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Synopsis 

Segmented copoly(ether ester) based on poly(ethy1ene terephthalate) and poly(oxy- 
tetramethylene) suffers from having a rather low rate of crystallization. “he crystallization 
behavior of this elastomer can be influenced by cocondensation of selected diols and addition 
of nucleating agents and plasticizers. Changes of the crystallinity and morphology are studied 
by differential scanning calorimetry and dynamic-mechanical analysis, respectively. Mechan- 
ical properties in relation to the different crystallinites obtained are reported. 

INTRODUCTION 

Block copoly(ether ester)s have been studied both for academic interest 
and for industrial application. These polymers belong to the engineering 
plastics and are commonly referred to as thermoplastic polyester elasto- 
mers, because of their elastomeric properties which are combined with the 
processability of thermoplastics. The polyether and polyester chain seg- 
ments prove to segregate into separate phases in the solid state. The pol- 
yether segments, commonly referred to as the “soft” segments, form at 
ambient temperature a liquidlike phase due to their low glass-transition 
temperature and low melting point, whereas the polyester segments, the 
“hard” segments, usually crystallize, thus providing dimensional stability 
and minimizing cold flow. The morphology of these block copoly(ether es- 
ter)s has been studied extensively by several groups. l s 2  A typical represen- 
tative of these elastomers is the copoly(ether ester) based on poly(buty1ene 
terephthalate) (PBT) and polyoxytetramethylene (POTM) segments. 
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Physical properties such as modulus, creep resistance, compression set 
and solubility are highly dependent on the ester-segment structure, its 
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concentration and on the state of crystallization. 3-7 Failure properties such 
as tensile strength, tear strength, abrasion resistance, etc., depend to a 
larger extent on the morphology. Consequently, the amorphous phase com- 
position is also of importance. Low temperature flexibility and impact re- 
sistance reflect the glass-transition temperature(s1 of the amorphous phase 
and the melting point of the soft segment material. 

The crystallization rates of such copolymers reflect those of the polyester 
homopolymers. For example, the PBT-based copolymer shows a high crys- 
tallization rate, whereas the poly(ethy1ene terephthalate) (PET)-based co- 
polymer suffers from a rather low rate of c ry~ta l l iza t ion .~-~~~ The 
mechanical properties of the latter strongly depend on molding conditions 
as well as on heat history after the molding operation. 
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In fact, the unmodified PET-based elastomer is unsuitable for most injection- 
molding applications because of its low rate of crystallization and high mold 
temperature requirements. Inadequate mold temperature results in signif- 
icant dimensional changes or deformation owing to post-crystallization in 
parts that experience an in-service heat history. Consequently, modification 
is necessary to encourage nucleation and sufficient chain mobility in order 
to crystallize at a relatively high rate. 

As part of our continuing efforts to enhance our understanding of block 
copoly(ether ester)s and block copoly(ester ester)s,8-11 we have continued 
our study of the PET-POTM block copolymer. The objective of our study 
was, first, to modify the elastomer in order to influence its crystallization 
rate and, second, to determine changes in dynamic-mechanical properties 
in relation to the different crystallinities obtained after injection molding. 
Consequently, first of all, an inventory of measures to modify this elastomer 
is required. 

Compared with the PET homopolymer, polyether-modified PET already 
shows a higher crystallization rate12-14 and a lower glass-transition tem- 
perature,8 indicating an enhanced chain mobility. Other factors influencing 
the crystallization behavior in a positive way, can be derived from the 
crystallization kinetic theory. l5 From this theory it follows that the spher- 
ulite growth rate v can be described with the following equation: 

v = w,, e x p ( 2 )  
1 -CTO, 1 
T(T0, - T) 
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where vo is a universal constant for semicrystalline polymers, vo - 7.5 x 
lo* pm/s. At low to moderate molecular weights, however, the value of vo 
is dependent on the molecular weight; its value increases with decreasing 
molecular weight due to increased molecular mobility. E D  is an activation 
energy for transport, which depends on the glass-transition temperature 
(Tg). Ti is an “effective” melting point, T is the temperature of the sample 
(K), C is a constant with the value - 265 K, and R is the gas constant. 
According to this equation, several parameters may be affected. 

Influence of Molecular Weight (@,) 

The spherulite growth rate and the half-time of crystallization of the PET 
homop&mer have been ~ h o w n ~ ~ , ’ ~  to be strongly dependent on %,, i.e., a 
lower M,, results in an enhanced v. Taking this into account, the obvious 
choice would be to use a PET-POTM block copolymer with low gn in order 
to obtain an acceptable crystallization behavior. However, we are not com- 
pletely free to choose g,: a low a, results in a low melt viscosity, which 
may have a negative influence on the moldability; the required mechanical 
properties cannot be obtained with (too) low an gn. 

Influence of Glass-Transition Temperature ( Tg) 
As a result of the Tg dependence of the activation energy for transport 

(ED), increased chain mobility will enhance the crystallization rate. In ad- 
dition, upon decreasing the Tg, also a lower mold surface temperature will 
suffice during injecting molding. Consequently, the Tg is an important pa- 
rameter for influencing the crystallization behavior of the PET-POTM 
block copolymer. 

In comparison with the homopolymer, the polyether containing PET 
shows, as mentioned before, a lower hard segment Tg.6 This Tg depression 
of the hard phase can be explained l8 by: the hard segment molecular weight 
dependence of T,; a consequence of surface-free volume; dynamic coupling 
of mobile soft segment chains to the hard microdomains. A further T, 
depression can be achieved by: 
- A reduction of the polyether molecular weight,19 resulting in a de- 

creased PET segment length and hence in an  increased mobility. 
- Cocondensation of a flexible second dicarboxylic acid or “short chain” 

diol*, which sometimes provides a certain internal plasticizing effect. 2o 

However, depressing the Tg in this way does not guarantee an increased 
crystallization rate,21 because T,,, is lowered as well (see the growth rate 
equation). Furthermore, the overall crystallinity will be lowered, with neg- 
ative comsequence for properties such as hardness, modulus, etc. 22 More- 
over, POTM as such can be regarded as an internal plasticizer.13J4,23 
- Use of an external plasticizer. At least in the case of the PET ho- 

mopolymer it has met with a lot of success (especially) in combination with 
effective nucleating agents. 

* Being no polyether, e.g., 1,4-bis(hydroxymethyl)-cyclohexane. 
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Influence and Improvement of the Nucleation 

Prior to crystallizing, nucleation has to take place. It is known that the 
amount of (homogeneous) nuclei in the melt of the related PBT-POTM 
block copolymer can be raised in two ways: by increasing the hard segment 
content of the elastomer; 22,24 by decreasing the t e m p e r a t ~ r e , ~ . ~ ~  which is in 
agreement with the growth rate equation since the nucleation term 
[ -CTO,/T(TO, - T )  ] then becomes less negative (TO, - T ,  being the un- 
dercooling, becomes larger). 

Similar effects can be expected for a PET-POTM copolymer. From the 
growth rate equation it can also be derived that at high temperatures the 
contribution of the transport term (-EDIRT) to the spherulite growth rate 
is very important (less negative). Hence, we have to accomplish a shift of 
the nucleation to higher temperatures. In this respect was able to 
improve the crystallization of the PET homopolymer by cocondensation of 
minor amounts (approximately 5 mol %) of selected branched codiol units 
such as those of 3-methyl-pentanediol-2,4. On the analogy of these findings 
the same might be applicable to the PET-POTM block copolymer. 

In general, heterogeneous nucleation is by far more effective than ho- 
mogeneous nucleation. Improvement of the crystallization of the PET- 
POTM block copolymer6’* by means of the addition of nucleating agents, 
such as calcium fluoride,28 is well known. Reactive agents such as the 
sodium or potassium salts of stearic acid, montanic acid (C27H55COOH), 
dimer acid,+ trimer acid,+ alkyl-substituted succinic acids, polyhydric phen- 
ols, etc., are also mentioned for this elastomer in the patent l i t e r a t ~ r e . ~ - ~ ~  
Legras et al.37a and Garcia37b have shown that it is likely that nucleation 
by means of such salts proceeds via a chemical reaction. The polymer under- 
goes chain scission to form polymeric species with ionic end groups which 
aggregate to form the true nucleating species. The concomitant increase of 
the melt strength upon addition of such salts to block copoly(ether esterls, 
reported int he patent literature,36 gives further substantiation of this view. 
This way of nucleation has been given the term “chemical nucleation.” 

Because of its convenience of application, especially the “chemical nu- 
cleation” in conjunction with plasticizers, has drawn our attention to en- 
courage the crystallization of the PET-POTM block copolymers. Therefore, 
this method has been studied most extensively and will be a main item in 
this article. 

EXPERIMENTAL 

Materials 

The block copolymers have been synthesized by ester interchange in the 
molten state from dimethyl terephthalate (DMT), alkylene diol (ethylene 
glycol or 1,4-butane diol), and polyoxytetramethylene diol with a molecular 
weight of about 1000, followed by melt polycondensation under vacuum. 

+ Dimer acid and trimer acid are the dimerization, respectively, trimerization, products of 
unsaturated CI8 fatty acids such as linoleic and linolenic acid. 
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Upon use of 1,4-butane diol, both the ester interchange and melt polycon- 
densation have been catalyzed by a Ti catalyst. For the ester interchange 
with ethylene glycol and subsequent polycondensation; however, a Zn and 
an Sb catalyst, respectively, are preferred. By using different amounts of 
polyether diol and DMT during the preparation, the ratio between hard 
and soft segments may be varied considerably. The compositions used and 
relative viscosities (qrel) of the polymers (1% m/m in rn-cresol at 25°C) are 
given in the tables. 

Prior to injection molding, nucleating agents have been added to the 
polymers by means of precipitation from solution (mostly aqueous) on the 
granules. Absorbtion of plasticizers by the granules has been accomplished 
at 90°C. 

Methods 
For a proper investigation of the crystallization behavior of the PET- 

POTM block copolymer, three important conditions must be satisfied: 
a. The experimental conditions (mold-surface temperature, residence 

time, etc.) have to be chosen with care in order to obtain test specimens 
with a relatively low crystallinity. In this way (small) improvements induced 
by modifications of the resin can be studied best. Furthermore, the molding 
must be stored at low temperature to prevent changes in crystallinity (post- 
crystallization takes place at room temperature) prior to analysis. 

b. Sampling for subsequent crystallinity analysis must in each case be 
performed in exactly the same place of the test specimens. 

c. It is most important that a suitable analysis method should be available 
to measure accurately the crystallinity parameters of the test specimens. 
A technique giving an excellent insight into the crystallinity state of the 
specimens is differential scanning calorimetry (DSC). A DSC curve may 
provide among other things the following information: T, is the temper- 
ature of cold crystallization during the heating run; AHH,, the heat of cold 
crystallization during the heating run; T,, the temperature of recrystal- 
lization from the melt during the cooling run; AH,, the heat of recrystal- 
lization from the melt during the cooling run. The AHH,/AHH, ratio is a 
measure of the crystallinity of the specimen. A ratio other than zero is 
indicative of incomplete crystallization in the molded part. An example of 
one of the thermograms obtained is shown in Figure 1. DSC conditions used 
are: equipment, Mettler TA-2000B system; sample size, 15 Z!I 1 mg; sample 
holder, A1 crucibles; temperature program, heating the sample at a rate of 
20"C/min from -80 to 30°C above the melting point T,, maintaining it there 
for 3 min and finally cooling it at the same rate to room temperature; gas 
flow, NP, 45 mL/min. 1/16 in. UL-94 test bars, needed for the DSC analysis, 
have been obtained by means of injection molding with an Arburg All- 
rounder 221/55-250 with an injection retardation of 1.3 and an open nozzle 
with decompression. The pertinent data are: Barrel temperature ("C), 240- 
275 (depending on resin composition); nozzle temperature ("C), 240-270 
(depending on resin composition); mold temperature TC), 50; injection + 
back pressure time (s), 12.0; cooling time (s), 18.0; release time (s), min 2.0; 
Screw revolution (rpm), 200; Back pressure (bar), 50. 
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temoerature lheatina run) O C  

0 50 100 150 200 2 50 
I I I I 

220 200 150 100 50 
temperature (cooling run) O C  

Fig. 1. DSC curves of expt no. 2.13. 

Directly after mold release the test bar was quenched by means of liquid 
nitrogen and subsequently stored in a refrigerator at -30°C. Due to, inter 
alia, the skincore morphology of the test bars,% the sampling position in 
the bar is important. Sampling has been achieved by cutting a small spec- 
imen from the middle of the test bar at a position 12 mm away from the 
gate. 

The tensile properties were measured on an Instron universal testing 
machine (Model 1121) at a constant crosshead speed of 50 cm/min. Meas- 
urements were carried out on five samples collected under identical pro- 
cessing conditions, and the average value was calculated. The dynamic 
mechanical properties were determined, using a Rheometrics mechanical 
spectrometer, at 1 Hz and a maximum strain of 0.2% at temperature in- 
tervals of 5°C. 

RESULTS AND DISCUSSION 

Improvement of the Nucleation 

Attempts have been made to improve the homogeneous nucleation of the 
PET-POTM copolymer by cocondensation of minor amounts of butanediol- 
1,4 or 2-methylpentanediol-2,4 (6.5 and 1.0 mol %, respectively, on DMT). 
On the analogy of the results obtained with the homopolymer by 
a codiol concentration of 5 mol % on DMT is presumed to be optimum. 
Higher concentrations cause a lower overall crystallization rate and crys- 
tallinity. 39 Owing to the low reactivity of the 2-methylpentanediol-2,4, only 
1 mol % instead of 5 mol % of this diol appears to have been coesterfied, 
however. This implies that for the higher content of 5 mol % a large excess 
of this hindered diol has to be used during the transesterification with DMT. 
The DSC results obtained with these modified elastomers are summarized 
in Table I. According to the DSC data the 2-methylpentanediol-2,4 modified 
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elastomer shows a better homogeneous nucleation (expt no. 1.5) than the 
unmodified elastomer (expt no. 1.1) in that the recrystallization temperature 
of 187.2"C is high with respect to that of the blank experiment (T,  = 

159.6T). Consequently, the corresponding AH,lAH, value is low with re- 
spect to the value of the blank. 

Heterogeneous nucleation by means of sodium benzoate lowers the AHm l 
AH, values of the modified and unmodified polymers to the same level, 
indicating that modification of the elastomer by means of 2-methylpenta- 
nediol-2,4 influences only the nucleation (term), but not the transport (term). 
According to the results of expt nos. 1.3 and 1.4, modification by means of 
butanediol-1,4 influences the crystallization behavior very negatively. Even 
upon use of an effective heterogeneous nucleant practically no improvement 
has been observed, i.e., the test bars remain transparent (amorphous) with- 
out an elastomeric character. 

The DSC data compiled in Table I1 substantiate the earlier finding that 
sodium benzoate is an effective nucleating agent (high T ,  value). As a 
contrast, the aluminum tristearate shows no activity. The (slightly) higher 
T ,  with respect to the blank expt no. 2.1 can be attributed to the decreased 
q Disodium tartrate is slightly less effective than sodium benzoate despite 
its enhanced sodium content (doubled). In addition, a serious brown dis- 
coloration has been observed. Sodium salicylate is, according to our data, 
nearly equivalent to sodium benzoate. The test bars obtained, however, 
prove to be slightly brown. 

The results obtained with sodium montanate (C26 -C32 carboxylate, sup- 
plied by Hoechst) prove that this salt is one of the most effective nucleating 
agents. In contrast with the benzoate, the sodium montanate shows a rel- 
atively low melting point of approx. 230°C. This implies a liquid state under 
processing conditions, which possibly means an increased reactivity com- 
pared with that of a sodium salt which is in the solid state. 

From a comparison of the DSGdata of expt nos. 2.11-2.14, it can be 
concluded that the diepoxide Epikote 1007 is effective as conucleant, since 
it lowers the AHCclAHH, value, whereas the Tcc value is not (it therefore 
cannot be considered a normal plasticizer). Whether this is a question of 
synergism (Epikote 1007 is a weak nucleating agent40) cannot be derived 
from these data. 

Influencing the Crystallization by Means of Plasticizers 

Table I1 clearly shows the merits of the use of neopentylglycol dibenzoate 
(NPGD). An increased spherulite growth rate is likely.41 Only in the case 
where no (effective) nucleant is present will the accelerator not be able to 
influence the AH,lAHH, ratio despite the lowered T, value (indicating$ a 
lowered Tg; compare expt nos. 2.5 and 2.4). A similar situation is encoun- 
tered in the case of deactivation of the nucleating agent by the plasticizer, 
experiment no. 3.1 shows this situation (see Table 111). As compared with 
expt. no. 2.11, the AHJAH,  ratio has enhanced, while the T, is somewhat 

: The glass transition can be observed just before the cold crystallization exotherm (see Fig. 
1). An increase of the T, also results in an enhanced T,. 
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lower. Consequently, it can be concluded that the sodium benzoate has been 
deactivated. Though the tris (P,P’-dichloropropy1)phosphate cannot be re- 
garded as a plasticizer in view of its negative AT, value, the other phos- 
phorus compounds used (in expt nos. 3.2-3.4) apparently enhance the 
flexibility of the polymer chain, resulting in a decrease of the T,, never- 
theless, the AH,/AHH, values are high owing to deactivation of the sodium 
benzoate. This is substantiated by the relatively low T ,  values. 

Also the results obtained with a normal carboxylic acid ester such as 
butyl benzylphtalate indicate that other plasticizers (or impurities in it) 
may deactivate the nucleant used. The observed too high AH,IAH, value 
in expt no. 3.5, in view of the lowered Tcc (AT, = 6.6“C, compared with a 
AT,, value of only 3.TC giving AH,IAH, = 0.21 in expt. no. 2.12), reflects 
this deactivation. Again, this is also substantiated by a decreased T,. 

The use of certain esters as accelerators shows an additional disadvantage, 
viz., the possibility of transesterification causing degradation of the polymer. 
The very low qre, in expt nos. 3.8 and 3.9 reflects this transesterification. 
As expected, low AH,/AHH, values and high T, were detected. Even esters 
which do not easily transesterify, such as those with a neo-structure (NPGD 
in expt no. 2.12) degrade the polymer. Consequently, it is preferred to choose 
inert accelerators, e.g., diphenylether or poly(m-phenyleneoxide) (expt nos. 
3.10 and 3.11). As can be seen from the table, these ethers are effective 
accelerators. Although the volatility of the diphenylether can be regarded 
as a disadvantage, its nonvolatile oligomeric form, viz., poly(m-phenyle- 
neoxide), suffers from another shortcoming, namely there is hardly a shift 
of the crystallization range to lower temperatures (ATcc = l.oOC). Never- 
theless, the AH,lAHH, values observed in expt no. 3.11 is rather low. The 
poly(m -phenyleneoxide) probably belongs to the group of internal lubri- 
cants, since these lubricants are considered to be pseudo-plasticizers at 
processing temperatures, thus reducing the van der Waals forces between 
polymer chains. 42 This reduction encourages sufficient chain mobility to 
crystallize at a relatively high rate. Unlike plasticizers, however, these 
effects must be negligible at ambient temperatures, and become significant 
only at melt temperature, perhaps because of increased compatibility. Since 
the plasticizing effect of this crystallization accelerator is negligible at am- 
bient temperatures, the T, and T, of the elastomer are hardly effected. In 
view of the similarity between the molecular structure of poly(m-pheny- 
leneoxide and Epitoke 1007 (both compounds are oligomeric aromatic poly- 
ethers) and because of their similar influence on crystallization behavior, 
it might be presumed that Epikote 1007 is a pseudo-plasticizer (internal 
lubricant) rather than a synergistic nucleating agent (see the foregoing 
section). We have, however, indications that even cocondensed Epikote 1007 
is effective, indicating that also other mechanisms can be operative. 

Apart from its reactivity, diphenylamine shows some resemblance to di- 
phenylether (compare expt. nos. 3.12 and 3.10). The same holds for ben- 
zophenone (expt no. 3.14). Compounds, however, containing a sulfone group 
instead of a functional group such as keto, amino, or ether group, do not 
prove to be very effective (expt nos. 3.15 and 3.16). On the other hand, the 
sulfonamide “Santicizer 8” is one of the better nonvolatile accelarators (expt 
no. 3.17). Succinimide, in turn, is not very effective. 
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The PET-POTM block copolymer used in expt nos. 3.19 and 3.20 contains 
a higher hard segment content. Due to the increased T,’s, injection molding 
under the same conditions (mold temperature 50°C) led to moldings with a 
relatively decreased crystallinity. The introduction of 7.3 mol % butanediol- 
1,4 into the hard segments of the elastomer again results in a dramatically 
decreased overall crystallization rate (high AHJAH, value), as can be seen 
from the data of expt nos. 3.21 and 3.22. The heat of crystallization (not 
included in the table) indicates that also the crystallinity has decreased by 
approx. 20% owing to the introduction of the codiol. Upon introduction of 
1 mol % 2-methylpentanediol-2,4 these negative effects were not observed 
(expt nos. 3.23 and 3.24). 

Influence of Crystallization on Mechanical Properties 

In order to investigate the influence of parameters such as mold surface 
temperature and amount of crystallization accelerator (NPGD) on the in- 
jection molding behavior and mechanical properties, experiments have been 
performed on Arburg Allrounder and Stubbe injection-molding machines. 
The results are summarized in Tables IV and V. According to these data 
the tension set is positively influenced by the use of more plasticizer and 
higher mold surface temperatures. This is a result of the enhanced crys- 
tallinity, giving a relatively more “physically crosslinked” system. Also 
properties such as modulus and yield stress are basically controlled by the 
degrees of ~rystall inity.~ This is confirmed in Table IV, since samples in- 
jection-molded at a mold surface temperature of 90°C show the highest yield 
stress. The flexural modulus increase due to the addition of a small amount 
of plasticizer (3% NPGD), observed in Table V, reflects also a crystallinity 
increase owing to an enhanced crystallization rate or a structural after- 
arrangement caused by the plasticizer, a phenomenon which has been re- 
ferred to as “antiplasti~ization.”~~ Apparently, upon the addition of even 
more plasticizer (5% NPGD) real plasticization becomes more important, 
leading to a drop in modulus. In accordance with the data of Table IV, also 
the tension set data in Table V show an improvement upon the use of 
plasticizer, whereas the tensile strength and the tear propagation energy 
decrease. The latter data are in agreement with those of Table IV, and give 
further substantiation of earlier findings, viz., failure properties, such as 
tensile strength, etc., depend on the details of morphology rather than on 
the degree of crystallinity. 

In view of the observed hardness increase upon storage (see Table IV), it 
has to be concluded that the crystallinity has not been optimum yet. Of 
course, also annealing enhances the crystallinity (see also the next section). 
From the injection-molding experiments we infer that a mold surface tem- 
perature of at least 70°C is required to obtain optimum mechanical prop- 
erties. In comparison with the fast crystallizing PBT-POTM elastomer, the 
cycle time for the PET-POTM copolymer will be 20-40% longer, depending 
on the molding dimensions, while injection-molding processing conditions 
are more critical than those of the analogous PBT-POTM copolymer. It 
should be stressed that injection molding, under the same conditions, of 
PET-POTM without nucleating agents results in amorphous moldings. 
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Dynamic Mechanical Behavior 

DSC thermograms of PBT-POTM block copolymers usually reveal one 
amorphous phase glass transition and at least one crystalline phase melting 
endotherm. In the case of copoly(ether ester)s containing POTM segments 
with an M ,  2 2000, a second melting endotherm has been ob,served,l9 owing 
to melting of these (crystallized) segments at 10-30°C. A rise in the con- 
centration of polyether soft segment leads to a decreased Tg (see also Fig. 
2, change in GIf max positions), and an increased heat capacity change 
through the glass-transition zone in DSC thermograms of PBT-POTM elas- 
tomers.20 The fact that Tg shows a progressive shift with respect to hard 
segment content suggests that solubilized hard segments are included with- 
in the amorphous phase. 1,20,44 Small-angle X-ray scattering measurements 
indicate also a homogeneous amorphous phase, though some heterogeneity 
is present.2 Apart from the composition of the copolymer, the temperature 
position of the glass transition is also governed by the crystallization con- 
ditions, e.g., annealing causes a shift to lower temperatures. 1,22,44 

The PET-POTM block copolymer offers very interesting possibilities for 
further investigation of the relation between the Tg observed and the con- 
tent of amorphous PET segments, since in this case the content of amor- 
phous material can easily be changed without altering the hard/soft 
segment ratio. The elastic or storage modulus, G', and the dissipation factor, 
tan 6,  of the quenched, amorphous PET-POTM elastomer (hard/soft seg- 
ment ratio is 74/26, no nucleating agent present) are plotted as a function 
of temperature in Figure 3. The temperature where the tan 6 curvature 

68 and 78% POTM 2000 
35, 30 and 10% = POTM 1000 

I- 9 '  

- -  
-m-- 

-If& -120 -100 -80 -60 -40 - 2 0  0 + 2 0  +40 +60 +80 +lo0 *120 +140 

-- -8-- 

1 0 5 1  I i i 1 I 1 1  I 1 1  1 1  

temperature O C  

Fig. 2. G' and G" of PBT-POTM elastomers containing different amounts of POTM. 
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1D 1 ao 

6.0 
-150.0 -50.0 50.0 150.0 

Fig. 3. Dynamic-mechanical spectrum (at 1 Hz) of amorphous PET-POTM elastomer, con- 
temperature O C  

taining 26% (m/m) POTM. 

shows its maximum (7) may in a first approximation be called the glass- 
transition temperature. At about 20°C above the Tg, the hard segments 
crystallize in view of the steep increase in storage modulus. In spite of the 
corresponding change in amorphous phase composition, owing to crystal- 
lization of the hard segments, the ?" practically did not change (compare 
Figs. 3 and 4). In addition, the tan 6 curvature is very broad and shows a 
shoulder at approx. -45"C, indicating the glass transition of POTM-rich 

7.0 t To t 1 
6.0 1 I 1 I I 1 1-3.0 

-150.0 -9.0 50.0 150.0 
temperature O C  

Fig. 4. Dynamic-mechanical spectrum (at 1 Hz) of crystallized PET-POTM elastomer con- 
taining 26% (m/m) POTM. 
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regions. The q-, therefore, indicates the glass transition of PET-rich re- 
gions (see also the glass transition in Fig. 1). Since there is no steep transition 
in the elastic modulus at -45°C (see G' curvature), the shoulder on the tan 
6 curvature must be caused by a relatively small amount of POTM-rich 
material. Considering these aspects, we infer that the amorphous phase of 
the PET-POTM elastomer is heterogeneous. Since the amorphous PET re- 
gions are not mixed to large extent with POTM, partial crystallization will 
not drastically change the TF". Segmental incompatibility is higher in 
PET-POTM than in PBT-POTM, as indicated by the higher difference be- 
tween the solubility parameters (calculated according to Ref. 45) of PET, 
(20.9 J ~ m - ~ ) ~ ' ~ ,  and POTM (17.6 J than between the same pa- 
rameters of PBT, (19.6 J and POTM. Segmental incompatibility 
accounts for the larger extent of phase segregation between hard and soft 
segments observed in the amorphous part of PET-POTM with respect to 

An increase in the elastic modulus G' upon crystallization of PET seg- 
PBT - POTM. 

ments may be expected on the basis of the relationshipzz 

- 

- 

- 

- 

- 

I I I I I 
- i sao -50.0 5QO 150 

logE = v, log(E,/E,) + log E ,  

where v ,  is the volume fraction crystalline material, while E, and E, are 
interpreted as the modulus of the crystalline and amorphous material. 
Crystallized PET-POTM samples (hard-to-soft segment ratio 68/32) con- 
taining 0.15% sodium benzoate and, whether or not, 5% NPGD (see also 
Table V) have also been investigated by means of dynamic mechanical 
analysis. Figures 5 and 6 show that the addition of plasticizer causes a T, 
shift and a decrease of the modulus at room temperature. The tan 6 cur- 
vature of the nonplasticized sample even shows a more pronounced shoulder 
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-1500 -50.0 50.0 15(10 

temperature OC 

Fig. 6. Dissipation factor of PET-POTM elastomers versus temperature. Samples A and 
B contain 0 and 5% NPGD, respectively. The POTM content of both samples is 32% (m/m). 

at -5O"C, owing to the enhanced POTM content of this sample relative to 
the sample used in the case of Figures 3 and 4. In addition, the Tm of this 
softer grade has not changed to a lower temperature, giving further sub- 
stantiation for a fairly good phase segregation between hard and soft seg- 
ments. This also implies that a further increase in the POTM content 
probably will not improve the spherulite growth rate. From the measure- 
ment data (Fig. 7) of the PBT-POTM elastomer (hard to soft segment ration 

I I I 1 I I 1-30 7 0  
-150.0 - 500 50.0 1 MO 

temperature O C  

Fig. 7. Dynamic-mechanical spectrum (at 1 Hz) of PBT-POTM elastomer, containing 35% 
(m/m) POTM. 
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is 65/35; see also Table V) we infer that the T" of this elastomer is situated 
at a lower temperature than the 7" measured for the corresponding PET- 
POTM elastomer, while the tan 6 curvature is sharper. With respect to the 
PET-POTM elastomer also the change in modulus upon temperature 
change in the range of -10 up to +50"C is less pronounced. 

CONCLUSIONS 

The crystallization behavior of the PET-POTM copolymer is positively 
influenced by selected nucleating agents whether or not in conjunction with 
plasticizers. Both sodium benzoate and sodium montanate exhibit a good 
performance as nucleant, while plasticizers such as NPGD and Nethyl-0,- 
p-toluenesulfonamide, in conjunction with the nucleant, accelerate the crys- 
tallization. Moreover, they shift the cold crystallization temperature of the 
segmented copoly(ether ester) to a lower level, which means that a lower 
mold temperature (80-90°C) will suffice for a proper hardening upon in- 
jection molding of this elastomer. Some classes of plasticizers, however, for 
example, phosph(on)ates, inhibit the (chemical) nucleation. Upon cocon- 
densation of d n o r  amounts of 2-methylpentanediol-2,4 the crystallization 
behavior of the elastomer proves to have improved. On the contrary, co- 
condensation of butanediol-1,4 give rise to products which suffer from a low 
rate of crystallization. 

Nucleating agents and plasticizers added, as well as the molding condi- 
tions, strongly influence the (dynamic-) mechanical properties of the PET- 
POTM copolymer. Under optimum molding conditions the mechanical prop- 
erties of this elastomer are similar to those of the PBT-POTM copolymer. 
Dynamic mechanical analysis of the PET-POTM copolymer indicates a larg- 
er extent of microphase separation with respect to that of the corresponding 
PBT-POTM copolymer. Two glass transitions are observed, indicating a 
heterogeneous amorphous phase. 

The author wishes to thank Mr. T. Brink, Ir. A. J. Witteveen, Mr. A. C. M. Bockholts, Dr. 
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