min
glass from that of the densified glass showed that in all cases
A, <0.1% and it is therefore permissible to superimpose
the glassy regions. The similarity of G, is not surprising
when compared with the rather small (1%) difference bet-
ween two very different structures, a glass and a crystal®”.

Glass temperatures were calculated as described pre-
viously'2,

RESULTS

The main variables in the d.s.c. experiments were densification
pressure and heating rate R, the latter because, although R =
20 K/min was standard for most runs, some variation was
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essential to allow a comparison of d.s.c. results with those of
dilatometry (R = 0.5 K/min), Densification (Figure 2) in-
troduces an apparent endothermic peak which shifts to lower
temperatures with increase in pressure, it is followed by a
specific heat discontinuity typical of the glass transition of
an unannealed glass. The latter is relatively unaffected by
heating rate, Figure 3 (3.7K as R increases from 5 to 40 K/
min, using T(C, = 1.7), Table 1, as an arbitrary measure to
locate this transition) compared with the endothermic peak
shift, Tnax = 10.2K (Table I) over the same range R. Glass
transition temperatures Ty (/) calculated from the intersec-
tion of enthalpy curves for the glass and liquid'? are shown
in Tables 1 and 2, the ‘thermodynamic’ definition of Ty (H)
gives a quantity that is independent of heating rate, Table 1,
and all available data are incorporated into the average values
of Table 2, the standard deviation is +1.0K. Outside the
transition region (<330,>390K) all curves superimpose.

Figures 4 and 5 show the specific volumes of polystyrene
samples with the same history as those of Figure 2 except
that the ‘reference’ glasses were cooled at 1 K/min. At low
temperatures curves for the densified and reference glasses
are approximately parallel but at temperatures well below
T,(V, reference) there is a change of slope which would nor-
mally be associated with the glass transition. The volume
slowly returns to that of the reference; T'(V; = V}), Table 2,
is that temperature at which this first occurs. Glass tempera-
tures T,(V), Table 2, were found by linear extrapolation of
V—T curves from outside the transition region; a quadratic
temperature fit has been found to be a better representation
of the data for anjonic polystyrenes'® but curvature is only
significant over wide ranges of temperature.

Entropy, S, as well as enthalpy, changes can be calculated
from the C, curves of Figure 2. In the present case ‘point’
values of G, are available at intervals of a few teaths of a
degree and it is convenient to calculte each entropy incre-
ment as G, AT/T,y where AT~ 0.5=T; — T;, Tyy =
(T; + T]-)/ . Summation gives the apparent entropy change
over any desired temperature range and it is normal to make
the upper limit some convenient point in the liquid (400K
in the following example). The ‘apparent’ nature of the en-
thalpy changes so calculated must be emphasized. Although

Table 1 The effect of heating rate on d.s.c. curves of a polystyrene
glass formed at 310 MN/m?
*
Rate (K/min) Terex(K) TC,=1.7(K)  TlH)K)
5 347.2 373.6 3741
20 352.1 376.0 373.7
40 357.4 377.2 373.2

* Defined in Figure 2

Table 2 Temperaturg characteristics (at 20 K/min) of densified

polystyrene {M,, = 150 000) glasses

Temperature (K)

From d.s.c. From dilatometry
Treatment  Tiax T{Cp=1.7} TylH) V) Tiy=v)
Reference — 373.3 3724 365.2 -
glass
140 MN/m? 369.7 378.4 373.8 339.2 362.7
310 MN/m? 352.1 376.0 373.7 3284 362.2
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Figure 4 Specific volume—temperature curves for the 140 MN/m?
glass of Figure 2. A, ‘Reference’ is formed at atmospheric pressure by
cooling at 1 K/min
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Figure 5 As Figure 4 but glass formed at 310 MN/m2. A, reference

the total enthalpy change is a true thermodynamic quan-
tity its overall distribution is affected by the dynamic nature
of a d.s.c. experiment. Two competing effects are involved:
for equilibrium conditions a slow heating rate is needed but
to prevent annealing changing the glass conformation, rapid
passage through Ty is essential. In the present work atten-
tion is focused on variations between different glasses and in
this respect irreversible entropy effects should at least tend
to cancel. The differing effects of rate on T4 and T(C, =
1.7) show that this can only be an approximation and the
entropy and free energy, G, differences now to be considered
should be taken only as qualitative illustrations. If Z is the
reference temperature in the liquid, experimental quantities
are H(T) — H(Z) and 5;(T) — S(Z) where the subscript 7’
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emphasizes irreversible contributions, and the free energy
change is:

G{(T) - G(2) = H(T) — H(Z) - T[S(T) - S2)] - (T - 2)S(Z)

The liquid contribution vanishes when results for densified
and reference materials are combined:

AX(T) = X (densified, T) — X (reference, T)

where X = H, S;, or G;. Figure 6 shows these quantities for
the materials of Figure 2. The curves of Figure 6 were ob-
tained from individual G, curves which did not exactly
superimpose. Reproducibility is better than 1% but even
this can lead to gross inaccuracy in AH as this is a small dif-
ference (—1 to +2 J/g) between two large quantities H(300K)~>
H(400K) ~ 150 J/g. More reliable estimates of AH are ob-
tained by deliberately superimposing the non-transition (i.e.
the glass and liquid limits) regions as justified in the experi-
mental section. The data of Table 3 were obtained in this
way.

Enthalpy data alone give ambiguous answers in that
Ty(H), Table 2, appears to decrease for the maximum densi-
fication pressure but it must be remembered that the error
on all T,(H) values is +1°C. The important result is that
T,(H), as here defined is relatively unaffected by densifica-
tion where T,(¥) shows large changes (this is shown sche-
matically in Figure 7).

DISCUSSION

A formal comparison of calorimetric and specific volume
data requires the former to be presented as enthalpy curves,
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Figure 6 Changes between the thermodynamic properties X(=H, S

or G) of densified and ‘reference’ polystyrene (M = 160000) AX =

X{310 MN/m2, —1K/min) — X (0.1 MN/m2, — 20 K/min). A, AG;
B, AS; C, AH

Table 3 Enthalpy relative to normal glasses

H{P, —1 K/min) —
Densification H(0.1, — 1K/min)
pressure P (MN/m2) M), (J/a)

140 10400 —0.70
36 000 —0.98
150 000 0.90
310 150 000 1.78
2000000 2.18
345 19800 2.04
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Figure 7 (a) Schematic specific volume — and (b) enthalpy —
temperature curves showing the differing effects of pressure on
T4lH) llittle affected) and Tyl V) (large changes). A, reference
(1qatm); B, moderate and C, high densification pressures

rather than their derivative, the specific heat, the usual pro-
duct of a d.s.c. measurement. The transformation from one
to the other is a trivial operation with modern computa-
tional assistance but it has little value in the present circum-
stances because the slopes of the glassy and liquid regions
are relatively close compared with ¢, and ¢, where ¢ =
8V/oT and the detailed geometry 0[3 an enthalpy curve is
best inferred from d.s.c. results. A direct comparison of the
two sets of curves can only be made after a reduction of
d.s.c. data to R = 0.5 K/min. This can be accomplished
using the observed linear relationship (Table 1) between

Tpax and log IR | (and hence Ty ip since Tax — Tmin ~ 10°).

‘Peak’ and ‘trough’ temperatures become 337 and 347K,
respectively, for the broad molecular weight sample densi-
fied at 310 MN/m2 and these are in good agreement with the
points of maximum (336K) and minimum (345K) slope of
Figure 5. Formally, therefore, enthalpy and specific volume
measurements correlate well until T(H) and T,(¥) are com-
pared. The comparison focuses attention on the contrasting
behaviour of specific volume and enthalpy at room tempera-
ture. In themselves these, in the form AX = X(densified) —
X (reference), where X = H or V, are a good measure of AT,
= Tg(densified) — Ty (reference) since the curves are approxi-
mately parallel in the glassy state, being little affected by
previous history (e.g. see Figures 4 and 5, also G, (densified)
~ C, (reference) as already described). Clearly,if X =V,
AX must always be negative, since compression can only
give a decrease in volume, and T,(¥) will always be reduced.
The situation when X = H is more complex. Table 3 shows
the enthalpy differences between densified and reference
glasses for a variety of molecular weights. Data for the
—20K/min reference glasses of most experiments have been
transformed to the more appropriate —1K/min glass by a
correction term AC, AT, where AG, = Cpp — Cpg and ATy
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is the difference in glass temperature between the two glasses.
The correction is about 0.9 J/g, an important contribution
to the data of Table 3 and one which emphasises the need
for careful characterization of thermal history. Weitz and
Wunderlich® and Price®'® have studied enthalpy differences
between densified and normal glasses, the former by d.s.c.
and the latter using a Calvet calorimeter, and our data are in
agreement with theirs. The present results tend to support
the enthalpy—densification pressure curve® which suggests a
slight minimum before AH becomes a steadily increasing
positive quantity with increase in pressure. A stronger state-
ment cannot be made because the values given in Table 3 are
thought to have errors of +0.5 J/g associated with them and
thus obscure the finer details of the curve. Irrespective of
this there can be no doubt that AH is positive at high densifi-
cation pressures, the very reverse of AV, so that T(V) and
T(H) appear to diverge with increase in densification pres-
sure. For glasses prepared at atmospheric pressure there is
agreement between Ty(H) (368.4K) and Ty(V) (365.7K);
both these values refer to glasses formed at —1K/min and the
reference T, (H) value of Table I, which refers to a —20K/min
glass, has been reduced by 4.0K following subsidiary experi-
ments on glasses formed under a variety of cooling condi-
tions!2. The general effect of densification pressure on

T, (H) and T,(¥) is shown schematically in Figure 7, in no
way can the conflicting behaviour of the two be reconciled
and the concepts involved in the use of T, (H or V) must be
re-examined.

The equilibrium conformation of a molten amorphous
polymer is a function of temperature and pressure. By vary-
ing the cooling rate the molecules can be frozen-in at rela-
tively high temperatures (quenching) or can relax to low
energy states (slow cooling) giving a dependence of T, on
thermal history even at atmospheric pressure (AT, = 4.0K
for the —20 and —1K/min glasses discussed above). When a
densified polymer is heated at atmospheric pressure the rele-
vant liquid curve can never be attained and the ‘one atmos-
phere’ liquidus merely becomes a somewhat arbitrary, albeit
experimentally convenient, reference line. Formally,

T,(H or V) can still be used to define temperatures that
characterize a given history but agreement between the two
should not be expected for densified glasses, the relatively
large change from ¢ to ¢; with respect to that from Gy,
to Cp; will give very different points of intersection (T:) for
equivalent ‘reference’ lines. The source of the apparent en-
dotherm of Figure 2 or 3 is now suggested: it is an attempt
by the densified glass to undergo a glass transition but the
molecular conformation is such that the requisite liquid is
unstable and the glass falls back into a new higher volume
(Figures 4 and 5) enthalpy and entropy (Figure 6) glass
which progressively relaxes until a stable liquid is available
as the transition product, this occurs near the normal glass

transition.

Densified glasses probably lie in high energy conformations
as suggested by Gee'?, these are the ‘flexed bonds’ of the
Gibbs and DiMarzio theory?. From this point of view an
equivalent explanation is to consider the endotherm’ as an
uptake of energy (Figure 2) which allows an increase in free
volume, when this has occurred thére are enough Gibbs—
DiMarzio ‘holes’ for the chains to relax from their high
energy states and AH falls (Figure 6). Enthalpy (via G,) and
specific volume curves mutually support this hypothesis.
Corresponding temperatures (e.g. Tpax) on the two curves
agree well (after allowance for the different heating rates)
and the only differences are in either indirect quantities
[such as T, ( or V), and it has already been seen that these



will not agree] or the sign of AX after densification at any
pressures. AV can only be negative and this must initially
also be the sign of AH as free volume is minimized with con-
sequent reduction in ‘hole’ enthalpy, the sign changes when
molecular repulsion becomes significant. Although the low
temperature of the attempted glass transition is at first sur-
prising, in view of the known increase of Ty with pressure®,
it must be recalled that all experiments were carried out at
atmospheric pressure.

The schematic diagram, Figure 7, compares the usual
definition of Ty (¥) for a glass formed at high densification
(curve C) with T; (H). In both cases data are extrapolated
from outside the transition region to give a discontinuity de-
fining the respective glass transitions. As we have already
discussed, Table 2, Ty (V) under these conditions may easily
be 40K lower than T, (H). The question arises therefore as
to the physical nature of the material between these two al-
ternative definitions of 7,. Dynamic modulus experiments
will shortly be reported®" which show that below the upper
transition point T (#/) the modulus is typical of a glassy
rather than a rubbery state. This supports the concept that
the ‘phase’ intermediate between the two thermal events of
Figures 2 and 3 is a modified glass.
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