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Correlation of microhardness and morphology
in injection-moulded poly(ethylene
terephtalate)
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Microindentation hardness has been applied to a series of injection-moulded poly(ethylene
terephtalate) samples prepared using a range of mould temperatures, T7;. The morphology of
the samples was characterized by X-ray diffraction and differential scanning calorimetry.
Depending on T, it is shown that microhardness is lower at the surface than in the core of
the mouldings. Results are discussed in terms of the volume fraction of spherulites filling the
mouldings which is shown to be dependent upon 7.. The influence of an annealing treatment
on the properties of the mouldings is examined. The microhardness values are correlated with
the thickness and with the surface free energy of the lamellar crystals. The results obtained
indicate that increasing annealing temperatures first leads to an increase and then to a sudden
decrease of hardness. The latter can be associated with the changes occurring in the number

of defects on the crystal’s surface.

1. Introduction

In recent years investigations of the microhardness
properties have emerged as a physical method which
can provide a quantitative information on changes in
the morphology of polymeric materials [1-3]. A large
number of studies make reference to highly crystalline
polymer materials [3]. A few investigations on micro-
hardness of low-crystallinity materials and glassy
polymers are also available [4-7]. In a recent study,
the investigation of the microhardness of poly-
(ethylene terephtalate) (PET) has been reported in
relation to the microstructure [8]. By varying the
temperature and time of crystallization from the
glassy state, different states of crystalline perfection
can be frozen-in by quenching the sample to room
temperature. Two main types of morphologies have
been examined: (1} structures where spherulitic
growth is incomplete resulting from a primary crystal-
lization from the glassy state, as shown in Fig. 1a;
(2) structures in which spherulitic crystallization is
completed (Fig. 1b). We have shown that for the for-
mer materials, H, the hardness, increases, depending
on annealing time, with the volume fraction of spher-
ulites, from H ~ 120 MPa for the glassy material up
to H ~ 200 MPa for the material fully occupied with
spherulites. For these materials [8]

H = Hsphd) + Ha(l - (I)) (1)

where H,, and H, are the hardness of spherulitic and

interspherulitic (“amorphous”) material, respectively,
and ¢ is the volume fraction of spherulites.

For materials in which spherulitic growth is com-
pleted, H remains nearly constant with increasing
temperature of annealing, T,. For this second class of
materials the microhardness of spherulitic PET can be
correlated to the microstructure through the following
expression [8]

Hy, = Hoy + H,(1 — o) (2
where

H, = H,/[1+(b/l)] 3)

is the hardness of the crystals having a thickness [, H,
the hardness of the amorphous regions and o; = [/L
is the linear crystallinity. H, in Equation 3 represents
the hardness for infinitely thick crystals and b is a
parameter which measures the hardness depression
from H,, b has been shown to be equal to 20/3h (o is
the surface free energy of crystal lamellae, and 6h the
energy of crystal destruction) [8].

The purpose of the present work was to study the
mechanical properties of injection-moulded PET. It is
known that process variables induce substantial
changes in the microstructure of the moulded material
[9]. Variations often occur in the plane surfaces and
across the thickness of the moulded samples. As a
result, the mechanical properties can be governed by
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(a)

Figure I Schematic representation of the morphology in spherulitic
crystallized PET for (a) an incompleted spherulitic growth, (b) a
completed spherulitic crystallization.

various variables such as melt and mould temper-
ature, injection pressure, ageing, etc. [10]. In a recent
study [11-13], it was shown that the processing
conditions of injection-moulded polyethylene using an
extensional flow component strongly influence phys-
ical properties such as yield strength, density, shrink-
age behaviour, microhardness, etc. The object of this
investigation is to extend our previous studies to the
correlation between process variables, microstructure
and mechanical properties of injection-moulded PET
by means of a combined microhardness, differential
scanning calorimetry (DSC) and X-ray diffraction
(XRD) study. In this paper the resuits of microhard-
ness variations occurring across the moulding thick-
ness will be reported and the influence of a thermal
treatment of the original material in the form of
pellets, on the properties of the mouldings will be
analysed. The effect of an annealing treatment on the
microhardness of the mouldings will also be examined.

2. Experimental procedure

2.1. Materials and processing conditions
Commercial poly(ethylene terephtalate) (PET), with a
weight average molecular weight of M, = 29800
(Hoechst) in the form of pellets was used to prepare
the injection-moulded materials. The molecular
weight of the pellets was measured by viscometry in
the laboratory of Professor. H.G. Zachmann, Ham-
burg. In a first series of injection-moulding experi-
ments, PET pellets were used as-supplied (Samples A).
In a second series of experiments, samples were pre-
pared after drying the pellets at 150 °C under rotary
pump vacuum for 3 h (Samples B). The M,, value of
the dried pellets was 31300. The injection-moulded
materials were obtained using a Kléckner Ferromatic
FM 85 injection moulder. The melt temperature was
T, = 285°C and the injection pressure 400 bar. Dif-
ferent temperatures of the mould, T, from 25-150°C,
were used. Two different geometries for the mould
were employed: (a) a conventional dumb-bell shape
mould having a 4 x 10 mm? (xy) cross-section [10];
(b) a two-arm- elongational flow mould with a 4
x 4 mm? cross-section [ 11, 12]. The bars prepared at
low temperatures show a transparent skin whose
thickness is the higher, the lower is the mould temper-
ature. To investigate the gradient of properties and the
varying morphology present in the injected bars, half
of each bar (at x = 2 mm) was removed to obtain a

Figure 2 Geometry of the injection-moulded PET bar. z, injection
direction; x, normal to the bar surface. Indentations were made on
the yz plane.

smooth flat yz surface, in which to carry out micro-
hardness and XRD measurements (see Fig.2). An-
nealing treatments at different temperatures, T,, of
these half bars were carried out in an oven under
rotary pump vacuum for 1 h.

2.2. Techniques

2.2.1. X-ray diffraction

Preliminary transmission wide-angle X-ray diffraction
(WAXD) patterns, were obtained to verify a possible
orientation throughout the thickness of the samples.
Because no orientation was observed in any of the
samples investigated, a diffractometer was used to
obtain XRD scans from the inner surface (yz plane at x
= 2 mm) of the centre part of the bars. CuK, radi-
ation, filtered with nickel, was used. A goniometer
speed of 1°(26)min~" and a recorder speed of 1 cm
min ~ ', respectively, were used. Crystallinity values, x_,
were determined as the ratio of the crystalline area to
the total area observed between 5° and 37 °(20) after
subtraction of the background. A curve analyser was
used to resolve the crystalline peaks observed in the
diffractograms. Crystallite size dimensions, D,,;, along
the [0107 and [100] crystallographic directions, were
calculated from the integral-breadth value, 5P, using
the approximation 8f ~ 1/D,,,, after correction for
instrumental line broadening [14]. Small-angle X-ray
scattering (SAXS) patterns were obtained with a point
collimation Kiessig camera using a sample—film dis-
tance of 400 mm. A copper-rotating anode X-ray gen-
erator with a fine focus working at 40 kV and 70 mA
was used. Well-defined isotropic scattering maxima
were observed. The long spacings were calculated
from densitometric profiles after continuous scattering
subtraction and correction by the Lorentz factor.

2.2.2. Hardness and calorimetry
measurements
A Leitz microhardness tester with a square-based
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TABLE I Crystallinity, x,, long period, L, microhardness, H, and
b of injection-moulded PET as function of 7

Sample T.(°Cy  x. (%) L{nm) H(MPa) b(nm)
Al 25 25 9.6 192 53
A2 90 29 8.8 195 49
A3 130 29 10.3 200 5.7
A4 150 29 9.9 202 5.5
B1 25 14 10.7 165 6.0
B2 90 23 9.9 176 5.5
B3 130 28 10.1 190 5.6

diamond indentor was used for the surface-micro-
hardness measurements. Microhardness, H, was cal-
culated from the indentation diagonal value, d(um),
according to the expression H = kP/d*> (MPa), where
k = 18180 is a geometrical constant. A load, P, of 0.2
N and a loading cycle of 6 s were used. Each H value
corresponds to the mean of five measurements carried
out on a small area, along the z-axis on the surface
investigated. A differential scanning calorimeter,
Perkin—Elmer DSC-4 was used. The DSC curves were
recorded using a heating rate of 10 Kmin~'. The
weight of the sample was about 5mg. The melting
temperature measured from the peaks of traces was
calibrated against indium.

3. Results

3.1. Injection-moulded samples

Preliminary visual observations of the injection-
moulded bars reveal that for a given mould temper-
ature, T,, Samples B (using dried pellets) show a
transparent skin which is thicker than that in Sam-
ples A (using pellets as supplied; TableI). Such a
transparent skin is not observed in Samples A for T,
values higher than 90 °C. Transmission XRD patterns
indicate the absence of orientation throughout the
thickness of the injected bars, even for those with the
smallest cross-section. Consequently, the following
results will be concerned only with samples having the
largest cross-section (y = 10 mm) (Samples A and B).

Fig. 3 shows the H values measured on the outer
surface of the bars for the two series of sampies (A and
B). Most remarkable is the sudden increase in H from
~ 120 MPa up to 200 MPa observed for samples
prepared with T, values above 120°C.

Fig. 4 shows the DSC traces for Sample Bl ob-
tained from slices of the bar taken at different values of
y (with x ~ 2 mm). An endothermic peak at about
260°C, which corresponds to the melting of the
crystalline polymer, is present in all the DSC curves.
In addition, an exothermic peak at about 120°C is
observed, particularly for material portions closer to
the external surface of the injected bar. This exother-
mic peak corresponds to the crystallization of the
amorphous PET regions.

Table I shows the values of crystallinity obtained by
XRD, x,, the X-ray long period, L, and the micro-
hardness, H, measured at the inner surface of the bars
{mean value observed for y = 4—6 mm) as a function
of T.. In Fig. 5 it is seen that the values of H for
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Figure 3 Microhardness measured on the outer surface of the PET
bar injected at different mould temperatures, 7.
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Figure 4 DSC traces for Sample B1 obtained from cuts of the bar at
different y-values.
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Figure 5 Microhardness measured at the inner yz surface (at x
= 2mm) of PET bars processed at different 7. () Samples A, (H)
Samples B.

Samples A are larger than for the Samples B. This is
connected to the fact that the x, values for the former
are larger than for the latter samples (Table I). Fig. 5
additionally illustrates the clear influence of the mould
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Figure 7 Microhardness profiles along the y-direction obtained
from measurements at the inner yz surface of Samples B. (O) B1,
(@) B2, (A) B3.

temperature on the values of H measured at the inner
yz surface. The fact that the values of H obtained in all
samples are lower than 200 MPa suggests that in these
materials the spherulitic structure is not completed
(0.4 < ¢ < 0.8). Figs 6 and 7 show the H values ob-
served on the inner yz surface across the thickness of
the moulding (y-direction) for the two series of Sam-
ples A and B, respectively. The values of the mechan-
ical parameter, b, calculated by means of Equation 3,
assuming for H, ~ 420 MPa [15], H, ~ 230 MPa [8]
and /, = 0.7L [16] are also given in Table I. It is seen
that for the injection-moulded samples, b is independ-
ent of T..

3.2. Influence of annealing

Table 11 shows the X-ray crystallinity, x,, the crystal-
lite size values, D,,,, along the [010] and [100]
crystallographic directions, the long period, L, and the
values of H and b as a function of annealing temper-
ature, T,. An increase of crystallinity with T, is typic-
ally observed up to T, = 240°C, followed by a small
decrease for the highest T, investigated. With refer-
ence to microhardness (see Fig. 8), while Sample A4 is
unaffected by the annealing treatment up to ~220°C,
because it initially shows a completed spherulitic
structure, the rest of the samples exhibit a continuous
hardening with increasing T,. Most remarkable is the
clear tendency for H.to decrease, observed for the
highest 7, investigated.
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Figure 8 Variation of H with T, for the annealed injection-moulded
materials. (A) Al, (O) A4, (A) Bl, (@) B3.
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Figure 9 Microhardness profiles along the y-direction for Sample
B1 before and after annealing at different temperatures T,. (V)
Unannealed, (O) 150°C, (J) 200°C, (A) 220°C, (<) 240°C, (@)
248°C.

Fig. 9 illustrates the microhardness profiles meas-
ured, across the moulding thickness, along y, on the
inner yz surface for one of the B samples (7, = 25°C)
before and after annealing at different temperatures.
After annealing at 150°C, a notable hardening is
observed throughout the thickness of the sample,
being maximum on the outer surface. It is worth
noting that the =~ 1.5 mm thick amorphous skin de-
tected for the untreated sample hardens after the
treatment at 7, = 150°C. For higher annealing tem-
peratures, H reaches a similar limiting value of about
200 MPa throughout the thickness of the samples.

Fig. 10 shows the plot of the long period, L, as a
function of T,. For samples injected at low T, one
observes first a decrease of L with 7, up to
T, =~ 200°C and then a conspicuous increase in L. In
the case of samples processed at high mould temper-
atures, L remains nearly constant up to 7, = 200°C
and then it increases rapidly with 7.

Fig. 11 comparatively depicts L together with the
crystal size values, Dy, and D, 4, for one of the
samples (A4) as a function of 7,. The Dy; 4, and D, ,,
values here remain constant up to T, = 200°C and,
finally rise with 7, following a parallel increase with L.
A similar behaviour of L, Dy ; o, and D, 4, was found
for the rest of the annealed samples.

Fig. 12 shows the DSC traces for one of the samples
(A4) before and after annealing treatment at various
temperatures. It is noteworthy that both the position
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TABLE II Crystallinity, x,, crystallite size, D, long period, L, microhardness, H, and b for various mouldings before and after annealing at

different 7, for 1 h

Sample 7, (°C) X (%) Dy (nm) D, oo (nm) L (nm) H (MPa) b (nm)
Al 25 25 7.1 6.1 9.6 192 5.3
150 28 71 6.1 7.7 200 44
200 32 7.8 6.3 8.5 200 4.7
220 34 8.7 6.3 9.5 203 5.3
240 35 12.1 8.9 10.6 203 5.9
248 36 13.0 9.6 134 195 74
A4 25 29 8.3 6.1 9.9 202 5.5
150 31 8.3 64 10.0 206 3.6
200 31 8.3 6.6 9.9 206 5.5
220 31 8.7 72 9.7 204 5.5
240 35 12.7 9.4 12.2 201 6.8
248 34 14.0 104 14.5 195 8.1
Bl 25 14 7.1 5.5 10.7 165 6.0
150 29 7.1 5.5 8.5 188 4.7
200 32 7.5 55 8.8 198 49
220 34 9.2 6.1 9.6 204 5.3
240 36 12.1 8.4 112 189 6:2
248 32 13.6 104 14.0 181 7.8
B3 25 28 7.5 5.7 10.1 190 5.6
150 31 7.5 59 9.5 198 53
200 32 79 59 10.1 203 5.6
220 34 9.2 6.4 114 203 6.3
240 36 11.1 8.7 12.7 200 7.1
248 35 133 100 - 192 -
20
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Figure 12 DSC traces from the core of injected bars of Sample A4
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Figure 11 Variation of (4) the long period and crystallite size
values (O) Dy, and (®) D, 4, of Sample A4 with T,

and the shape of the dominant endothermic peak
corresponding to the melting of the polymer do not
change appreciably for 7, <220°C. A new endo-
thermic peak due to the annealing treatment appears
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at about 15-20 K above the T, value used. The intens-
ity of this new peak (annealing peak) increases with 7.
For T, = 240 °C the annealing peak seems to coincide
with the dominant endothermic peak. Finally, for T,
= 248 °C both maxima shift together to about 20 K
above T,.



4. Discussion

As pointed out above, despite using injection mould-
ing with an extensional flow mould, neither molecular
orientation nor lamellar orientation could be achiev-
ed. This is probably due to the low viscosity of the
material used, even for the dried samples. Thus we
shall limit our discussion to the series of samples
processed using the largest cross-section mould.

In the first place it is noteworthy that the DSC scans
of thin cuts across the thickness of Sample Bl show an
exothermic peak of crystallization which preferentially
characterizes the amorphous material located on the
outer surface (Fig.4). As expected, a transition in
H from the amorphous state (H, = 120 MPa) into
the fully spherulitic semicrystalline material
(H,,n = 200 MPa) is obtained on the outer surface of
the bars around a crystallization temperature T,
= 120°C (Fig. 3). A similar transition in H has been
reported for compression moulded PET [8].

On the other hand, DSC curves from the inner cuts
show very small exothermic recrystailization peaks
suggesting that the interior of the mouldings is crystal-
lized to a great extent. Indeed, the mechanical meas-
urements carried out in the centre of the mouldings
{(Fig. 5) show H values between 120 and 200 MPa,
corresponding to materials partially filled with spher-
ulites [8]. In addition, all the cuts show an endo-
thermic peak at about 260 °C due to the fusion of the
crystallized material.

Furthermore, the results in Fig. 5 suggest that the
mouldings of Samples A show a more completed
spherulitic growth (higher H values) than mouldings
of Samples B. The reason for the lower values of H in
Samples B might be sought in an increase of molecular
weight after drying the initial pellets, thus hindering
the crystallization process. In addition, the gradual
improvement of hardness with increasing T, obtained
for both types of samples, is presumably due to an
increasing volume fraction of spherulitic material. For
the samples processed at 7, = 25°C due to the slow
rate of crystallization of PET, the crystallization in the
centre of the bar is not as complete as in the case of T,
= 120 °C where cooling proceeds more slowly. There-
fore, in the case of 7. = 25°C the samples are only
partially filled with spherulites showing values of less
than 200 MPa.

Fig. 6 shows the H profile across the y-dimension
for Samples A supporting the presence of an outer
amorphous layer in the samples with T, below 120 °C.
However, on increasing T, above 120 °C, the amorph-
ous layer crystallizes and hardens. It should be noted
that for the samples prepared at T, > 120 °C, H shows
a distinct maximum at both surfaces, suggesting the
enhancing nucleation effect of the metallic walls of the
mould on the crystallizing material. A similar H pro-
file, for Samples B, is shown in Fig. 7, but, with H
values smaller than 200 MPa, indicating that crystal-
lization is not as complete as in the case of Samples A
(see also Figs 4, 5 and Table I). In this latter case, we
also observe an increase in H near the surface due to
the above mentioned wall effect.

It is worth noting that the values of b derived for
Samples A, are indistinguishable from those for

Samples B (Table ). The high b values obtained in
contrast with previous results on melt-crystallized
samples [8] suggest the occurrence of a higher surface
free energy which is probably connected with a higher
concentration of entanglements and defects at the
crystal surface.

We have seen that the use of low mould temper-
atures specially in the case of Samples B, leads to
mouldings with low H values where primary crystal-
lization is not completed (Table I). One way to im-
prove the properties of the injection-moulded material
is by means of a subsequent annealing treatment at
temperatures, T,, well above 120 °C. The influence of
annealing upon the H profile of Sample B prepared at
T, = 25°Cisremarkable at all T, values (Fig. 9). At T,
= 150°C, H has already reached values of 180 MPa
which correspond to a volume fraction of spherulites
¢ ~ 0.8 [8]. For the highest annealing temperatures
used, an homogeneous hardening across the sample
(H ~ 200 MPa) corresponding to a completed pri-
mary crystallization is obtained. The slightly higher H
values measured on the surface, corresponding to the
mould wall effect, are also reflected in slightly higher
H values at the surface of the corresponding annealed
materials.

One specific feature of the PET microstructure is
that L increases linearly with T, [17] and that the
linear crystallinity o = [./L shows a nearly constant
value equal to 0.7 in the annealing range of
120-250°C [16]. Unexpectedly, we obtain for all the
samples a variation of L as a function of T, (Fig. 10)
which clearly deviates from such a linear behaviour
observed for PET crystallized from the glassy state
[16]. In order to explain this result it is convenient to
discuss the DSC data for Sample A4 (T, = 150°C)
annealed at the different temperatures (Fig. 12). The
initial injection-moulded sample shows just one single
endothermic peak at 260 °C. One has to assume that
the poorly crystallized sample recrystallizes during
heating and that the melting peak corresponds to the
melting of the recrystallized material [18]. The an-
nealed mouldings present an additional smaller end-
othermic peak at roughly T = T, + 20. This second
peak suggests the presence of a fraction of additional
lamellae which are crystallized at T,. The presence of a
fraction of these lamellae in the temperature range
150-220°C may contribute to a reduction of the
stacking periodicity of the initial crystal lamellae
yielding the observed decrease of L in Fig. 10. How-
ever, for T, values larger than 220 °C, annealing results
in a thickening of the original lamellae giving rise to
both an increase of L and an increase of the melting
peak.

It must be pointed out that a decrease of L is also
found during isothermal crystallization [19, 20] and
may be explained in the same way by the formation of
additional lamellae. The decrease of L is specially
noticeable in the samples processed at T, = 25°C
(Fig. 10), having initially a larger volume of amorph-
ous material (see Figs 5 and 7) which is susceptible to
crystallization . The parallel increase of L (propor-
tional to the thickness of the crystals) and D, , and
D, , suggest that the crystal thickening also entails a
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volume increase of the crystals with T, (Fig. 11). Fi-
nally, a hardness increase with annealing temperature
is observed until a value of about T, = 220°C is
reached (Fig. 8). However, for higher 7, values, H
suffers an unexpected decrease. The hardness behavi-
our can be understood if we examine the variation of b
with T, (Table II). Because for annecaled PET, [, ~ L
[8], from Equation 3 it follows that b must be propor-
tional to L in the T, range investigated. This explains
the initial decrease of b with T, (this could be associ-
ated with the presence of thin lamellae within the
stacks), and the final increasc of this parameter for
T, > 220°C. These results suggest that the density of
defects on the crystal surface (proportional to b) first
decreases due to the presence of the thin lamellae (L
decrease in Fig. 9) and that, at higher temperatures,
T., the number of defects increases with increasing
crystal thickness causing, as a result, the hardness of
the material to decrease. Particularly for T, = 248 °C,
it is seen that some molten material recrystallizes at
lower temperatures (contributing to less-perfect crys-
tals) (Fig. 12) in support of the observed increase of the
constant b (hardness decrease) (see Table II).
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