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The mechanical properties of copolyesters of p-hydroxybenzoic acid (PHB) and poly(ethylene 
naphthalene-2,6-dicarboxylate) (PEN) and of PHB and poly(ethylene terephthalate) (PET) were 
investigated over a wide range of compositions using the microhardness technique. The mechanical 
behaviour has been interpreted in terms of an aggregate model of additive units of structure. On this basis 
the changes in microhardness with composition can be related to the following factors: degree of crystallinity, 
crystal thickness and polymorphic crystal forms. In the case of the amorphous materials the increase of 
the microhardness with increasing number of flexible chain sequences (PET, PEN) has been discussed in 
terms of a simple additive behaviour of single components PET/PHB and PEN/PHB. In the case of the 
crystallized materials it is shown that the hardness of the PET and PEN crystals is an increasing function 
of the crystallite dimensions (flexible chain domains). 

(Keywords: molecular structure; liquid crystals; microhardness) 

INTRODUCTION 

Liquid crystalline polymers (LCPs) are of growing 
interest in polymer science a-3. This attention is due to 
both the scientific and practical importance of LCPs. 
From the viewpoint of practical applications, LCPs are 
very attractive as potential high performance materials 
for use in high modulus engineering plastics and fibres 1, 
or for the production of displays and other optoelectronic 
devices 4. In recent years interest in rigid chain 
thermotropic liquid crystalline copolymers has grown 
considerably 5'6. Of particular interest has been the 
copolyester prepared from hydroxybenzoic acid and 
2-hydroxy-6-naphthoic acid which form thermotropic 
liquid crystalline melts which can readily be processed 
into highly oriented fibres or films 7. Dielectric properties, 
dynamic mechanical behaviour, experimental and 
theoretical longitudinal chain moduli and thermal 
measurements of these random copolymers have been 
reportedS-X 1. 

Copolyesters of poly(ethylene naphthalene-2,6-di- 
carboxylate) (PEN) and p-hydroxybenzoic acid (PHB), 
containing different amounts of PHB, have been 
studied 12 using real time X-ray diffraction and calori- 
metric techniques. In addition, copolyesters of poly- 
(ethylene terephthalate) (PET) with different amounts of 
PHB were studied by n.m.r, and neutron scattering 
experiments a2. In the materials containing up to 50% 
PHB, crystals of PET and/or PEN are formed I 2. In those 
containing 80-90% PHB, only crystals of PHB are 
detected. It is now of interest to study the influence of 
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the glassy liquid crystalline structure on the micro- 
hardness of these materials. Microhardness is a tech- 
nique which can offer direct information on microstruc- 
tural changes in semicrystalline and amorphous poly- 
mers 13-1s. In addition, hardness of polymers can be 
correlated with many of their mechanical propertiesX 3-16, 
which makes such measurements a fast and convenient 
method for material characterization, Microhardness has 
also been proved to detect polymorphic phase changes 
in polymers 17, and especially changes in polymer blends 
with composition 18'19. In this paper we report the results 
of a study of the influence of the composition and the 
molecular structure on the microhardness of the above 
series of copolyesters (PET/PHB, PEN/PHB). 

EXPERIMENTAL 

Preparation of specimens 
Samples of random PET/PHB and PEN/PHB were 

synthesized as described elsewhere 12. Amorphous films 
were obtained by melt pressing 10°C above the melting 
point and quenching in ice water. Crystallized samples 
were prepared by annealing the amorphous samples for 
4 h, 20°C below the melting point of each respective 
copolymer. While PET forms only one crystalline 
modification, the crystals of PEN show two modifica- 
tions: the c~ modification with density p~ = 1.40 g cm -3 
containing one molecule per unit cell and the /3 
modification with pa = 1.435 g cm -3 and four molecules 
per unit cell. 



Specimen character&ation 
Density was measured with a gradient column at room 

temperature using a mixture of n-hexane and carbon 
tetrachloride. The degree of crystallinity, ~, was 
calculated from the amorphous density measured on 
quenched samples (see Tables 1 and 2) and from the 
crystalline density derived from the crystal lattice cell. 

The X-ray diffraction patterns of the amorphous 
materials show the existence of one characteristic broad 
scattering maximum. Ehrenfest's relation was applied for 
the derivation of the spacing di denoting the frequently 
occurring interatomic distance in a largely disordered 
polymer. In addition, the coherence length, D, was 
obtained from X-ray line broadening data using 
Scherrer's formula D =  2/flo cos O, where 2 is the 
wavelength of the radiation used, fl0 the integral breadth 
of the scattering halo in radians and 0 is the Bragg angle. 

For the study of small angle X-ray scattering (SAXS) 
from the crystallized materials a Kratky compact camera 
and a detector with energy discrimination were used. 
Scattering of nickel filtered Cu-K~ radiation was meas- 
ured using two different entrance slit heights of 60 and 
130 #m in overlapping angular regions of 0.013 nm-~ < 
s < 0.1 nm- ~ and s > 0.08 nm- ~ respectively (s = 2 sin 
0/2). The width of the counter slit was taken to be 2.5 
times the value of the entrance slit height in each angular 
region. Finally, both scattering regions were normalized 
to each other in absolute units. 

Figure 1 shows the resulting small angle scattering 
curves for the samples of PEN/PHB and PET/PHB. For 
the determination of the long period, L, the correlation 

Table 1 Experimental values for the densities of quenched (Pque) and 
c rys t a l l i zed  (Pcryst) materials, the temperature at which the samples 
were crystallized for 4 h (T~) and the degree of crystallinity (~) derived 
from density for PET/PHB samples, as a function of molar composition 

Pque Tc Peryst 
PET/PHB (gem -3) (°C) (gem 3) 

100/0 1.3376 240 1.4081 0.49 
90/10 1.3402 220 1.3924 0.37 
80/20 1.3432 210 1.3908 0.35 
70/30 1.3407 200 1.3821 0.30 
60/40 1.3688 215 1.3929 0.22 
50/50 1.3760 210 1.3978 0.20 
40/60 1.3905 180 1.4010 0.11 
30/70 1.3984 200 1.4007 
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function was calculated using the Strobl method 2°. The 
value of L/2  is given by the position of the first minimum 
in the correlation curve. From the depth of the correlation 
function at its first minimum, as it is generally known, 
the product ~L(1 - ~L) can be determined. ~L represents 
the linear crystallinity, i.e. the degree of crystallinity 
within the stacked lamellae. This value is usually larger 
than the degree of crystallinity ~ as determined from 
density or wide angle X-ray scattering (WAXS), because 
in addition to the amorphous regions between the crystal 
lamellae, larger amorphous regions outside the stacked 
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Figure  1 Angular dependence of absolute small angle scattering for 
(a) PEN/PHB and (b) PET/PHB copolymers. --, Pure 
homopolymers (PEN, PET); - -  , 90/10 copolymers; . . . .  , 80/20 
copolymers; - - . ,  60/40 copolymers; . . . .  ,50/50 copolymers 

Table  2 Experimental values for the densities of quenched (Pque) and crystallized (Pcryst) materials, the temperature at which the samples 
were crystallized for 4 h (To) and the degree of crystallinity (~) derived from density for PEN/PHB samples, as a function of molar composition 

PEN/PHB Pque (g cm-3) T¢ (°C) Pcryst (g cm-3) Crystal form 

100/0 1.3281 220 1.3565 ~ 0.38 

100/0 1.3281 250 1.3653 fl 0.37 

90/10 1.3314 210 1.3885 ~ 0.37 

90/10 1.3314 240 1.3610 fl 0.30 

80/20 1.3324 220 1.3584 ~ 0.36 

80/20 1.3324 180 1.3644 fl 0.33 

70/30 1.3598 200 1.3742 ~ 0.31 

70/30 1.3598 230 1.3817 fl 0.30 
60/40 1.3688 190 1.3748 ~ 0.16 

60/40 1.3688 220 1.3802 fl 0.18 
50/50 1.3714 220 1.3777 ~ 0.18 
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lamellae may be present 21. From the SAXS data alone, 
it is not possible to determine which of the two values, 
aL or 1 --~L, is the crystalline fraction and which is the 
amorphous fraction. The choice is usually made by 
comparing the above data with the value of ~ as 
determined from density 22. In this work the ~L value was 
chosen in such a way that it would be consistent with 
the crystallinity value derived from density (Tables I 
and 2). In addition to the comparison to density we have 
also compared the crystal thickness, lc, results with the 
average sequence lengths of PET and PEN units 
respectively. Finally, l¢ was derived from l¢ = aL L. 

Table 3 Experimental values of the scattering angle (0), interatomic 
distance (di) , integral breadth (flo) and cluster size (D) for PET/PHB 
amorphous copolymers 

PET/PHB 0 (°) d~ (A) flo (rad) D (A) 

100/0 10.3 5.4 0.123 12.7 
90/10 10.3 5.4 0.113 13.9 
80/20 10.2 5.4 0.109 14.4 
70/30 10.2 5.4 0.083 15.6 
60/40 10.2 5.4 0.086 18.2 
50/50 10.1 5.5 0.068 23.0 
40/60 10.0 5.5 0.050 31.3 

Microhardness measurements 

Microhardness was measured at room temperature 
using a Vickers tester. The test uses a squared pyramidal 
diamond with included angles z between non-adjacent 
faces of the pyramid of 136 °. The microhardness is given 
by: 

H = 2 s in(z /2)P/d  2 = 1.854P/d 2 (1) 

where P is the force in Newtons and d is the diagonal 
length of the impression in metres. The force is applied 
at a controlled rate, held for 0.1 min, and removed. The 
length of the impression is measured to _+ 1 #m with a 
microscope equipped with a filar eyepiece. Loads of 0.15, 
0.25, 0.5 and 1 N were used. 

RESULTS 

The PEN/PHB copolyesters containing <60mo1% 
PHB are completely amorphous when quenched from 
the melt in ice water. When annealed at appropriate 
temperatures the PEN sequences crystallize while all 
PHB sequences remain in the amorphous regions la. 
Similar results are obtained for the PET/PHB 
copolyesters. Here, only PET is capable of crystallizing. 

On the other hand, the copolyesters containing 
>60mo1% PHB, even when they are quenched from 
320°C, contain small, strongly distorted PHB crystals 
which lead to a small reflection superposed on the 
amorphous halo. Therefore, these samples cannot be 
considered to be amorphous even after quenching. No 
change in crystallinity is observed upon annealing. The 
PEN and the PET units remain in the amorphous 
regions. 

Tables 1 and 2 show the experimental values for the 
densities of quenched and crystallized materials, the 
temperature of crystallization and the degree of 
crystallinity of the PET/PHB and PEN/PHB copoly- 
mers respectively containing <40mo1% PHB. The 
structural data derived from the WAXS maxima of the 
two series of quenched copolymers are given in Tables 3 
and 4. The long period, crystal thickness and linear 
crystallinity derived from SAXS results (see Figure I ) for 
the crystallized samples are shown in Tables 5 and 6. In 
addition, the average length values, l* = nc (where 
n = average number of repeating units and c = unit cell 
dimension along the chain axis) of PET and PEN 
sequences, as derived from simple statistical calculations, 
are listed. It is seen that the values of lc for both series 
of copolymers are related to the average value, l*, of PET 
and/or PEN sequences which are capable of crystallizing. 

Figure 2 shows the variation of H (microhardness of 
the crystallized samples) and H a (microhardness of 
quenched amorphous samples) as a function of PET 

Table 4 Experimental values of scattering angle (0), interatomic 
distance (di), integral breadth (flo) and cluster size (D) for PEN/PHB 
amorphous copolymers 

PEN/PHB 0 (o) d~ (A) fl0 (rad) O (A) 

100/0 10.7 5.2 0.115 13.6 
90/10 10.5 5.4 0.108 14.5 
80/20 10.5 5.4 0.105 15.0 
70/30 10.2 5.5 0.096 16.3 
60/40 10.0 5.5 0.087 18.0 
50/50 10.0 5.5 0.078 20.0 

Table 5 Experimental values of long period (L), crystal thickness (lc) , 
linear crystallinity (aL) for copolymers PET/PHB and the calculated 
sequence length (l*) 

PET/PHB L (A) Ic (A) ~t L 1" (A) 

100/0 90 57 0.64 
90/10 112 41 0.37 97 ± 40 
80/20 120 36 0.30 43 ± 20 
60/40 112 29 0.26 16±10 
50/50 113 25 0.22 14 ± 8 

Table 6 Experimental values of long period (L), crystal thickness (lc), 
linear crystallinity (CtL) for copolymers PEN/PHB and the calculated 
sequence length (l*) 

PEN/PHB L (A) 1~ (A) aL l~ (A) 

100/0 112 77 0.69 oo 
90/10 144 67 0.47 124 ± 55 
80/20 125 52 0.42 55 ± 27 
60/40 110 43 0.39 21 ± 13 
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Figure 2 Change of microhardness of PET/PHB copolymers as a 
function of PET concentration. O, amorphous material (H=); ©, 
crystallized material (H); A, PET crystals 
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content (WpET). For PET concentrations WpE T > 30%, 
where the samples are amorphous, Ha linearly increases 
with the increasing concentration of PET units according 
to :  

Ha - ~  14o + kWpET (2) 

where the intercept H o ~ 50 MPa and k = H a - / 4 o  is the 
slope of the plot. On the other hand, for WpE T < 30%, 
where the amorphous matrix contains small PHB 
crystals, the microhardness increases with increasing 
number of PHB sequences up to H = 178 MPa for 100% 
PHB (~PHB = 85%). Furthermore,  the microhardness of 
the crystallized samples, H, also shows a linear increase 
with WpET within the WpE ~ > 30% range: 

H = H~ + qWpE x (3) 

with a slope q > k. In addition, the microhardness of the 
crystals, He, was calculated using the additivity relation 
for each composition WpET: 

H = H j  + Ha(1 -- 0~) (4) 

It is seen that H~ for the PET crystals gradually decreases 
with increasing PHB concentration down to WpE T ~ 50%, 
the composition at which the smallest crystals are 
obtained 12. From Table 5 it is clearly seen that the 
decrease in H~ can be correlated with the decrease in 
crystal thickness of the PET domains. 

The situation with the P E N / P H B  copolymers is 
somewhat more complex because the PEN crystals may 
appear either as fully crystallized in the ~ modification 
or almost totally crystallized in the fl modification. Both 
modifications show a triclinic symmetry 6. Fioure 3 
illustrates the variation of H and of Ha as a function of 
PEN content. The crystal microhardness values H~, H~ 
were calculated assuming that equation (4) also holds 
for these systems. As in the case of P E T / P H B  
copolymers, we obtain a linear increase of Ha with WpEN. 
However, in this case for WpEN > 50% : 

H a ~ -  H o + rwpE N (5) 

where Ho ~ 10 MPa and r = H a - Ho is the slope of the 
plot. In addition, the microhardness values of the 
crystallized materials, H~ and Ho, show a linear increase 
for WpEN > 50%. It is noteworthy that the microhardness 
data in Figure 3 show nearly the same minima for the 
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Figure 3 Variation of microhardness of PEN/PHB copolymers as a 
function of PEN concentration. @, Amorphous material (Ha); ©, 
crystallized material with PEN fl and ~ crystals; A, crystal hardness 
for PEN fl crystal; A, crystal hardness for PEN ~ crystals 

Microhardness of LC copolymers: F. J. Balt~ Calleja et al. 

amorphous and crystallized samples at a concentration 
WpE N ~ 5 0 % .  

By using equation (4) for each pair of H and Ha values 
for each crystalline phase and every concentration, we 
finally obtain the values for the crystal microhardness of 
both phases depending on WpE N. As in the case of 
PET/PHB,  the Ho values for both modifications 
gradually decrease with increasing PHB concentration 
until the concentration WpEN ~ 50% is reached. Here the 
PEN crystals are not detected anymore 12. The decrease 
in Hc for the P E N / P H B  series can also be correlated to 
the crystal thickness decrease shown in Table 6. 

DISCUSSION 

Dependence of H a on composition 
In the case of the amorphous samples the most 

frequently occurring interatomic distance di, remains 
practically constant with increasing WpET (Table 3), i.e. 
the increasing concentration of rigid PHB units within 
the material does not substantially affect the overall 
average molecular packing, although the density 
increases. This change in density must be caused by a 
corresponding change in the free volume. On the other 
hand, since both Pque (quenched samples) and the 
coherence length, D, within the amorphous domains 
decrease with increasing concentration of PET units, the 
changes in Pque and D cannot be responsible for the 
increase of H a with WpE T in Figure 2. This result is at 
variance with earlier data on semicrystalline polymers 
showing that a density rise always leads to a 
microhardness increase13'14. A similar structural trend 
for the amorphous samples of P E N / P H B  is obtained 
(Figure 3). Thus, the interatomic distance d i is nearly 
independent of WpEN and the density and the cluster size, 
D, of the amorphous domains decrease with increasing 
number of PEN units. 

As it is not possible to explain the variation of 
microhardness by differences in the densities, we have to 
look for another possible interpretation. It seems that 
the dependence of H a on composition could, in principle, 
be explained in terms of a simple additive behaviour of 
the single components --aHPET, --aHPHB" When we consider 
the dependence of H a on the PET content in the 
P E T / P H B  quenched and amorphous (see Figure 2) we 
find a linear decrease of the microhardness with 
decreasing PET content down to 40% PET. By 
extrapolation this decreases yields a value of H PH"= 
50 MPa for a fully amorphous PHB. The dependence of 
H a on composition is well described by the relation: 

H a -~ HPETWpET -J- HPHBwpHB (6) 

Such an equation follows the predictions of a 
mechanical parallel modeP 3 and simply states the 
additivity of the values of the two independent 
microhardness components. 

A similar relation is obtained for the P E N / P H B  
copolyesters (Figure 3). However, in this case, by 
extrapolation to WpEN=0, a value of ~10  MPa is 
obtained for amorphous PHB. This value does not quite 
agree with the previous value obtained from the 
microhardness plot of PET/PHB.  The difference seems 
to be larger than the experimental error of extrapolation. 
Therefore, we have to assume that the simple additivity 
of the microhardness values, as given by equation (6), 
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does not hold strictly. However, in spite of these 
deviations there exists good support for the conclusion 
that the microhardness of amorphous PHB is smaller 
than the values of PET and PEN and is probably in the 
region of 10-50 MPa. A direct measurement of the 
microhardness of amorphous PHB cannot be performed 
because it is not possible to obtain this material in 
the amorphous state. A value of H =  178 MPa was 
measured for the highly crystalline (85%) PHB sample 
(see Figures 2 and 3). At this stage it is worth pointing 
out that a strictly linear dependence of microhardness 
on composition has been found for quenched PEN/PET 
copolyesters 23. 

Let us now turn to the increase of H with decreasing 
PET and/or PEN content seen in Figures 2 and 3 
respectively. While in this region no crystals of PET or 
PEN are present there is an indication based on d.s.c. 
and X-ray scattering measurements that small PHB 
crystals in the hexagonal form exist which become better 
ordered and more abundant with increasing PHB 
content. Therefore, this part of the microhardness curves 
cannot be considered to represent the microhardness of 
truly amorphous copolyesters. As a consequence, we 
attribute this increase of microhardness with increasing 
PHB content to the presence of these PHB crystals. 

assumed to be given by: 

Hc = n~/(1 + b/l~) (7) 

From a plot of 1/Hc versus 1/l¢ (Figure 4) one obtains 
values of H~ = 380 MPa which represents the micro- 
hardness of infinite PET crystals and b = 19/~ which 
characterizes the depression from this value due to the 
finite crystal thickness. Equation (7) is justified on the 
basis of a heterogeneous deformation model involving 
the heat dissipated by the plastically deformed crystals x 4. 
The H~ and b values given above fit quite well with 
previous data obtained for pure PET materials 
crystallized from the glassy state 21. 

In the case of PEN/PHB copolyesters the values of He 
also depend on crystal thickness for both polymorphic 
forms. Figure 5 illustrates the plot of 1~He versus 
1/l¢ which yields a common value of H~ = 880 MPa for 
both forms with parameters b= = 73/it and ba = 117/~. It 
is noteworthy that Hff for PEN is the largest limiting 
microhardness found for any polymer so far, and in fact 
lies close to the value for hard metals (nickel, copper, 
mild steel). 

Finally it is worth pointing out that when applying 
equation (4) one has to take into consideration that 
during crystallization the PHB units are rejected from 

Dependence of H on composition 
The larger values of H for the crystallized samples are 

correlated with the formation of PET and PEN 
crystals 12. With increasing number of PET units the 
degree of crystallinity increases because the probability 
of longer PET sequences agglomerating to form 
crystalline regions also increases. The concurrent increase 
of both crystallinity (ct) and crystal thickness (l¢) (Tables 
1,5) with increasing PET units (WpEO yields increasingly 
large H values (Figure 2). As a result, the slope q in 
equation (3) is larger than k in equation (2). A similar 
tendency for the H values of PEN/PHB materials is 
detected (Figure 3). Here the larger values of H = and H p 
for the crystallized samples are connected with the 
formation of PEN crystals in both polymorphic forms. 

Dependence of H c on crystal thickness 
The value of Hc has previously been derived for 

polyethylene 14 and polypropylene 17 by means of 
equation (4). In the case of the poly(ethylene 
terephthalate) homopolymer it has been shown that this 
equation can only be applied if a is replaced by the linear 
crystallinity, ~L, within the lamellae stacks 21. However, 
for the present series of copolyesters values of ~ and ~L 
are not far from each other (see Tables I, 2, 5 and 6) and 
equation (4) can be applied in either case. For the PET 
homopolymer aL is somewhat larger than a. Nevertheless, 
the calculated Hc values, when using a or ~L, differ by 
no more than 5%. In the case of the PEN homopolymer 
a larger difference between ~L and ~ is found. For 
consistency, we have also taken the a value to calculate 
He. 

It is noteworthy that the H~ values calculated by means 
of equation (4) do increase with increasing PET content 
(see Figure 2). This is obviously a consequence of the 
increase of the crystal thickness, lc, with increasing WpET 
(see Table 5). According to previous investigations on 
PE ~4 and pp19, the dependence of H¢ on I¢ can be 
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the crystals. As a consequence the fraction of P H B  units 
within the a m o r p h o u s  phase of the semicrystalline 
material  is larger than in the completely amorphous  
material.  Therefore,  according to the dependence of  Ha 
on the concent ra t ion  of  P H B  shown in F i g u r e  2, the 
value for each H, data  point  to be inserted in equat ion 
(4) should be slightly smaller than that  for the amorphous  
material  before crystallization. If  this is done one would 
obtain  for P E T  the values o f H ~  = 350 M P a  and b = 6 A, 
and for the ~ and the fl forms of P E N  the values 
H~  = 820 M P a ,  b, = 60 A and H ~  = 640 M P a ,  ba = 62 A 
respectively. Al though the rejection of  the P H B  units 
from the crystals slightly affects the H ~  and b values it 
does not  influence the proposed  interpretat ion in terms 
of  equat ion (7). 

C O N C L U S I O N S  

In summary ,  the hardness of  P E T / P H B  and P E N / P H B  
quenched copolymers  show microhardness  minima for 
concentra t ions  30/70 to 50/50 respectively, due to the 
fact that  the samples are fully amorphous  for these 
composit ions.  If one increases the PET,  or  the P E N  
content  the microhardness  will increase owing either to 
the additive behaviour  of  the single components  for 
a m o r p h o u s  samples, or  to the increasing crystal thickness 
in the case of crystallized samples. If, on the other  hand,  
one increases the P H B  concentra t ion the samples always 
crystallize and the crystallite-reinforced material shows 
a microhardness  increase which is p ropor t iona l  to the 
P H B  crystal content.  
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