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SYNOPSIS

The microhardness ( H) of poly(ethylene terephthalate) (PET) containing catalysts, as
well as of PET without catalysts has been investigated. Two types of morphologies have
been examined: (a) structures where spherulitic growth is incomplete, resulting from a
primary crystallization from the glassy state and (b) samples in which spherulitic crys-
tallization is completed. It is shown that for the former materials, H is an increasing linear
function of the volume of the spherulites and depends on annealing time and catalyst
content. For the latter materials, H is nearly constant with increasing annealing temperature
(T.). Results are discussed in the light of three principal structural factors which determine
the microhardness behavior: (1) the volume content of spherulites within the material; (2)
the value of crystallinity within the stacks of the lamella, which turns out to be a constant;
(3) the average thickness of the crystals, which increases slightly with T, after crystallization
is completed. An expression which takes into account the above parameters and offers a

description of the H of polyethylene terephthalate is proposed.

INTRODUCTION

The use of microindentation hardness (H) is now
well established as a powerful technique to accu-
rately determine changes in morphology and micro-
structure of polymers which, in turn, are monitoring
the macroscopic mechanical properties of these ma-
terials.”? The stress-strain behavior under the in-
denter is known to depend upon the test duration®*
(viscoelasto-plastic behavior); and previous work on
polymers has concentrated on time-dependent
properties.>® Thus, in order to make a complete
analysis of the H behavior of polymer materials it
is important to separate the plastic component
(given by the area of the impression after immediate
load removal) from the elastic, and time-related
components.'®!! From a macroscopic viewpoint H,
measured after short loading times (¢t = 0), is di-
rectly correlated with the yield stress (Tabor’s re-
lation)'? and to the modulus of the material.»*%
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On the other hand, on a microscopic scale, H is re-
lated to the critical stresses required for irreversible
deformation of solidified molecular aggregates
(crystalline lamellae, microfibrils, etc.).>’® Hence
microhardness can be considered as a bridging pa-
rameter between microstructural quantities (crystal
thickness, etc.), on the one hand, and bulk properties
(yield stress, elastic modulus, etc.) on the other.*
A generalized Tabor relation taking into account
the influence of crystal thickness, crystallinity, and
temperature has been proposed.!® Furthermore, H
has been shown to be capable of detecting crystal
phase!®® and molecular orientation changes in
polymers,'” as well as changes in polymer blends
with composition.!® The increase, both in hardness
and elastic recovery with increasing draw ratio, has
been observed in polyethylene fibers.®’ Finally, a
strong correlation has been also shown to exist
among microhardness, crystalline texture, and pro-
cessing conditions.!™1920

A great number of the microhardness results
mentioned make reference to polymer materials ex-
hibiting a high degree of crystallinity (polyethylene,
polypropylene, polyvinylidene fluoride copolymers,
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etc.), having transition temperatures ( T,) well below
room temperature. In these systems the H value of
the amorphous regions measured at room temper-
ature is negligible.!’! Microhardness studies of
amorphous polymers, as a function of temperature,
below and above T, have also been reported.?!

The aim of the present study is to extend the
above investigations to examine the correlation of
H and the microstructure of polyethylene tere-
phthalate (PET'), a polyester of typically low crys-
tallinity having a T, value well above room temper-
ature. The plastic, elastic, and flow properties of the
near-surface region of amorphous and unaxially
drawn PET measured by means of a submicroin-
dentation technique has been recently reported by
Ion, Pollock, and Roques-Cames.?> PET can be pre-
pared easily in the form of a glassy amorphous ma-
terial by quenching from the melt. The mechanism
of crystallization from the glassy state has been
thoroughly investigated by many researchers.?®*’
Specifically, the use of synchrotron radiation offers
the possibility to perform time-resolved measure-
ments of small- and wide-angle x-ray scattering
(SAXS and WAXS) during crystallization of
PET %2 By adequately varying the catalyst content,
the temperature, time and the rate of crystallization,
we have prepared materials with a wide range of
crystallinities, spherulitic morphologies, different
crystal thickness and various levels of crystal dis-
tortions. The influence of these structural parame-
ters on the microhardness value and the detection
of specific changes after controlled crystallization
are of special interest.

EXPERIMENTAL

The following types of PET samples were investi-
gated: (a) materials synthesized using the method
of Giinther and Zachmann?! containing manganese
acetate as catalyst; (b) samples synthesized from
oligo(ethylene terephthalate) without a catalyst, as
described by Asano et al.?°; (c) samples containing
manganese acetate as a catalyst, and sodium mon-
tanate as a crystal nucleating agent. All samples were
melt pressed to 150-200 ym thick films and then
quenched in ice water. The films were finally iso-
thermally annealed in the 70-240°C range for var-
ious periods of time.

Density was measured at 23°C by a density gra-
dient column filled with hexane /tetrachlorometh-
ane. From the density, the degree of crystallinity
was estimated, assuming for the density of the crys-

tals a value of p, = 1.4895 g/cm?® and for the amor-
phous density a value p, = 1.3379 g/cm®.

Small-angle x-ray scattering (SAXS) patterns
were obtained first with a Rigaku camera with point
collimation. The long periods were calculated from
the first maximum using Bragg’s law after subtrac-
tion of the continuous scattering. Later a Kratky
compact camera was also used. Scattering was mea-
sured using two different slit heights in overlapping
angular region with slit heights of 60 and 130 um,
respectively. Ruland’s interface distribution func-
tion method was used for data evaluation.*

Microhardness was measured at room tempera-
ture using a microhardness tester with a Vickers
square pyramidal diamond indenter. The H value
(in MPa) was derived from the residual projected
diagonal impression using: H = kp/d?; where d is
the mean diagonal length of the indentation in mm,
p the applied force in N, and k a geometrical factor
equal to 1.854. Loads of 0.15, 0.25, 0.5, and 1 N to
correct for instantaneous elastic recovery were used.
A loading cycle of 0.1 min to minimize creep of the
material under the indenter was adopted. Some of
the samples which were not fully crystallized exhib-
ited a much harder outer skin, a few microns thick,
which falsified the H measurement of the bulk. To
measure the true value of the bulk H, the skin of
these samples was removed.

RESULTS AND DISCUSSION

All samples investigated were crystallized from the
glassy state for different times at different temper-
atures. To explain the results obtained, it is neces-
sary to distinguish between two types of morphol-
ogies depending on the crystallization conditions:
(a) structures in which the growth of spherulites is
not completed, obtained by interrupting the primary
crystallization after different times of crystallization
at a constant temperature and (b) structures in
which such a growth is completed, obtained by crys-
tallization at different temperatures beyond the end
of primary crystallization.

Microhardness of PET Samples in which
Spherulitic Growth is Incomplete

In order to obtain samples in which the growth of
spherulites is not completed we have crystallized
amorphous PET at 117°C for different times.
Spherulites grow from existing nuclei, gradually fill-
ing the volume of the material. The results will be
discussed in light of three salient morphological ele-



ments: the crystalline lamellae, the intercrystalline
disordered layers, and the interspherulitic amor-
phous regions. Figure 1 shows the gradual increase
in H as a function of crystallization time at T4
= 117°C, and a final leveling off after 5-20 min, de-
pending on whether the samples contain a catalyst.
It is seen that the samples containing a catalyst show
an earlier and faster microhardness increase than
the samples without a catalyst. This is due to the
fact that catalyst particles act as nucleating agents
and contribute to an earlier development of crys-
tallinity, as shown in Figure 2. Here the degree of
crystallinity determined from density is plotted as
a function of time for both samples. A value of 25%
is reached at the end of crystallization in agreement
with previous investigations.?#?® Larger crystallinity
values can only be obtained at higher temperatures
(see Fig. 6). It is noteworthy that the stepwise in-
crease of H versus t of Figure 1 resembles the trend
shown for the scattering power (Q) derived from
SAXS, during primary crystallization.? The in-
variant, @, has been shown, in fact, to be mainly a
function of the volume fraction & of spherulites
during the main crystallization process:

Q=ad (1)

Thus, it seems plausible to expect that H should
be proportional to @. Figure 3 supports this conten-
tion, showing that H is indeed an increasing linear
function of the volume fraction of crystallized
spherulites ® = a/a, (a being the measured crys-
tallinity after a given time t, and «, the degree of
crystallinity at which H levels off when crystalli-
zation is completed):

H=H, + k® (2}
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Figure 1. Change of microhardness of PET isother-
mally crystallized at T, = 117°C from the glassy state for
various periods of time. Solid symbols: samples with Mn

catalyst without nuecleating agent. Open symbols: samples
without catalyst.
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Figure 2. Degree of crystallinity of PET isothermally

crystallized from the glassy state at T, = 117°C for dif-
ferent times. Symbols as in Figure 1.

where the intercept, H,, represents the microhard-
ness of the amorphous glassy material which, of
course, has no counterpart in eq. (1). It is to be
noted that eq. (2) applies only for samples prepared
in the primary crystallization range. The propor-
tionality constant & in eq. (2) is equal to the differ-
ence in hardness values of the fully crystallized
spherulitic material and the amorphous polymer:
H,,, — H,. Therefore, eq. (2) can also be written as:

H=H,® + H (1 — ®) (3)

This equation represents a generalization of
hardness additivity, which is typical for high-crys-
tallinity polymers.! However, H,,, and H, instead of
describing the crystal and amorphous hardness now
represent the hardness values of the spherulites
(Hp, =~ 200 MPa) and interspherulitic regions (H,
~ 120 MPa), respectively.
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Figure 3. Plot of microhardness of PET as a function
of volume fraction of spherulites [eq. (2)]. For & = 1 the
spherulites fill the volume of the sample and H = H,.
Symbols as in Fig. 1.
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Microhardness of PET Samples in Which
Spherulitic Growth is Completed

Amorphous PET samples were crystallized at dif-
ferent temperatures in the range of 120-240°C for
1, 9, and 24 h respectively. Under these crystalli-
zation conditions the samples are always completely
filled up by spherulites. Thus different degrees of
crystallinity are associated with different states of
crystalline perfection within the spherulites. Figure
4 shows the variation of H as a function of annealing
temperature for different annealing times. One ob-
serves again a conspicuous stepwise increase at T
~ 120°C from a value of H, =~ 120 MPa for the
amorphous samples up to Hy,, ~ 200 MPa for the
crystallized material. Most intriguing, however, is
the question of why H,,, remains practically con-
stant for the fully crystallized samples, in contrast
with the gradual long-period increase (Fig. 5) and
concurrent macroscopic crystallinity rise with T4
(Fig. 6) observed above T4 =~ 120°C. At this tem-
perature the material is completely filled with
spherulites. In high crystallinity polymers it is
known that crystal hardness, H,, is an increasing
function of crystal thickness, /., within the lamellar
stacks.?'3!* To derive the value of I, we used Ruland’s
interface distribution function method.*! Figure 5
illustrates the slight increase of [, with increasing
Ty, which is the result of the concurrent increase
of L and slight decrease of the amorphous layer. If
we consider the linear degree of crystallinity within
the stacks of crystals, a; = I./L, it is immediately
seen that the a; values do not depend on T, (Fig.
7), a result which is, in good agreement with the H
constancy with T, observed in Figure 4 for T,
> 120°C. This seems to indicate that H mainly de-
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Figure 4. Microhardness for samples of PET (with Mn
catalyst and nucleating agent) as a function of crystalli-
zation temperature T4, isothermally crystallized at various
temperatures from the glassy state for different annealing
times (t,).
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Figure 5. Longperiod (L) (open symbols) and average
crystal thickness (1.) (filled symbols) derived from SAXS
for samples of PET isothermally crystallized at various
temperatures for different annealing times ¢4, as functions
of crystallization temperature T4. Samples as in Fig. 4.

tects the yielding of the stacks of crystals within the
spherulites acting as hard cooperative elements. The
difference between «;, derived from SAXS, and a,
as deduced from density measurements, is presum-
ably due to the existence of amorphous domains
which do not form layers between the crystal la-
mellae.? These amorphous domains probably form
larger regions outside the lamellae stacking, or even
outside of the spherulites. It is surprising to find
such a large difference between « and «;, specially
at low temperatures. Of course there is, in principle,
the ambiguity whether a; or 1 — ¢ is chosen to be
the degree of crystallinity.?! However, we made the
choice under the assumption that «; cannot be
smaller than a and that a; cannot decrease with
increasing temperature. Furthermore, one sees that
the content of amorphous domains (proportional to
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Figure 6. Degree of crystallinity derived from density
as a function of crystallization temperature T4 for samples
of PET isothermally crystallized from the glassy state for
different annealing times. Samples and symbols as in
Fig. 4.
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Figure 7. Linear degree of crystallinity, oz = [,/ L, de-
rived from SAXS and crystallinity « derived from density
for PET samples isothermally crystallized from the glassy
state at various temperatures (T, ). Symbols and samples
as in Fig. 4.

a; — a), decreasing with T4, does not contribute to
depression of the hardness of the stacks of crystals.
Additionally, as in our samples, «;, did not vary with
T., we cannot make any statement concerning the
influence of oy upon H. It is interesting to note that
independent [, values computed from the coherent
diffracting domains in the [001] direction derived
from the analysis of the integral width of the (011)
and (010) reflections yield «;, values in agreement
with the data of Figure 7.

If we use the hardness additivity law which ap-
plies for semicrystalline polymers: %!

Hepp = Heap + Ho(1 — o), (4)

since H,p,, H,, and o are experimentally determined
quantities, we can calculate the hardness H, of the
crystal lamellae within the stacks for each annealing
temperature. Table I illustrates the slight increase
of H, with [, so obtained, which is similar to that
found in high-crystallinity polymers like PE.2131%
According to previous investigations>'® the depen-
dence of H, upon [, can be assumed to be given by:

H.=HZ/(1+b/L) (5)

where HY is the hardness value for infinitely large
crystals and b is a parameter. The parameter b mea-
sures, in fact, the hardness depression from H and
has been shown to be equal to 20/ Ah,%® where ¢ is
the surface free energy of the crystal lamellae and
Ah is the energy for crystal destruction. If we assume
for HP a value of 380 MPa (derived from ab initio
calculations, ! using for the heat of fusion of PET a
value of Ah; = 135 J/g?), values for b increasing
with Ty, in the 17-28 A range are obtained. The
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obtained data for b suggest that the surface free en-
ergy (which is proportional to the density of surface
defects)?? increases with T, . Additionally, from Ta-
ble I it is seen that in PET crystal thickness appar-
ently plays a smaller role than in high-crystallinity
polymers in influencing the crystal hardness. Con-
sequently, the macroscopic hardness values in Figure
4 are nearly independent of annealing temperature.

CONCLUDING REMARKS

From the above results, using eqgs. (3) and (4), the
following expression which offers a useful descrip-
tion of the microhardness of PET in relation to its
salient morphological features can be derived:

H=[Ho,+H,(1—e;)]®+ H,(1—®) (6)

Depending on the structure of the material, micro-
hardness of PET can consequently be characterized
as follows: (a) For the starting amorphous glassy
material, ® = 0 and H = H,. (b) For samples crys-
tallized from the glassy state where spherulitic growth
is incomplete, 0 < ® < 1. In this range of materials,
I, = const, ay, = const, and hence, H, = const. There-
fore, the first bracket in eq. (6) is constant and H
is directly proportional to the volume occupied by
the spherulites. The use of a catalyst induces the
formation of a larger number of spherulitic nuclei
leading to higher crystallinities, and consequently
to a faster H increase. {c¢) For samples crystallized
from the glassy state in which spherulitic growth is
completed, then ® = 1, and eq. (6) simplifies to eq.
(4). Here the crystal thickness increases slightly
with T4, leading to a concurrent small increase of
the crystal hardness H,. However, since ay, remains

Table I. Variation of Crystal Hardness H,
as a Function of Crystal Thickness, [,
for PET Annealed at T, > 120°C

H. i
(MPa) A
232 27.2
235 32.7
236 30.0
240 34.6
241 39.2
235 45.8
250 46.9
250 53.4
245 57.5
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constant with T4, and the rise of H, is small, the
resulting end effect is that one hardly does observe
any H variation with T4. Finally, it is noteworthy
that the amorphous domains outside the lamellar
stacks do not influence the value of H.
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