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SUMMARY 

CARILON EP Polymer (LVN 1.7 dl/g, Tm 223 °C) was extrusion compounded 
with various mineral fillers at loading levels of 10 and 30 %wt. The key 
mechanical properties of the compounds were determined using injection 
moulded test specimens. The influence of the fillers on the melt 
stability of the polymer was assessed via Brabender mixer experiments, 
crossover time and pH measurements. In addition the effect of the melt 
processing aid Primacor 1430 and an optimised antioxidant package upon 
the melt stability of CARILON EP Polymer was also investigated. 

The results show that the most effective enhancement of physical 
properties is achieved using high aspect ratio fillers such as glass 
fibre while the effect of low aspect ratio particulate fillers, such as 
calcium carbonate, is generally very slight. With flake fillers, such as 
talc, kaolin and mica, results between the two extremes described above 
were obtained. The properties of the flake filled compounds are very 
sensitive to changes in filler morphology and to the presence of 
coupling agents. 

All of the fillers caused a decrease in the high rate impact failure 
energy of the compounds relative to the unfilled polymer. This effect 
was most pronounced with the fibrous and flake fillers, but much less 
severe with particulate fillers. Also while absolute levels of mould 
shrinkage and thermal expansion were greatest for the particulate filled 
compounds, anisotropic effects were the least. 

A tentative connection between the pH of the fillers and their effect on 
melt stability has been established. Fillers more acidic than the base 
polymer tend to be destabilising whilst fillers of pH 6 - 10 appear to 
be neutral or to exert a slight stabilising influence. 
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Primacor 1430, which is acidic in nature, has a strong negative effect 
on the melt stability of CARILON EP Polymer, when used at loadings of 1 
and 5 %wt. The antioxidant stabiliser package employed appears to 
slightly increase melt stability. The use of stearic acid as a 
dispersant on finely ground calcium carbonate improves the physical 
properties of the compounds but results in a loss of melt stability 
compared to compounds prepared from calcium carbonate that has not been 
treated with stearic acid. 

November 1992 
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CARILON EP POLYMER: COMPOUNDS WITH MINERAL FILLERS PART II. 

1. INTRODUCTION 

In Part 1 of this series the effect of flake morphology fillers on a) 
the mechanical properties and b) the level of anisotropy in dimensional 
stability of CARILON EP Polymer compounds were investigated (2). In the 
current work the same properties of the compounds have been assessed but 
this time the range of filler morphologies has been extended to include 
fibrous and particulate fillers. In addition the role of surface 
treatments to prevent agglomeration (dispersants) and to promote polymer 
/ filler adhesion (coupling agents) have been investigated. The effect 
of the fillers and surface treatment on the melt stability of CARILON EP 
Polymer has also been assessed. 

2. EXPERIMENTAL 

2.1. The base grades of CARILON EP Polymer 

2.1.1. Compounding 

All compounding work was carried out using CARILON EP Polymer batch 
89/006 (LVN 1.7 dl/g, Tm 223 °C) as the base grade. No other additives 
were used in the compounds-apart from the mineral fillers. The resultant 
compounds were also used to determine crossover time values. 

2.1.2. pH measurements 

Determination of the pH of slurries of CARILON Polymer and mineral 
filler were carried out using batch 90/001 (LVN 1.7 dl/g, Tm 253 °C). 
This batch was used instead of 89/006 because at the time of the work no 
other CARILON Polymer reactor powder was available. The batch chosen was 
a CARILON E Polymer grade, but this is not thought to have influenced 
the validity of the results. 
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2.1.3. Brabender testing 

All Brabender tests were also carried out using CARILON EP Polymer batch 
89/006 (LVN 1.7 dl/g, Tm 223 °C). For experiments with mineral fillers 
an additive package was used with the result that the final composition 
of the base polymer was as shown below. The additive package was based 
on recommendations from earlier work (3). 

CARILON EP 93.6 %wt 
Primacor 1430 5.0 %wt (processing aid) 
Naugard 445 0.5 %wt (antioxidant) 
Irganox 245 0.45 %wt (antioxidant) 
Irganox 1024 MD 0.45 %wt (metal deactivator) 

One experiment (Sample P3, Table IV) was carried out using 97.6 %wt 
CARILON EP and 1.0 %wt Primacor 1430. 

2.2. The mineral fillers 

The fillers tested can be divided into three morphological classes, 
fibrous, flake and particulate (Table I, Figure 1). The only fibrous 
filler tested was Wollasil 325, an unmodified grade of the silicate 
mineral, Wollastonite, with an average fibre length of 21 ~m and an 
unknown aspect ratio. In the flake filler class an unmodified talc of 
average plate size 2 ~m (Steamic OOS), and two calcined Kaolin .fillers 
of average plate diameter 2 ~m (Polarite 102 A and Polestar 501) were 
tested. Polestar 501 was unmodified whereas Polarite 102 A was surface 
modified with an amino silane coupling agent, present at 1 %wt. The 
particulate fillers tested were all calcium carbonates. The grades were 
firstly an unmodified calcium carbonate of average particle diameter 1 
~m (Polcarb), Polcarb treated with 1 %wt stearic acid (Polcarb S) and a 
1 %wt stearic acid modified Polcarb grade of average particle diameter 2 
~m (Polcarb 60S). 

For comparative purposes data for CARILON EP Polymer compounds with mica 
and glass fibre have also been included in the current work. The mica 
(Micavor 80) was an unmodified muscovite mica of average particle size 
80 ~m. The glass fibre was Owens - Corning 429 YZ. The preparation and 
properties of these compounds have already been described in detail 
elsewhere (2,4). The glass fibre compounds were based on the same base 
polymer as the compounds described in this report and were prepared as 
part of the same series of compounds. The mica compounds were all based 
on CARILON EP Polymer 87/050 (LVN 1.93 dl/g, Tm 219 °C) using the same 
base polymer formulation described above for the Brabender mixer 
experiments. 
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2.3. Brabender mixer testing 

A commonly employed tool to assess the melt stability of CARILON Polymer 
is the Brabender Plastograph internal mixer. The Brabender mixer 
consists of a heated mixing chamber equipped with a pair of variable 

.speed counter-rotating rotors. The amount of power (torque) required to 
turn the rotors when the chamber contains a polymer melt is determined 
by the melt viscosity. Thus if the melt viscosity increases so will the 
torque acting on the rotors. 

A Brabender mixer test with CARILON Polymer always follows the same 
pattern (Figure 2). Unmolten polymer is charged to the chamber resulting 
in a rise in torque to a maximum value. As the polymer melts the torque 
falls until at a time, tm, it becomes constant when the polymer is fully 
molten. Eventually at a time ti, melt degradation reactions cause the 
mixing torque to rise at a roughly constant rate until a second maximum 
value is reached at time, te. At te the content of the mixing chamber is 
no longer a thermoplastic melt but a brown powder. 

The quantities (te-tm) and (ti-tm) define the degradation time, td, and 
the plateau time, tp, respectively. The inverse of the average rate of 
torque increase between ti and te is defined as the Brabender melt 
stability, Sb. For a completely stable polymer tp is infinite. For 
CARILON EP Polymer tp is usually of the order 1 - 10 minutes, depending 
upon the precise Brabender operating conditions (rotor speed, chamber 
temperature) and the molecular weight of the polymer. The value of td is 
usually between 30 and 130 minutes. With increasing Sb, td is expected 
to increase because the area under the td I torque curve is proportional 
to the energy required to bring about complete breakdown of the polymer. 
Thus for all CARILON Polymer grades this energy will be roughly 
constant. Therefore Sb should correlate well with td. Usually the 
correlation is not perfect but this can be ascribed to the variation in 
initial and final torque values as a function of additive loading and 
morphology and the non-isothermicity of the Brabender test. 

2.4. Compound preparation 

All compounds were prepared by extrusion blending. The extruder used was 
a Berstorff ZE 25 (screw diameter 25 mm, screw length 28 D). The 
polymer, in the form of granulate, was tumble blended with the filler 
and the mixture was directly dosed to the extruder via the main feed 
throat. The screw profile was one normally used for converting reactor 
powder to nibs and thus contained no special mixing elements. The 
temperature profile was set so that it gradually increased from 220 °C 
at the first heated zone to 250 oc at the die. The die itself had a 
single circular exit of diameter 4 mm. 
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2.5. Injection moulding 

Injection moulding was carried out using a Battenfeld CD 200 moulding 
unit. Moulding conditions were similar to those used in earlier work 
with mineral filled CARILON EP Polymer (2). 

2.6. Crossover time determination 

The crossover time, is defined as the time at which the storage and loss 
moduli for a CARILON EP Polymer become equal when measured at 250 oc in 
a Rheometries parallel plate rheometer operating at an oscillating 
frequency of 1 rad/s (5). It is believed that the crossover time value 
is indicative of the point in the experiment at which a 3 dimensional 
network is formed in the sample of infinite molecular weight. As such 
the crossover time can be used as a measure of melt stability. A 
relatively long crossover time implies a relatively high melt stability. 
The samples required for crossover time measurements were discs of 
diameter 2 em and 1 mm thickness, prepared by compression moulding of 
the compound granulate. 

2.7. Measurement of filler pH values 

The relative acidity / basicity of the fillers was assessed using a 
modified version of a Shell test method (SMS 2100-86) originally 
developed to measure the pH of polypropylene powder. 

CARILON Polymer Powder (36 g) was added to a mixture of demineralised 
water (290 ml) and Isopropyl alcohol (70 ml) to form a slurry. To 
prevent settling the slurry was continuously stirred using a magnetic 
stirrer bar. The pH value of the slurry was measured five minutes after 
the addition of the CARILON EP Polymer powder via an electronic pH 
meter. The pH reading was recorded and immediately 4 g of filler (10 
%wt, based on the total amount of CARILON EP Polymer and filler) was 
added to the slurry. The pH value five minutes after addition of the 
filler was then recorded. Finally a further 8 g of filler was added to 
the slurry to give a filler loading of 30 %wt and the measurement of the 
pH value was repeated. 

2.8. Measurement of mechanical properties 

The key mechanical properties of the polymer and compounds were 
determined, on injection moulded test specimens according to ASTM 
methods and methods developed specifically for CARILON Polymers (4,6). 
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3. RESULTS 

3.1. Compound preparation and mechanical properties 

3.1.1. Compounding 

Attempts were made to compound all the selected fillers with CARILON EP 
Polymer 89/006 at loading levels of 10 and 30 %wt. At loading levels of 
10 %wt no difficulties were experienced except in the case of Polestar 
501, which caused instant stoppage of the extruder. On removal of the 
die the screws were found to be full of crosslinked crumbly, brown 
material. With all the other fillers good looking, non porous, white to 
creamy yellow strands were produced. 

At 30 %wt loading the compounding exercise was also successful. Because 
of the experience at a loading of 10 %wt no attempt was made to compound 
Polestar 501 at 30 %wt loading. A 30 %wt Steamic OOS compound was not 
made because an insufficient amount of this filler was available. 

3.1.2. Injection moulding 

Injection moulding of the compounds was relatively easy in comparison to 
earlier work with mica and talc compounds (2). In particular the Polcarb 
range of fillers and Wollasil 325 produced parts of excellent 
appearance, milky white in colour and extremely glossy at loadings of 
both 10 and 30 %wt. The parts produced from the Polarite 102 A and 
Steamic OOS were somewhat duller and yellower in appearance. 

The only moulding difficulty was encountered with the 30 %wt Polcarb 
compound. Even though it had been extruded without any difficulty it 
could not be plasticised in the injection moulding unit. As soon as it 
had entered the screw the drive motor stopped and could not be 
restarted. Eventually, after clearing the hopper and flushing with 
polypropylene the motor restarted and operated normally. A second 
attempt was then made to feed the 30- %wt Polcarb compound to the machine 
and again the motor instantly stopped. 

3.1.3. Mechanical properties 

The key physical properties of the compounds can be found in Tables II 
and III, Figures 3 - 15. Also included is the comparative data for glass 
fibre and mica compounds (2,7). 
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3.1.3.1. Flexural properties 

At 10 %wt loading the increase in modulus due to the presence of the 
particulate fillers was relatively small. The effect of the flake 
fillers was intermediate between that of the particulates and glass 
fibre. At 30 %wt loading the pattern was repeated but at higher absolute 
modulus values. The effect on modulus of wollastonite was closer to that 
of the flake fillers than that of glass fibre at both loading levels, 
even though wollastonite is a fibrous filler (Figure 3). 

A similar pattern to that described above was seen with the flexural 
strength values (Figure 4). Again the greatest increase was seen in the 
case of 30 %wt glass fibre. At 10 %wt loading the particulate fillers 
caused a slight drop in flexural strength relative to the base polymer 
whereas at 30 %wt loading this was translated into a slight increase. 
The flexural strengths obtained with the flake fillers were intermediate 
between those obtained with the other two filler morphologies. 

3.1.3.2. Heat distortion temperature 

At 10 %wt loading the HDT values for the compounds were all higher than 
that of the base polymer (105 °C). The HDT values of the compounds 
decreased in the order fibrous> flake> particulate fillers (Figure 5). 
With 10 %wt glass fibre the value was 186 °C, decreasing to the range 
119 - 125 oc for wollastonite, mica and the remaining flake fillers. For 
the particulate fillers the values were in the range 106 - 112 °C. At 30 
%wt filler loading the HDT values for all the compounds increased by 
around 20 oc with the exception of Polcarb S where the increase was only 
5 °C. 

3.1.3.3. Tensile properties 

With the exception of glass fibre at 30 %wt loading and Polarite 102 A 
at both loadings all of the fillers caused a decrease in tensile 
strength relative to that of the base polymer irrespective of the 
loading level (Figure 6). At 30 %wt loading the tensile strength values 
were lower than were found at 10 %wt loading for all fillers except 
glass fibre and polarite 102 A. In the latter two cases the tensile 
strength increased with increasing filler loading. In the case of glass 
fibre the tensile strength at 10 %wt loading was lower than that of the 
base polymer. No trend in tensile strength values as a function of 
filler morphology could be discerned. 

The strain at yield values (Figure 7) were equal to or slightly higher 
than that of the base polymer at 10 %wt loading in all cases with the 
exception of glass fibre, where it was reduced to only 3 % and in the 
cases of mica and talc where the strain at yield increased to 30 and 34 
% respectively. 
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At 30 %wt loading the strain at yield was reduced in every case except 
Polcarb 60 S where it showed a slight increase over the value at 10 %wt 
loading. The break stress values (Figure 8) were always 3 - 5 MPa lower 
than the yield stress values. The break strain values (Figure 9) were 
extremely variable. In every case the break strain was less than the 324 
% recorded for the base polymer. Values ranged from 9 % for 10 %wt glass 
fibre to 248 % for 10 %wt talc. For the majority of the samples the 
strain at break was lower at 30 % wt loading than at 10 %wt loading. The 
only exception was Polcarb S where at 30 %wt loading the strain at break 
was 67 % compared to 52 %wt at 10 %wt loading. The biggest difference as 
a function of loading level was seen for Polarite 102 A where the break 
strain decreased from 160 to 13 % on increasing the loading level from 
10 to 30 %wt. 

3.1.3.4. Impact properties 

At 23 oc the notched Izod impact energy of the 10 %wt talc compound was 
20 % higher than that of the base polymer. The only other compound with 
a higher notched Izod impact energy than that of the base polymer was 10 
%wt Polcarb S. The biggest reduction in impact energy was seen in the 
case of the mica compounds where at both 10 and 30 %wt loading the 
notched Izod impact fai~ure energy was reduced by more than 80 % in 
comparison to the base polymer. With the exception of the glass fibre 
compound the notched Izod impact failure energy decreased with 
increasing filler loading. In general better results were obtained with 
the particulate fillers than with the fibrous or flake fillers 
(Figure 10). 

At -30 °C very little difference in notched Izod impact failure energy 
as a function of filler loading was seen (Figure 11). In every case with 
the exception of mica the impact failure energy values were equal to or 
slightly higher than that of the base polymer. 

In the Rheometries high rate impact test at 23 oc and 10 %wt loading the 
fibrous fillers and mica at both loading.levels drastically reduced the 
impact failure energy (Figure 12). At 10 %wt loading Polarite 102 A, 
Polcarb and Polcarb 60 S gave impact failure energies in the range 28 
32 J, compared to 43 J for the base polymer. Polcarb Sat 10 %wt was 
outstanding in the Rheometries impact test, the failure energy being 
equal to that of the base polymer. 

At 23 oc and 30 %wt loading the particulate fillers were clearly far 
superior to both the flake and fibrous fillers. In the latter two cases 
the impact failure energies were in the range 1 - 4 J compared to 27 J 
for both Polcarb S and Polcarb 60 S. 

At -30 °C the impact failure energy was reduced to between 1 and 4 J in 
every case, at both loading levels with the exception of Polcarb S at 10 
%wt loading where the value was 12 J (Figure 13). The impact failure 
energy of the base polymer was not reduced and was actually 3 J higher 
than the value measured at 23 °C. 
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3.1.3.5. Dimensional stability 

To assess the effects of the fillers on dimensional stability, mould 
shrinkage and the coefficients of linear thermal expansion (CLTE) were 
measured for some of the 30 %wt filled compounds (Figures 14 and 15). 
From earlier work (2) it can be assumed that the dimensional stability 
at 10 %wt loading.is intermediate between that of the base polymer and 
the results at 30 %wt loading. 

By far the biggest reduction in both mould shrinkage and CLTE was seen 
for the glass fibre compound. However this compound, together with the 
base polymer, showed the largest degree of anisotropy. The difference 
between the values measured in the melt flow direction and perpendicular 
to the melt flow (cross - flow) being of the order of 20 % in both 
cases, for both shrinkage and CLTE with the lowest value measured in the 
flow direction. 

With the fillers other than glass fibre, anisotropic shrinkage was 
reduced to zero in every case except Polarite 102 A (Figure 14). In 
terms of absloute shrinkage values the best filler was Polcarb 60 S 
where the shrinkage (1.3 %) was half way between that of the base 
polymer (2.7 %, flow direction) and that of the glass fibre reinforced 
compound (0.8 %, flow direction). For the other fillers the shrinkage 
values were all in the range 1.6 - 1.9 %. In the case of Polarite 102 A 
the difference between the flow and cross - flow directions was 0.2 %. 
This is comparable to that found for the glass fibre compound and base 
polymer (0.3% in both cases). 

The degree of anistropy in CLTE for the base polymer was 4 % but this 
was reduced to 1.5 and 2.5 % respectively in the cases of mica and 
Polcarb 60S (Figure 15). With Polcarb S the value, at 7 %, was not much 
greater than that of the base polymer, especially when compared to the 
values of 25 and 38 % found for the glass fibre and wollastonite 
compounds respectively. 

The absolute CLTE values were lower for the compounds in every case than 
for the base polymer (100 ppm, flow direction). Both Polcarb Sand 
Polarite 102 A reduced the CLTE by about 20 % (79 and 75 ppm 
respectively, flow direction). The mica and wollastonite compounds (67 
and 60 ppm respectively, flow direction) were intermediate between the 
latter two compounds and the glass fibre compound (40 ppm, flow 
direction). 
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3.2. Melt stability 

3.2.1. Brabender mixing experiments 

3.2.1.1. Results with mineral filled compounds 

The results of the Brabender mixing tests (Table IV) when plotted out in 
the form of Sb against td gave, as expected, a good linear correlation 
(Figure 16). More interestingly the Brabender results were in good 
agreement with the compounding experience described above (Section 
3.1.1.). Thus the lowest values of Sb and Td were found for Polstar 501 
and Steamic OOS. The best results were found for Polcarb and Polarite 
102 A. The result for the base polymer formulation was intermediate 
between these two extremes suggesting that whereas Polestar 501 has a 
strong negative influence on melt stability, Polarite 102 A and Polcarb 
appear to exert a positive stabilising effect upon the base polymer 
formulation at both loading levels. The results for the other calcium 
carbonate samples clustered around the values measured for the unfilled 
base polymer (Table IV, Sample P) indicating that they are relatively 
inert with respect to their effect on melt stability. 

3.2.1.2. The influence of the additive package on the Brabender melt 
stability of the base polymer 

The results show (Table IV, Figure 16) that without Primacor 1430 the 
stabiliser package resulted in an 18 % increase in Sb while td was 
hardly effected, shifting from 48.5 to 50 minutes (Sample Pl). Addition 
of Primacor 1430 at a loading of 1 %wt halved td and reduced Sb by 40 % 
in comparison to the base polymer. At 5 %wt loading the effect of 
Primacor 1430 was indistinguishable from that obtained at 1 %wt loading. 

3.2.2. Melt stability as assessed by crossover time 

Crossover time values (Table IV) were determined for samples containing 
Wollasil 325, Polarite 102 A and Polcarb S and 429 YZ glass fibre at 
both 10 and 30 %wt loading level. Additionally a sample containing 10 
%wt Polestar 501 was prepared by compression moulding a dry blend of the 
filler with a sample of 89/006 reactor powder. 

The results (Figure 17) confirm the outcome of the Brabender tests and 
the compounding experiments. Polestar 501 gave the lowest value while 
the highest values were found for the other Wollastonite and Polarite 
102 A at a loading level of 10 %wt. The latter two fillers appear to 
have a positive influence on melt stability, the crossover time values 
in both cases were higher than that found for the base polymer at 10 %wt. 
loading. 
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At 30 %wt loading the crossover time values were always less than at 10 
%wt loading. The glass fibre compound was not tested in the Brabender, 
but the high crossover time values (Table IV, Figure 17) indicate that 
the td and sb values for these compounds would also have been relatively 
high. This result agrees_ with earlier work which has shown that 429 YZ 
glass fibre has little detrimental effect on the melt stability of 
CARILON Polymer (4,8). 

Because of the remarkable similarity between the Brabender and crossover 
time results a plot of td against crossover time was constructed (Figure 
18). The resulting correlation confirms that, at least for the additives 
and polymers used in the present study, the Brabender and crossover time 
data is internally consistent. 

3.2.3. pH measurements 

The slurry pH measurements show that the majority of the fillers have pH 
values which lie in the range 8.4 to 9.7, irrespective of loading level 
(Table IV). The only exception to this observation was Polestar 501 
where the pH values at 10 and 30 %wt loading were 5.5 and 5.2 
respectively. Additionally the pH value of OCF 429 - YZ glass fibre was 
assessed and found to be 5.9 and 6.2 at 10 and 30 %wt loading 
respectively. The pH of the polymer slurry alone was always in the range 
5.8 - 6.2. 

From a plot of pH values against the corresponding td values (Figure 19) 
it appears that td is independent of the filler I polymer slurry pH 
value in the range 8.4- 9.7. However if the filler I polymer slurry is 
more acidic than the polymer slurry then td is greatly reduced. 

4. DISCUSSION OF RESULTS 

4.1. Melt processing 

The results show that, with a two exceptions, melt processing 
(compounding and injection moulding) of CARILON EP Polymer with mineral 
fillers presented no difficulties in the range of filler types and 
loadings covered in the current work. 

The exceptions were Polestar 501 at both 10 and 30 %wt loading and 30 
%wt Polcarb. In the case of the former filler the melt processing 
difficulties were almost certainly a consequence of the negative effect 
of this filler upon the melt stability of CARILON EP Polymer. In the 
case of Polcarb at 30 %wt loading the evidence from Brabender and pH 
testing suggests that, if anything, Polcarb at 30 %wt loading has a 
positive effect on melt stability. Therefore the difficulties 
experienced during injection moulding of this compound are likely to be 
related to the rheological properties of the compound. 
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Melt viscosities and melt flow rates were not measured for any of the 
compounds but the inability of the injection moulding unit to plasticise 
the 30 %wt Polcarb compound suggests that the melt viscosity of the 
compound was exceptionally high. It is interesting to note that at 30 
%wt loading Polcarb S (Polcarb coated with 1 %wt stearic acid) presented 
no melt processing difficulties. Stearic acid is used to increase the 
ease with which fillers disperse in the melt and thus should lead to a 
decreased melt viscosity (9, 10). The results with Polcarb and Polcarb S 
at 30 %wt loading suggest that the stearic acid coating is effective in 
achieving this goal. 

4.2. Mechanical properties 

4.2.1. Filler morphology 

The results show that the most effective filler for enhancement of the 
physical properties of CARILON EP polymer is undoubtedly OCF 429 YZ 
glass fibre. The only properties where glass fibre was less advantageous 
than other fillers were the Rheometries impact failure energy and the 
levels of anisotropy in mould shrinkage and CLTE. In the latter two 
cases the absolute values obtained with glass fibre were still superior 
in comparison to the other fillers. 

At the other extreme the particulate fillers had the least effect on the 
physical properties of the compounds in relation to those of the base 
polymer, causing either a slight increase or decrease in the measured 
properties but no drastic changes. This was true at both 10 and 30 %wt 
loading levels. In particular the particulate fillers had the least 
effect on Rheometries high rate impact strength values at 23 °C. In this 
respect Polcarb S was outstanding. At 10 %wt the value was unchanged at 
23 oc and was still significantly high (12 J) at -30 °C. Even at 30 %wt 
loading the value at 23 °C was only reduced to 27 J compared to less 
than 5 J for the fibrous and flake fillers at this loading. 

The results with all of the other fillers lay between the extremes 
described above for the particulates and glass fibre. So in every case 
while some properties showed significant enhancements others showed 
significant decreases. For instance with 30 %wt Micavor 80, the modulus 
enhancement was second only to glass fibre and significantly better than 
the other fillers tested. However the notched Izod impact strength at 23 
oc was the lowest of all the compounds tested. These results are in line 
with theoretical calculations of the stiffness / impact balance for 
mineral filled thermoplastic composites. The calculations show that 
flake morphology mineral fillers increase compound stiffness with 
increasing aspect ratio. However the flake morphology results in high 
stresses at the edges of the filler particles which in turn leads to a 
drastic reduction in impact failure energy (14). 
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It was expected that the results obtained with Wollastonite (Wollasil 
325) would be closer to those obtained with glass fibre than with flake 
fillers. In fact the results were closer to the opposite situation. This 
result was somewhat disappointing, especially in view of the near 
inertness of Wollasil 325 in the effect on melt stability of CARILON EP 
Polymer. A possible explanation lies in the lack of a coupling agent and 
the fact that Wollasil 325 contains large amounts of quartz which is of 
the flake type morphology (11). 

4.2.2. The effect of coupling agents 

The effects of using a coupling agent should be apparent in the 
differences in high strain properties of compounds prepared with and 
without a coupling agent. As an example, although different from a 
mineralogical point of view, the flake fillers Polarite 102 A (calcined 
china clay treated with 1 %wt amino-silane coupling agent) and Steamic 
OOS (untreated talc) are morphologically very similar. 

At 10 %wt loading the break stress of the Steamic OOS compound was 
significantly lower than that of the Polarite 102 A compound whilst the 
opposite was true for the break strain values. The notched Izod impact 
strength of the Steamic OOS compound was twice that of the Polarite 
102 A compound. 

These observations are entirely consistent with the expected effects of 
a coupling agent. By coupling the filler to the polymer matrix the 
mobility of the polymer is reduced resulting in a decreased break strain 
and an increased break stress. In the case of the Steamic OOS compound 
the filler acts merely as a diluent reducing the cross-sectional area of 
polymer available to take up the applied stress. 

The same effect of the coupling agent is apparent in the notched Izod 
impact strengths of the 10 %wt Polarite 102 A and Steamic OOS samples. 
The Steamic OOS sample has by far the greatest notched Izod impact 
toughness. This can be explained by the greater ultimate elongation of 
the compound allowing more impact energy to be absorbed before failure 
occurs. 

In the Rheometries impact test at 23 oc the 10 %wt Polarite 102 A 
compound had a much higher failure energy (31 J) than the the 10 %wt 
Steamic OOS compound (11 J). At first site this appears to contradict 
the results obtained in the notched Izod impact tests until it is taken 
into account that the failure mechanism in the high rate impact test is 
different to that in the notched Izod impact test. The high rate impact 
test failure energy is related to the stiffness of the compound during 
the initial elastic deformation of the specimen (12). The stiffness, as 
indicated by flexural modulus, of the Polarite 102 A compound was much 
less than that of the steamic OOS compound. Thus the Rheometries impact 
failure energy was higher in the former case. 
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It is not immediately obvious why the modulus of the talc filled 
compound is higher than that of the calcined kaolin compound. On the 
basis of the physical properties of the two fillers it would be expected 
that the talc compound should have the lower modulus. The explanation 
probably lies in the superior dispersity of talc in polymers (13), as 
explained in section 4.2.3. below. 

4.2.3. The effects of particle dispersant aids 

As already described above stearic acid aids dispersion of mineral 
fillers in polymer melts. Using Polcarb and Polcarb S at 30 %wt loading 
as an example, the effect on melt processability has already been 
described. At 10 %wt loading the effect on mechanical properties of 
improved dispersion can also be seen. Thus in every case the properties 
of the 10 %wt Polcarb S compound are superior to those of the 10 %wt 
Polcarb with the exception of break strain. Break strain of the 10 %wt 
Polcarb S compound is only 52 % compared to 174 % for the 10 %wt polcarb 
compound. 

Qualitatively this can be explained by the superior dispersion of the 
Polcarb S in the melt. With increasing degree of dispersion the surface 
area of filler in contact with the melt increases and so the level of 
interaction between the polymer and filler increases resulting in a 
reduction of the mobility of the polymer molecules and thus a drop in 
break strain. The drop in break strain with increasing dispersion is 
also consistent with an increase in crystallinity of the polymer. 

An increase in crystallinity almost certainly explains the improved 
modulus of the Polcarb S compound over that of the Polcarb compound. 
The increase in crystallinity occurs because the surface of the filler 
can nucleate crystal growth. Thus with increasing filler surface area 
the crystallinity of the polymer rises, as has been observed in other 
polymer I filler systems (14), resulting in an increase in modulus. 

Increased filler dispersity also explains the improved impact 
performance of the Polcarb S compound over that of the Polcarb compound. 
It is known from the literature (15) that the impact properties of 
mineral filled compounds increase with increasing filler dispersity and 
with decreasing particle size. Thus a very fine particle size filler 
that is poorly dispersed tends to behave as a well dispersed filler of 
rather coarser particle size distribution. Polcarb 60 S is somewhat 
coarser than Polcarb S and the above observations are entirely confirmed 
by the decrease in properties of the 10 %wt Polcarb 60 S compound in 
comparison to the 10 %wt Polcarb S compound. 
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4.3. Melt stability 

The internal consistency of the Brabender and crossover time data show 
that they are both giving measures of the same change in the polymer. 
Insufficient information is available to link the crossover time I 
Brabender data to actual melt processing parameters such as residence 
times and melt temperatures etc. However the Brabender I crossover time 
data is still useful in that it can be used to define the relative order 
of inertness of fillers with respect to CARILON EP. Thus Polestar 501, 
which was unprocessable by extrusion compounding also gave the lowest 
crossover time, Brabender melt stability and degradation time values. 
Any additive screened in the future which has a similar behaviour in the 
crossover time and Brabender tests to Polestar 501 can be confidently 
excluded from any further compounding work. 

On the basis of the crossover time and Brabender measurements it appears 
that some of the fillers, at loading levels of 10 %wt and possibly 
lower, exert a positive stabilising effect on CARILON EP Polymer. 
However until this has been more firmly established it is more 
appropriate to consider these fillers as inert at loading levels of 
10 %wt and below with respect to the melt stability of CARILON EP 
Polymer. 

The correlation between pH and melt stability cannot yet be said to be 
definitely proven. However the results do indicate that additives that 
result in an increase of the acidity of the polymer are likely to have a 
a negative effect on melt stability. Conversely at pH values between 
that of the base polymer (5.8) and 10 the melt stability appears to be 
independent of pH and is presumably determined by other factors. The 
severe effect on stability of pH values lower than that of the base 
polymer is so far only based on results obtained using one filler at two 
loading levels. A further range of acidic fillers should be tested 
before any firm conclusions are drawn from this work. However further 
supporting evidence comes from the results of Brabender tests with 
CARILON EP Polymer containing the processing aid Primacor 1430. 

Primacor 1430, a partially neutralised polyethylene, acrylic acid 
copolymer, is acidic in nature. The Brabender test results for CARILON 
EP Polymers containing Primacor 1430 indicate that far from improving 
melt stability, as has been claimed in earlier work (16), this 
processing aid actually reduces it. The same conclusion was also reached 
in earlier work with two processing aids that are chemically similar to 
Primacor 1430, Nucrel 535 and Surlyn 9650 (4,8). 

An effect of acidification can also be deduced from the results obtained 
in Brabender testing of the calcium carbonates, Polcarb, Polcarb S and 
Polcarb 60 S and the calcined china clays, Polestar 501 and Polarite 
201 A. In the former group the melt stability and degradation time 
values decreased in the order Polcarb > Polcarb S > Polcarb 60 S. The pH 
values were lower for polcarb S than for Polcarb confirming that some 
acidification occurs on treatment with stearic acid. However the 
absolute pH values for both fillers were still well in the alkaline 
range. 
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In the case of the calcined china clays Polestar 501, which was acidic 
relative to the base polymer, caused severe melt degradation at both 30 
and 10 %wt loading. This was reflected in both stability tests and the 
compounding results. However on treating the surface with amino-silane 
(Polarite 102 A), the pH shifted well into the alkaline range. The melt 
stability was vastly improved and compounding was possible. Thus apart 
from its role as a coupling agent, the alkaline nature of the 
amino-silane appears to contribute to maintenance of the melt stability 
of CARILON EP Polymer. 

The Brabender test results with the base polymer containing the 
stabiliser package alone and no processing aid shows that the stabiliser 
package does have some positive effect on melt stability. However the 
magnitude of the increase is slight compared to that seen with some of 
the fillers at low loading levels. The stabiliser package was intended 
to improve long term oxidative stability (3) and not specifically melt 
stability. Therefore any increase in apparent melt stability is an 
unexpected bonus. 

5. CONCLUSIONS 

1. The greatest enhancement of the key mechanical properties of CARILON 
EP Polymer is achieved using glass fibre. 

2. The level of anistropy in dimensional stability (CLTE, mould 
shrinkage) is greatest for glass fibre and least for particulate 
fillers such as calcium carbonate. Anisotropy increases with 
increasing filler loading level. 

3. The least effect on key mechanical properties of CARILON EP Polymer 
is achieved using particulate fillers such as calcium carbonates up 
to loading levels of 30 %wt. 

4. The effect on mechanical properties of CARILON EP Polymer of fillers 
of flake-like morphology is heavily dependent upon the exact nature 
of the filler and the presence or otherwise of coupling agents. 
Absolute property values tend to be intermediate between those 
obtained with glass fibre and particulate fillers. High stiffness can 
be obtained but only at the cost of reduced impact properties. 

5. The greatest advantage of particulate fillers over glass fibre in 
CARILON EP is that the particulates have a much less severe effect on 
the high rate impact failure energy of CARILON EP Polymer. 

6. The use of stearic acid to aid dispersion of particulate fillers in 
CARILON EP Polymer has a beneficial effect on mechanical and 
rheological properties but a negative effect on melt stability. 
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7. An empirical relationship between the melt stability of CARILON EP 
Polymer and the effect of additives on the pH of the polymer has 
been established. The results suggest that additives which acidify 
the polymer (pH< 5.8) reduce melt stability. Between pH 5.8 and 
9.7 the effect of pH on melt stability is at worst negligible and may 
even be slightly beneficial. 

8. The melt processing aid Primacor 1430 has a strongly negative effect 
on the melt stability of CARILON EP Polymer at loading levels between 
5 and 1 %wt. 

9. The oxidative stabilisor package Naugard 445 (0.5 %wt) I Irganox 1024 
MD (0.45 %wt) I Irganox 245 (0.45 %wt) has a slight positive effect 
upon the melt stability of CARILON EP Polymer. 

6. SUGGESTIONS FOR FUTURE WORK 

The current work has shown that the key mechanical properties of CARILON 
EP Polymer are negligibly effected when compounded with particulate 
morphology fillers, coated with stearic acid, of 1-2 ~m average particle 
size at loading levels of up to 30 %wt. This finding can be most 
usefully exploited to develop CARILON EP Polymer grades that are flame 
retarded with inorganic fire retardant fillers (1). 

Currently inorganic flame retardants have to be used at loading levels 
of SO - 60 %wt in polymers such as nylon and polypropylene to achieve 
adequate flame retardancy (17). This results in a very large loss in the 
key mechanical properties compared to the non-flame retarded grades, or 
grades that are rendered flame retardant via other routes. 

If an inorganic flame retardant filler that effectively flame retards 
CARILON EP at loading levels of 30 %wt or less can be identified 
it should be possible to develop a flame retarded grade with mechanical 
properties comparable to the unfilled polymer. This is assuming that the 
flame retardant filler can be supplied with the desired morphological 
characteristics and sufficient inertness with respect to the melt 
stability of CARILON EP Polymer. 

The full potential of the flake morphology fillers in CARILON EP Polymer 
has still not been fully clarified in the current work. Even though the 
flake fillers are clearly not as effective as glass fibre reinforcement 
in improving the property set of CARILON EP Polymer, they may still be 
useful for production of tailor-made compounds for particular customer 
requirements. Therefore it is felt that further exploratory work with 
flake filled CARILON EP Polymer compounds can be justified. There is 
plenty of scope for further investigation of the role of a) the filler 
morphology, in particular the aspect ratio, b) the chemical nature of 
the filler, c) the use of coupling agents and d) the CARILON Polymer 
molecular weight and composition. 

November 1992 



AMGR.92.247 - 22- CONFIDENTIAL 

TABLE I 

CHARACTERISTICS OF MINERAL FILLERS COMPOUNDED WITH CARILON EP POLYMER. 

Morphological Mineralogical 
Code Trade name class description Supplier 

A 429 YZ Fibrous Man made glass OCF (B) 
B Wollasil 325 Fibrous Wollastonite Profillmin (B) 
c Micavor 80 Flake Muscovite mica Kaolins d'Avor (F) 
D Steamic OOS Flake Talc Talc de Luzenac (F) 
E Polarite 102 A Flake Calcined kaolin ECC Ltd. (UK) 
F Polcarb Particulate Calcium carbonate ECC Ltd. (UK) 
G Polcarb S Particulate Calcium carbonate ECC Ltd. (UK) 
H Polcarb 60 s Particulate Calcium carbonate ECC Ltd. (UK) 
I Polestar 501 Flake Calcined kaolin ECC Ltd. (UK) 

Code Surface average longest average specific surface 
treatment (%wt) dimension (J.&m) aspect ratio area (sq.m/g) 

A amino silane/ 200 20 
uncured epoxy 

B none 20 3.3 
c none 80 16 3.5 
D none 2 4-10 10.9 
E amino silane 2 2 8.5 

(1 %wt) 
F none 1 1 6.5 
G stearic acid 1 1 6.5 

(1 %wt) 
H stearic acid 2 1 3.5 

(1 %wt) 
I none 2 2 12.0 

a The average length and aspect ratio are typical values for glass fibre 
after compounding and injection moulding. 

b The aspect ratios, with the exception of glass, are all estimated. For 
mica and the calcined kaolins average plate thicknesses of 5 and 1 J.&m 
respectively are assumed. The value for talc, is taken from literature 
data (18). In the case of the calcium carbonates equal lengths in all 
axes are assumed. 
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TABLE II 

KEY MECHANICAL PROPERTIES OF 10 %WT MINERAL FILLED CARILON EP POLYMER 
COMPOUNDS 

Code Ref. A B c D E F G H 

Flexural modulus 
(GPa, 23 °C) 1.56 2.66 1.78 2.06 2.39 1.79 1.60 1.74 1.69 

Flexural strength 
(MPa, 23 oc) 50 68 52 55 58 53 47 50 48 

HDT (°C, 1.82 MPa) 105 186 124 125 121 119 106 107 112 

Yield stress 
(Mpa, 23 °C) 58 60 57 49 59 62 53 54 53 

Break stress 
(MPa, 23 °C) 48 45 48 49 35 52 45 47 40 

Yield strain 
(%, 23 °C) 24 3 23 30 34 22 24 24 25 

Break strain 
(%, 23 °C) 324 9 54 30 248 160 174 52 91 

Notched Izod impact 
strength (kJjsq.m) 

23 °C 10.1 8.4 6.3 1.7 11.9 5.4 8.9 10.6 7.8 
-30 °C 2.6 3.2 2.6 1.0 2.8 2.9 

Rheometries impact 
failure energy (J) 
(4.43 m/s) 
23 oc 43 8 6 1 11 31 28 43 32 

-30 °C 46 1 1 4 1 12 0 
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TABLE III 

KEY MECHANICAL PROPERTIES OF 30 %WT .MINERAL FILLED CARILON EP 
POLYMER COMPOUNDS 

Code Ref. A B c E G H 

Flexural modulus 
(GPa, 23 °C) 1.56 5.1 2.7 3.9 2.8 2.5 2.1 

Flexural strength 
(MPa, 23 oc) so 112 65 72 70 61 53 

HDT (°C, 1.82 MPa) 105 207 145 140 151 112 131 

Yield stress 
(Mpa, 23 °C) 58 70 40 43 64 44 35 

Break stress 
(MPa, 23 °C) 48 68 37 43 64 42 34 

Yield strain 
(%' 23 °C) 24 7 16 18 13 16 27 

Break strain 
(%, 23 °C) 324 8 30 18 13 67 78 

Notched Izod impact 
strength (kJ/sq.m) 

23 °C 10.1 8.6 4.5 1.0 4.8 8.6 6.3 
-30 °C 2.6 4.8 2.6 0.7 3.0 2.9 

Rheometries impact 
failure energy (J) 
(4.43 m/s) 
23 °C 43 2 2 1 4 27 27 

-30 °C 46 1 3 2 

Mould shrinkage 
(%, 23 °C) 

flow 2.7 0.8 1.6 1.9 1.6 1.3 
x~flow 3.0 0.5 1.6 1.9 1.8 1.3 

CLTE (1/k, 20 °C) 
flow 100 40 67 60 75 79 

X-flow 104 55 84 61 80 81 
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TABLE IV 

MELT STABILITY PARAMETERS FOR MINERAL FILLED CARILON EP POLYMER. 

Code Loading 
(%wt) 

A 

B 

c 

D 

E 

F 

G 

H 

I 

p 

Pl 

P2 

P3 

10 
30 

10 
30 

10 
30 

10 
30 

10 
30 

10 
30 

10 
30 

10 
30 

10 
30 

100 

100 

100 

100 

td 
(min.) 

43.5 
32.0 

sb 
(hr/Nm) 

7.58 
5.08 

22.5 3.08 
12.5 1.64 

12.0 1.51 
7.5 1.29 

26.5 
24.0 

4.35 
2.98 

42.0 7.19 
35.5 4.90 

36.5 
27.5 

6.10 
3.39 

26.0 4.35 
18.5 2.31 

6.5 
7.5 

48.5 

0.61 
0.61 

6.02 

50.0 7.14 

25.5 4.12 

27.5 4.29 

crossover 
time (min) 

32.5 
16.0 

24.5 
17.5 

24.5 
13.5 

19.5 
15.0 

1.5 

21.5 

Slurry 
pH 

5.9 
6.2 

9.7 
9.7 

8.6 
9.4 

9.5 
9.4 

9.3 
8.4 

5.5 
5.2 

5.8 

Sample P is 100 %wt CARILON EP Polymer 89/006. The pH value was actually 
measured on CARILON E 90/001, but is assumed to be the same for both 
CARILON E and CARILON EP Polymer. 

Pl is composed of P (98.6 %wt), Naugard 445 (0.5 %wt), 
Irganox 245 (0.45 %wt), Irganox 1024 MD (0.45 %wt). 

P2 and P3 have the same composition as Pl except 5 and 1 %wt 
respectively of polymer were replaced with Primacor 1430. 

P2 was used as the compound base for all Brabender tests with the 
mineral fillers. 



AMGR~92.247 - 26- CONFIDENTIAL 

A.D'.BCT JtA. rro - L/D ~ IIXAJOLD .uP.cr 'J.A TIO 

PDa.ou• Ol..u. PBU I - IDD 
WOLLAITONITB 

PLA~ MICA. TALC I - SD 
QUAa.TZ D~ 

PAa.TICULA TE Ma804, CaC03 I - Z 

<IIPBBROID I CU.OJD) ~FLAKE 

0 lt, · 
\.. / 
\r-1 -----;'1 . 

L • LONOBST DIMBNSIOM. D • SBORTBST DIMBNSIOM 

CUBOID 

L 
) L/ D • ASPBCT 'J.ATIO E 

I
,~, 

L i .______./ . SPHERE 

( ) 

.L-----,( - -.J D 

..___· e{ 
D 

Figure 1. Schematic representation of filler morphological classes 

td 

MIXING TIME (min) 

Figure 2. Schematic representation of a typical Brabender mixer test 
with CARILON EP Polymer 



AMGR.92.247 - 27 - CONFIDENTIAL 

u 6 

"'\ 
PIBR.B PLAXB PAll TICULATB 

~ s -
" ~ 
~ • 

. 
-

~ . 
~ 3 
§ 
~ 
~ 

2 

~ 

~ 
1 

~ 
~ 

0 

. -

. r 
~ 

-
II I : i :- I 

': i ! 

II I . ! ! 

-

i II 
I 

I . 
I 

• i . . ~ i 

REP • b c d 0 f I h 

BMPTT •AU I 0 ""' LOA.DIMO. caoaBD BA TCIIBD. SO ""' LOA.DIMO 

Figure 3. Mineral filled CARILON EP Polymer; flexural modulus 
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Figure 10. Mineral filled CARILON EP Polymer; notched Izod impact 
strength, 23 oc 
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SUMMARY 

Exploratory research studies on alternative CARILON polymers, 
based on other monomers than ethene, such as Styrene-, Propene-, and 
Cyclopentene/CO copolymers, have been continued. The present report 
describes the results of an optimisation programme on the catalyst 
composition and reaction conditions, which aimed at assessing the 
intrinsic polymer properties. 

By catalyst optimisation Styrene/CO copolymers can be made 
with an average rate of ca. 100 g/~ Pd.h. These copolymers have a 
molecular weight (~) of> 50,000, a syndiotacticity of> 80%, and a 
molecular weight distribution of ca. 2. For Propene/CO copolymerisation 
optimisation of the ligand, anion, and promoter on cacalyst performance 
has resulted in a rate of ca. 300 g/g Pd.h and a LVN of ca. 1 dL/g (~ 
ca. 30,000). In the absence of solvent, i.e. in mere propene, a 
significant higher rate (500 g/g.h) and LVN (1.5 dL/g) is obtained. 
However, the stereo-regularity of the product is much lower. Maximum 
rates and ~ values obtained for the copolymerisation of Cyclopentene/CO 
are 100 g/g Pd.h and 6,000, respectively. The high amount of 1,3-
instead of the usual 1,2-incorporation of the monomer, which gives this 
copolymer its high thermal stability, is the reason for the low 
molecular weight. 

Styrene/CO copolymers of hi&h ~ are semi-crystalline 
materials with a glass transition temperature (Tg) of ca. 110 °C. 
Crystalline melting points have been found at ca. 255 and 290 °C. The 
product has a very low melt viscosity and is extremely brittle. The 
semi-crystalline nature of the copolymer is lost near the melting point, 
probably as the result of a fast racemisation reaction converting 
syndiotactic (semi-crystalline) into atactic (amorphous) material. 
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An analogous racemisation is found for semi-crystalline Propene/CO 
copolymers (Tg =ca. 25 °C). This undesired phenomenon may make the 
applicability of both materials as semi crystalline thermoplastics 
questionable, even if they can be produced fully stereo-regular. 
Cyclopentene/CO copolymers have, intrinsically, the highest stability of 
all CARILON type materials studied. However, in this case too, the 
crystalline nature disappears upon heating. 

December 1992 
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CARILON NEW POLYMERS 

Exploratory Process and Product research on alternative CARILON polymers 
(Styrene/CO, Propene/CO, Cyclopentene/CO) 

1. INTRODUCTION 

The high molecular weight copolymer of ethene and CO, CARILON-E 
and the corresponding terpolymer CARILON-EP having a few percent of 
propylene built in, are readily made when a specific catalyst comprising a 
cationic Pd complex is applied [1]. A high reaction rate, good product 
properties, and a strategic, feedstock driven intere~t were the incentives 
to develop a commercial process for the EP grade. Alternative CARILON 
polymers, based on other monomers than ethene, such as Styrene- [2], 
Propene- [3], and Cyclopentene/CO [4] copolymers, have been studied in an 
exploratory process and product research programme for several years. Two 
main issues have always played a role in all studies, i.e. (i) to increase 
catalyst activity/selectivity and (ii) to determine intrinsic product 
properties, i.e., those not affected by a low molecular weight, a low 
regularity, and/or contaminants. 

In the present study the above mentioned alternative CARILON 
copolymerisations have been further investigated. The objectives were the 
following: 
- to optimise the catalyst recipe and process conditions in order 
- to optimise the product quality (regularity, molecular weight, purity) 
- to assess potential ultimate product properties. 

2. EXPERIMENTAL 

2.1. Synthesis 

The batch polymerisations described in this report were carried 
out in stirred 300 mL Hastelloy-C autoclaves either under constant or under 
decreasing CO pressure. Catalyst syntheses involviPg alkyl diphosphine 
ligands were carried out in a N2 glove box. Drying of the methanol (MeOH), 
if applied, was carried out using 20 mg of para- toluenesulphonic acid 
(pTSA) and 30 mL of trimethylorthoformate (TMOF) per 1 L of MeOH. 

2.1.1. Styrene/CO 

10 - 30 eq. (on Pd) of di-N ligand (or 1.1 eq. in the case of 
di-P ligands) were dissolved in 20 mL of MeOH after which ca. 20 mg of 
Palladium acetate (Pd(OAc) 2) was added. Finally, 5 - 20 eq. of the acid 
component was added. This mixture plus 5 -100 eq. of the naphtoquinone (NQ) 
promoter was added to 100 mL of styrene and put in the autoclave. The 
autoclave was purged with N2 , CO was added and the pressure maintained at 
40 bar. Hereafter the reactor was heated to the reaction temperature (40 -
70 °C). 
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At the end of the batch (typically, ca. 16 h), the pressure was released 
and the autoclave was cooled. Excess MeOH was added to the crude product 
and remaining Styrene/CO was removed by filtration. The polymer was then 
washed with MeOH and dimethylketone (DMK), and dried under a reduced N2 
pressure at SO °C. 

2.1.2. Propene/CO 

1 eq. (on Pd) of diphosphine ligand was dissolved in 30 mL of 
MeOH/Tetrahydrofurane (THF) (1/2 v/v) after which Pd(OAc)2 (5 - 20 mg) and 
S eq. of the acid component were added. Next, the autoclave was charged 
with 60 eq. of the promoter, the catalyst solution, and 80 mL of THF. After 
purging with N2 , 80 mL of propene and CO were added (upto 45 bar) and the 
temperature was raised to 40 °C. At the end of the batch (typically, ca. 18 
h), the pressure was released and the autoclave was cooled. The crude 
product was'dissolved in excess THF and precipitated with MeOH. When 
compared to:prior art (immediate addition of MeOH), this procedure yielded 
neat white ·powders instead of tough, yellow materials. Subsequent 
filtration, washing with MeOH and pentane, and drying (SO °C, 150 mbar, N2) 
was repeated twice. A white powder was obtained. 

2.1.3. Cyclopentene/CO 

1 eq. (on Pd) of diphosphine ligand was dissolved in 30 mL of 
MeOH/THF (1/2 v/v) after which 10 mg of Pd(OAc) 2 and 5 eq. of the acid 
component were added. Next, the autoclave was charged with SO mL THF, 60 mL 
of cyclopentene, the catalyst solution and 15 eq. of the promoter. After 
purging with co, the co pressure (45 bar) and temperature (40 °C) were 
raised. At the end of the batch (typically, ca. 18 h), the pressure was 
released and the autoclave wa~ cooled. The precipitate was dissolved in 
Dichloromethane (DCM) and precipitated with MeOH. After filtration, the 
product was washed with MeOH and dried (SO oc, lSO mbar, N2). 

2.2. Characterisation 

LVN measurements of propene/CO copolymers in m-cresol were 
carried out according to SMS-2734. Attempts to measure reliable LVN values 
of Styrene/CO (in Hexafluoroisopropylalcohol (HFIPA)/deuterated Chloroform 
(CDC1 3) at 3S °C) were unsuccessful because even at high concentrations and 
molecular weights, the elution times hardly increased compared to that of 
the neat solvent. 

13c-NMR spectroscopy of the copolymeric products carried out in 
an appropiate solvent (HFIPA or CDC1 3) was used for end group analysis and 
to determine the regularity [S] of the polymers. Solid state 13C-NMR 
characterisation of propene/CO products was carried out to determine the 
fraction of poly-spiroketal present. 

The water content of the solvents was measured with the 
Karl-Fisher method. 

Products characterised by Differential Scanning Calorimetry 
(DSC)/Thermo Gravimetric Analysis (TGA) were washed twice with MeOH (16 h). 
Styrene/CO copolymers were soxhletted (DCM or MEK) for 16 h. For details of 
the DSC/TGA measurements and the Gel Permeation Chromatography (GPC) 
analysis : See the Appendix. 
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The thermal stability of Styrene/CO and Propene/CO copolymers 
with respect to their stereoregularity was determined by giving the 
materials a heat treatment (100 < T < 300 °C, 0.2 < t < 16 h) in an oven 
under N2 prior to 13c-NMR analysis. 

3. RESULTS AND DISCUSSION 

3.1. Styrene/CO copolymer 

Since 1984 the main challenge in the field of Styrene/CO 
copolymerisation has been to overcome the brittleness of the product. The 
latter was thought to be related to the relatively low molecular weight (< 
25,000 or only ca. 200 units) that could be achieved. ~values of at least 
50,000 were expected to be necessary to determine the 'intrinsic' 
properties of this potentially very interesting class of polymers. The 
ca~alyst system for Styrene/CO copolymerisation consists of a 
Pd1 I-N-bidentate complex, an acid such as pTSA supplying the 
'non-coordinating' anion, and a promoter such as a quinone. The generally 
accepted reaction scheme is outlined in Fig. 1 and accounts for the 
unsaturated ketone (Ph-CH=CH-CO-polymer) and Me-ester 
(polymer-CH(Ph)-CH2 -coOMe) end groups, and for the finding that promoters 
are necessary to maintain any activity at all. 

We have investigated the effect of the catalyst composition and 
process conditions on the copolymerisation of styrene/CO with a focus on 
the molecular weight of the product (cf. ref. 2c). Results are summarised 
in Tables I and II and are discussed below. 

3.1.1. Catalyst composition 

Ligand 
Table I lists the maximum rates and molecular weights obtained with various 
ligands (di-N, di-P, di-S, P,N-, and N,S-ligands) under standardised 
conditions. From this Table it becomes clear that only flat, aromatic di-N 
ligands such as (substituted) bipyridines offer opportunities for further 
optimisation. Almost all other ligands hardly show any activity. This 
indicates that the polymerisation is.governed by very precise and intricate 
electronic and steric constraints. For catalyst screening and process 
conditions optimisation, 2,2'-bipyridine was selected because this ligand 
appears to give the best rate/molecular weight performance (Table II, 
entries 9- 13, 34). 

Acid 
The effect of the anion on catalyst performance is indicated by entries 
14 - 22 in Table II. Evidently, at almost equal rates thP. molecular weight 
drastically increases when stronger acids (lower pKa) are applied. Best 
results are obtained with trifluoromethane sulphonic acid (TFMSA). See also 
Figure 2. 

Promoter 
In all experiments naphtoquinone (NQ) has been applied. Since NQ may 
facilitate chain transfer (via fi-H elimination, see Fig. 1) by reacting 
with the Pd-H intermediate, the effect of lowering the NQ/Pd ratio has been 
studied. Entries 24 - 27 (Table II) show that this indeed has a positive 
effect on the molecular weight. 
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However, the polymerisation stops when NQ is no longer present [2a, b, f]. 
The optimal procedure is therefore to polymerise at a constant, low NQ/Pd 
ratio. This can be achieved by continuous NQ introduction 
(entries 27 - 30). 

Entries 29 - 35 lists the optimum catalyst composition for a high 
molecular weight Styrene/CO copolymer (Bipy ligand, low NQ/Pd ratio, dried 
solvent, tFMSA as the acid component). Fig. 3 shows the liquid state 
13c-NMR spectrum of such a polymer (entry 30). This spectrum suggests that 
(i) a high molecular weight is produced (low intensity of the end 

groups), 
(ii) the polymer has perfect regioregularity (only peaks due to 

head-tail coupled monomers), 
(iii) a high stereoregularity (> 80 %; stereo-irregular parts are 

indicated by an asterisk). 

3.1.2. Process conditions 

Temperature 
Raising the temperature increases the rate from 100 g/g Pd.h at 40 °C to 
900 g/g.h at 70 oc but decreases the molecular weight from 20,000 to 10,000 
respectively. At temperatures lower than 40 oc hardly any chain transfer 
occurs and the rate drops to unacceptably low values. For catalyst 
screening the temperature of 50 oc was chosen. 

CO pressure 
From 20 bar upwards, CO pressure hardly affects rate or~; 40 bar has been 
chosen for standard experiments. 

Reaction solvent 
MeOH appears to be best; other alcoholic solvents lower or kill catalyst 
activity. 

It was already known [2] that the presence of water diminishes 
catalyst activity. In this study the effect of lowering the water content 
has actually been measured. The drying of the MeOH was carried out with the 
aid of pTSA/TMOF causing the water level to drop typically from 1000 ppmw 
(entry 6) to< 10 ppmw (entries 7, 8). Evidently this has a favourable 
effect on the molecular weight. Since the polymer contains 'normal' 
unsaturated ketone end groups, the origin for the higher Mu must be found 
in a higher barrier for P-H elimination. 

3.2. Propene/CO copolymer 

Exploratory research on propene/CO copolymerisation has always 
been focussing on the search for higher polymerisation rates, higher 
molecular weights, and more regular structures (regio- and stereo-regular). 
The catalyst system consists of Pd(0Ac) 2 , a diphosphine ligand, and an acid 
or tr&nsition metal compon~nt supplying the weakly coordinating anions [3]. 
Moreover, the presence of an organic oxidator to promote the 
polymerisation, or a drying agent such as TMOF to adjust the water 
concentration, is necessary [3a]. In the past, it was found that a high 
regioregularity (head-tail coupling) can be achieved if 
tetra-alkyl-diphosphine ligands are used in the catalyst composition (e.g., 
bis[l,3-dibutylphosphino]propane). 
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However, product properties remained unsatisfactory probably because of the 
relatively low molecular weight <Mu < ca. 20,000) and the largely amorphous 
character of the material (Tg =ca. 25 °C). Another complicating factor has 
always been the partial formation of a poly-spiroketal framework, which 
effect on regularity and molecular weight is unknown. The formation of 
poly-spiroketal product is clearly kinetically driven since it transforms 
into the polyketo product at temperatures above 100 •c and through 
interaction with acid [3a]. 

Because novel alkyl-diphosphine ligands have become available, we 
have revisited the propene/CO copolymerisation focussing attention on the 
molecular weight and the regularity of the product. The influence of the 
catalyst composition as well as of the reaction medium were studied. 
Details can be found in ref. 5. The results are summarised in Tables III 
and IV and are discussed below. 

3.2.1. Catalyst composition 

Ligand 
Table III lists the results for the ligands investigated. The effect of the 
ligand on polymerisation performance may be discussed [5] in terms of their 
steric (6) and electronic properties (v), as defined by Tolman [6]. Thus, 
large cone-angles 6 correspond to more bulky ligands and small v-values to 
more electron donating ligands. In this study all regia-selectivities are 
found to be >99% except for the aryl- and the methyl-ligand (BDMPP) complex 
(< 90%). The value of v for the BDMPP ligand is relatively high and 
approaches that of the aryl-phosphine ligands which also show poor 
regioselectivities [3]. This may suggest that the regioselectivity is more 
related to the electron density on the metal centre than to steric factors 
although differences in back-biting of keto groups to Pd may also play an 
essential role. 
For the present type of alkyl ligands there appears to be no relation 
between stereo-selectivity and 8 or v (see Fig. 4). 

The catalyst activity depends on the cone-angle of the ligand. 
Due to steric hindrance, bulky alkyl-groups like tert-butyl, iso-propyl, 
sec-butyl and cyclo-hexyl (8-value > 135°) cause a low activity. In this 
study an optimum is reached with ligands having a 8-value between 115° and 
135° (see Fig. 4). 

Fig. 4 also shows that the molecular weight of CARILON-P tends to 
decrease which increasing 8-values (Fig. 4a) or decreasing v-values (4b). 
The low LVN for high 8-values (bulky ligands) is probably caused by higher 
accessibility of fi-H to the Pd centre (less back biting) resulting in a 
more competitive rate of fi-H abstraction (chain-termination). The low LVN 
for ligands with low v-value is expected since it is known that a 
relatively electron rich metal centre favours fi-H abstraction. 

Apparently, there is no correlation between the cone-angle or 
electronic parameter and the spiroketal fraction in the polymer. All 
ligands, except BDMPP and BDcHPP, which have a high v and 6 value respec
tively, seem to show a linear relation between the stereoregularity and the 
spiroketal fraction (Fig. 5). An analogous phenomenon has also been 
reported in the literature [7]. It may suggest that racemisation occurs 
when spiroketal is converted to the keto structure, as happens during the 
NMR measurements in HFIPA. 
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Based on these results (Table III), it is evident that the 
bis-1,3-(diethylphosphino)-propane ligand (BDEPP) complex shows the best 
results with respect to the stereo-selectivity (51%), rate of reaction (200 
g/g.h), and LVN (100 mL/g). Therefore, this ligand has been applied for 
further catalyst screening and process optimisation. Ligands of the type 
bis-l,n-diethylphosphino-(CH2)n (n- 2, 4) were not selected since they 
cause plating of the catalyst under the present reaction conditions. 

Anion 
Weakly coordinating anions can be supplied by Bronstedt acids or by 
transition metal salts. When Bronstedt acids are used stronger acids 
(tFMSA) give superior results compared to weaker acids (TFA) (see Table IV, 
entries 10- 13; [5]. However, transition metal salts such as Ni(Cl04)2 
perform even better than TFMSA. This may suggest that the metal cations 
play an activating role during the polymerisation [8]. The activities of 
catalysts ma.de from the various salts compare as follows: Ni 2+ > cu2+ > H+ 
> Na+ and BF4 > Cl04 (entries 14-18). Thus, Ni(BF4)2 ~hows the best 
performance (entry 18). The type of anion mainly affects the propagation 
rate and not the chain transfer since a linear correlation between the rate 
and the LVN is found (Fig.6). 

Promoter 
The role of the quinone type promoters has been described in terms of both 
oxidizer and stabilising ligand [3], but its precise role remains unclear. 
In the absence of naphtoquinone the polyrnerisation rate is very low (42 
g/g.h, entry 8). Increasing its concentration from 15 to 60 eq. on Pd 
hardly affects the polyrnerisation reaction (entries 6, 7). For product 
quality reasons 15 eq. have been applied in most of the experiments. 
Alternative promoters (entries 19- 24) have been unsuccessful [5]. 

3.2.2. Process conditions 

Catalyst concentration 
From Table IV it is clear (cf. entries 1 and 2, with 6 and 25) that lower 
catalyst concentrations result in higher rates and molecular weights.· A 
relatively high concentration probably causes mass transfer limitations. 
This may be a result of the very viscous reaction product that is formed 
under these conditions. 

Reaction medium 
The propene/CO copolymerisation is carried out typically in THF/MeOH 
(100/10 vjv). A higher fraction of MeOH results in a higher polymerisation 
rate but the chain transfer rate is promoted even more, resulting in a 
lower LVN (Table IV). Additionally the stereo-regularity also drops with 
increasing MeOH content (entries 3- 5; cf. [5]). Other solvents than THF 
(in combination with MeOH) are less attractive (entries 27- 32). 

The presence of water during the polymerisation has been studied 
in runs 33 - 35. The results are in agreement with earlier findings [3]. A 
high water content (5.5 %v) deactivates the catalyst completely (entry 34). 
Lowering the water concentration from normal background values of ca. 200 
ppmw (entry 26) to 65 ppmw (entry 33) has a positive effect on the LVN 
(increase from 107 to 151 mL/g) whereas the rate remains unaffected (ca. 
190 g/g.h). A further decrease of the water level (entry 35) significantly 
decreases the rate (120 g/g.h). 
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Interestingly, with a bulk type polymerisation (i.e., using 
propene as the reaction medium) rate and LVN drastically improve compared 
to standard conditions (cf. entries 2 and 25 with 1 and 26). However, the 
stereoregularity of this bulk polymer is much lower than that of the slurry 
polymer. This option may therefore be less favourable from a product point 
of view (see also section 3.5). 

3.3. Cyclopentene/CO copolymer 

The main interest in Cyclopentene/CO copolymers is based on 
feedstock availability and their high thermal stability(> 300 °C). This 
thermal stability is probably the result of a high degree of 1,3 rather 
than the usual 1,2 insertion of the monomer [4]. This makes furanisation 
and other degradation reactions less likely. However, the molecular weight 
obtained thus far has been only ca. 3000. This is too low to achieve a 
proper product property level. A tentative polymerisation scheme for 
Cyclopentene/CO accounting for the observed end groups (13c-NMR 
spectz~scopy) and the 1,3 insertion is shown in Fig. 7. This figure shows 
three cycles: a chain transfer cycle (upper part), a 1,2 propagation cycle 
(left), and a 1,3 propagation cycle (bottom). The scheme implies that chain 
termination can only occur during a 1, 3 insertion, .indicated by the end 
groups analysis (for a typical 13c-NMR spectrum see Fig. 8) and the 
observed relationship between molecular weight and 1,3 incorporation (vide 
infra). 

In the present study we have maxi~ised the molecular weight (high 
k4Jk3 ratio; Fig. 7) while maintaining a high level of 1, 3 incorporation ~· 

(high k2Jk1 ratio). Additionally, the knowledge gained on the mechanism of 
1,3 incorporation might advantageously be applied in Propene/CO 
copolymerisation to increase the thermal stability of this type of 
copolymer. The results are summarised in Table V . 

3.3.1. Catalyst composition 

A series of ligands with different electronic and steric 
properties (cf. section 3.2.1) were tested (entries 4- 14). Aryl 
diphosphine ligands (entries 6, 8) result in low rates, normal molecular 
weights, and reduced 1,3 incorporation (low k2/k1 and k4/k3 ratios). For 
the alkyldiphosphine ligands both rate constant ratios tend to be higher 
resulting in more 1,3 incorporation at equal molecular weight. 

The data in Fig. 9 confirm that a relation between the molecular 
weight and the fraction of 1,3-incorporation exists, as suggested by the 
proposed mechanism (Fig.7). Comparison of entries 21 and 2 shows that 
ligand purity is of paramount importance. 

From the various anion options (entries 15 - 24) Ni(Cl04 ) 2 is 
presently the preferred choice. 

The presence of a promoter (NQ) is crucial to obtain a 
significant activity but its concentration seems to be of less importance 
(entries 33 - 35). 
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3.3.2. Process conditions 

High temperatures (80 °C, entry 38) lead to catalyst plating 
while low temperatures will suppress activity. A temperature of 40 °C was 
selected for the catalyst screening experiments. 

The molecular weight increases with the CO pressure (cf. entries 
1, 2 with 37) since the 1,2 propagation step will compete more efficiently 
with the 1,2 -> 1,3 isomerisation step (low k 2fk1 ratio) and thus with 
chain transfer. 

The effect of water concentration on the polymerisation is almost 
negligible (entries 1, 2). Therefore solvents (p.a.) have been applied as 
received. Ether type solvents instead of THF/MeOH (entries 25 - 27) 
decreases the k2/k1 ratio, resulting in high molecular weights but low 1,3 
incorporation. More polar solvents (MeOH/DMK or MeOH; entries 30, 31) give 
the opposite result. 

3.4. Styrene/CO copolymers - Product evaluation/characterisation 

3.4.1. GPC 

Table VI lists the ~ and Mw values of a number of styrene/CO 
copolymers. From these data the following conclusions can be drawn. 
(i) There is a good agreement between the ~ values obtained by end group 
analysis (NMR) and by GPC. This latter technique is especially suited for 
Mw determination. Mw values of ca. 100,000 have been measured confirming 
high molecular weight materials have indeed been synthesised. 
(ii) The measured molecular weight distribution (Mw/~) of 2 ±0.5 is 
in full agreement with the proposed polymerisation model. 

3.4.2. DSC/TGA 

Processes occuring during phase transition of high molecular 
weight Styrene/CO copolymers appear to be complex [9]. In a first DSC 
heating scan one single, but more f~equently two or even· three endothermic 
transitions are identified at temperatures of about 250°C and 280/290°C 
(see Figure 10; Table VII, Tm). These transitions are assumed to represent 
melting, or transformations from one crystalline form to another. 
Significant differences in the overall transition enthalpy (dHf) are found. 
Values as high as 100-115 Jjg and as low as 17-60 Jjg have been recorded 
exhibiting the lower respectively the higher Tm level. Upon cooling from 
the melt, crystallisation phenomena at ca 200°C are observed for only a 
limited number of products. The heat of crystallisation was low, i.e. about 
half of that of the melting enthalpy. In subsequent DSC scans melting and 
crystallisation behaviour is in general not identical to that at the first 
scan. Only for samples CP 19043 and CP 19033A two, respectively three 
(decreasing) Tm values can be identified in three subsequent full scans 
(Table VIII and Fig. lOb). These observations suggest that during the 
melting process the stereoregular (syndiotactic [10]) structure of 
styrene/CO copolymer is changed. This has recently been confirmed by high 
temperature 13c NMR analysis (see section 3.4.4; (11]). 
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The glass transition temperature (Tg) of a typical Styrene/CO 
copolymer of ca. 105-ll0°C (Table VII) is only slightly higher than that of 
amorphous polystyrene (100 °C). The significantly lower Tg found for some 
of the products cannot be related to the molecular weight of the polymers, 
as this is on a sufficiently high level for all products concerned. Other 
possibilities for low Tg values, such as deficiencies in the polymer 
structure or contaminants, have not been looked into. 

Isothermal TGA analysis in a nitrogen atmosphere shows a better 
long term thermal stability for Styrene/CO polymers than for a 1986 CARILON 
E (Table IX). Decomposition in air is not much faster than in N2 . The 
higher stability of Styrene/CO compared to CARILON E is reflected in the 
degradation onset temperature obtained in standardised non-isothermal TGA 
measurements (Table VII). 

3.4.3. Product processing 

Compression moulding experiments on selected Styrene/CO samples 
indicate that the viscosity of the molten polymer is very low. No 
significant thickening effect occurs with polymer samples of higher 
molecular weight. The low melt viscosity severely hampers standard sheet 
preparation, but some small sheets could be produced 'by careful control of 
mould temperature and pressure. The sheets obtained were extremely brittle 
and most of them generally could not be removed from the mould without 
breaking. Mechanical testing of Styrene/CO copolymers has therefore not 
been accomplished as yet. 

3.4.4. Product racemisation 

From recent NMR experiments in the melt [11) we have concluded 
that a relatively fast epimerization reaction occurs in molten Styrene/CO 
samples, converting highly syndiotactic into atactic materials. The 
racemisation takes possibly place via a keto/enol equilibrium. It was also 
found that the poly-keto structure degrades by furanisation and other 
intra- and intermolecular reactions. These reactions readily occur with 
high molecular weight material because of relatively high residual catalyst 
contamination ([Pd] = 200 ppm). We have been unable to completely remove 
these residues thus far e.g., by ligand injection at the end of the 
synthesis or by washing. A lower molecular weight sample from a 2 L batch 
synthesis containing less residues (entry 36, Table I; ~ = 24,000, [Pd] 
20 ppm) has therefore been used for a more detailed study of the 
epimerisation process. However, results should be looked at with some 
caution as acidic catalyst residues present in this sample may have 
influenced significantly the epimerisation behaviour. 

In Table X the amount of stereoregularity retained after a 
variety of heat treatments is given. Using zero order kinetics a rate 
coefficient at 250 oc of 0.17 mole.L-l.h-I can be calculated. In Fig. 11 an 
Arrhenius plot using the data from Table X is shown. The results are in 
full agreement with the earlier reported NMR observations [11] and confirm 
that the epimerisation of stereo-regular to irregular styrene/CO is fast 
near the melt temperature. This may partly explain the disappointing 
product performance (brittleness, low crystallinity and viscosity after 
melt treatment). If the epimerisation reaction cannot be suppressed, then 
even perfectly syndiotactic polymer (100 % stereo regular) will probably 
not be suited as a thermoplast. 



AMGR.92.259 - 12 - CONFIDENTIAL 

3.5. Propene/CO copolymers - Product evaluation/characterisation 

3.5.1. DSC/TGA and Racemisation 

In the course of CARILON-P research both amorphous and 
semicrystalline Propene/CO copolymers have been produced. Characterisation 
by DSC of earlier synthesised samples CP 7591 and CP 7593 revealed [12] 
that these materials are amorphous with a Tg of 2l°C (Table XI). In first 
DSC scans a very broad endotherm is observed, which is rather atypical for 
melting. It can be attributed to a conversion of the spiroketal 
configuration into the normal keto-form [4]. This spiroketa1 to keto 
conversion starts at 150-170°C. A strong endothermic reaction over a broad 
temperature range is noted. Both NMR and second scan DSC analysis showed 
that the conversion process is irreversible. This implies that the 
spiroketal configuration cannot be regarded as a useful and exploitable 
product property unless this configuration is arrested by chemical 
modification, or cold processing can be applied. 

Degradation of CP 7591 and CP 7593 in non-isothermal TGA starts 
at about 3l0°C, which is 50°C higher than found for a CARILON E 
(MDU 86/000) reference sample. This finding and isothermal analysis of 
CP 7591 (Table XII) suggest that the thermal stability of Propene/CO 
copolymers is better than that of CARILON E or EP and is similar to that of 
Styrene/CO copolymers. Furthermore it is observed that, in contrast to 
CARILON E and EP, thermal degradation of Propene/CO copolymers proceeds 
without crosslinking. 

During the present catalyst studies, a series of semi crystalline 
Propene/CO products, with different levels of spiroketal and 
stereoregularity has been synthesised. Product analysis and 
characterisation by DSC is presented in Table XIII. It was found that both 
Tg and thermal stability of these semicrystalline products are very similar 
to those of the amorphous materials. The usual spiroketal "melting" 
endotherm is again observed in the first heating scan. From the 
thermogrammes it cannot be distinguished whether the crystalline product 
melts simultaneously with the spiroketal-to-keto conversion or not. Upon 
cooling from the melt only sample 23906-3 shows a weak crystallisation 
effect. In second DSC scans none of the samples shows any melting or 
crystallisation characteristics. This probably indicates that their 
stereoregularity is completely lost. This is confirmed by experiments in 
which the loss of stereo-regularity upon heat treatments as a function of 
temperature and time was measured (Table X). The data in Table X indicate 
that this stereo-regularity begins to drop for both styrene/CO and 
propene/CO copolymer near their melting point (ca. 250 and 200 oc, 
respectively). 

3.5.2. Product processing 

Tensile properties of sample CP 7591 were determined at 23°C for 
a compression moulded sheet. The values measured for the Youngs modulus 
(140 MPa) and the tensile strength (17 MPa) are low compared to those of 
commercial amorphous thermoplastics. They confirm that the Propene/CO 
product is largely in the rubbery state at room temperature. The apparent 
stiffness and the "feel" have some resemblance with plasticized PVC. 
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In summary, Propene/CO copolymers are, in practice, amorphous 
materials with a Tg around room temperature. Semicrystalline versions of 
the polymer can be made, but the crystallinity is lost upon heating above 
the melting temperature leaving an amorphous product. Possible application 
areas for such materials may be limited. They may be found in small niche 
areas such as adhesives, where the glass-rubber transition at about room 
temperature can be made useful. 

3.6. Cyclopentene/CO copolymers - Product evaluation/characterisation 

Preliminary calculations/estimations of basic properties, using 
group contribution methods, have suggested that Cyclopentene/CO copolymer 
is a potentially interesting material, with a relatively high Tg of 
130-150°C for a high molecular weight product. An earlier synthesised 
sample of the polymer (0275) proved to be a very low molecular weight 
semi-crystalline product (Mn < 2000). Detailed NMR analysis further 
revealed [4b] that the copolymer is stereoregular with cyclopentene 
predominantly (90 %) inserted 1,3 with only 10 % added in the 1,2 position. 
During the present study a higher molecular weight polymer sample 
(CP 23920-2) was obtained (Mn of 6400) with a somewhat lower degree of 1,3 
insertion (85 %; cf. section 3.3 and Fig. 9). Another product (CP 23922-1) 
with a 90 % 1,3 insertion and a lower molecular weight <Mu = 1800) was also 
studied in more detail. 

Results of DSC and TGA analysis of the product samples are shown 
in Table XIV. DSC analyses show that all powders are semi-crystalline, but 
with a low level of crystallinity. The product with the highest molecular 
weight has a disappointing Tg of only 45°C, probably because the molecular 
weight is still fairly low. Crystallisation from the melt can be recognised 
as a weak and rather broad peak at ca. 150°C. In hot stage microscope 
experiments crystallisation of sample D 275 proceeds fast and homogeneously 
throughout the preparation at a temperature of ca. 150°C. Surprisingly, 
crystallisation of the other two products is slow, and occurs only in small 
spots. Upon repetitive melting and solidification, crystallisation 
characteristics in both DSC and hot-stage microscope diminish and 
ultimately disappear. This suggests that the backbone configuration 
resulting in the semi-crystalline nature is not stable and is destroyed by 
a thermal treatment. This is in agreement with earlier high temperature NMR 
measurements [4b]. Isothermal and non-isothermal TGA analysis show that 
cyclopentenejCO copolymers are relatively stable, with a significantly 
better overall stability than a CARILON E reference sample. 

In summary, Cyclopentene/CO copolymers are potentially 
semi-crystalline plastics with a better intrinsic stability than CARILON-E, 
-EP, Styrene/CO, or Propene/CO copolymers. The stereoregularity of the 
polymer backbone, however, is less stable, resulting in a gradual 
disappearance of the semi-crystalline nature upon heating. The Tg of 
Cyclopentene/CO copolymers is expected to be significantly higher when high 
molecular weight products can be synthesised. 
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4. CONCLUSIONS 

Optimisation of catalyst composition and process conditions has 
resulted in a significant improvement of the molecular weights for all 
alternative CARILON polymers studied in this report (Styrene/-, Propene/-, 
and CyclopentenejCO copolymers) compared to prior art. The molecular 
weights of Styrene/CO and Propene/CO copolymers have reached such a level 
that a more definite product assessment is now possible. However, 
contamination of these polymers by catalyst residues may still influence 
product properties negatively. 

The most important result of this study may be that all these 
(semi-) crystalline materials rapidly loose their crystallinity in the 
melt. This is the result of a fast epimerisation reaction converting 
syndiotactic material into atactic, thereby deteriorating product 
properties. Consequently, the applicability of these copolymers as 
thermoplastic materials may be questionable, and other outlets may have to 
be dciined. 

Amsterdam, December 1992 
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TABLE I. Styrene/CO copolymerisations - Maximum rates and molecular weights obtained 

for different ligands. 

Di-Nitrogen Ligands 

2,2'-Bipyridine (Bipy) 

4,4'-diMe-Bipy 

4,4'-dicarboxyl-Bipy 

6,6'-di-OHe-Bipy 

4,4'-diHe-6,6'~oxo-Bipy and 6,6'-oxo-Bipy 

6,6'-aza-Bipy 

3,3'-diamino-Bipy and 6,6"-dinitro-Bipy 

1,10-Phenanthroline (Phen) 

4,7-diMe-Phen 

3,4,7,8-tetraMe-Phen 

5-Me-Phen 

4,8-diMe-Phen 

5-nitro-Phen 

5-amino-Phen 

Biquinoline and Quinoline 

2,2' ,2"-Tripyridine 

Di -pTol-diimin_e 

Di-cHx-diimine 

Melamine 

2-Amino-Pyridine 

Pyridine-2-cHx-carbaldimine 

1,2-di-(2-benzimidazolyl)benzene 

3,6-dipyridylpyridazine 

Dipyridyl-methane 

1,2-di(2-pyridyl)ethene 

2,2'-dipyrimidine 

2,7-diMe-naphtyridine 

1,1-diimidazolyl-ethanol 

Rate a 

Cg/g Pd/h) 

900 

600 

1000 

0 

0 

91 

20 

500 

250 

100 

100 

50 

0 

0 

0 

0 

0 

15 

0 

0 

0 

0 

0 

0 

0 

50 

0 

0 

2,2'-bipyridyl-dimethylsilane 0 

1,2-di[{2-diphenylphosphinobenzene}iminomethane]ethane 0 

Di-Phosphorous Ligands 

1,2-Bis(dimethylphosphino)ethane 0 

1,3-Bis(diorthomethoxyphenylphosphino)propane 0 

Bis(diphenylphosphino)methane 10 

Bis(dibutylphosphino)propane 0 

2,3-bisdiphenylphosphinobutane (chiral) 0 

[(o-F-Ph)(Ph)P-C-)
2 

0 

Rest (Oi -S-; P. N-. N. S-Ligands) 

2-Diphenylphosphino-6-Me-pyridine (N,P) 

2-pyridyl-1-diphenylphosphinoethane (N,P) 

Bis(diphenylphosphino)-2-pyridyl-methane (N,P,P) 

3-(2-thiofene)pyridine (N,S) 

Bis(benzylthio)ethene or 3,6-dithia-octane (S,S) 

Di-R-disulfide (R = Bz, Ph, Me; S,S) 

Di-S,di-N ligand 

0 

0 

0 

0 

100 

0 

0 

M b 
n 

Cg/mole) 

22000 

23000 

8000 

22000 

13000 

17000 

12000 

12000 

9000 

6000 

7000 

a: Highest rate observed with the named ligand; mostly at 70 ·c, 40 bar CO and a molar 

composition of the catalyst of: Pd(0Ac)
2

/ 10-30 Ligand/ 5-30 pTSA/200 promoter in 100 

mL styrene and 20-50 mL MeOH. 

b: Highest (number averaged) molecular weight observed with the named ligand; mostly at 

40 ·c. 40 bar CO and a molar composition of the catalyst of: 1 Pd(0Ac) 2 / 10-30 Ligand/ 

5-30 pTSA/200 promoter in 100 mL styrene and 20-50 mL MeOH. 

CONFIDENTIAL 
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Table II. Styrene/CO copolymerisation - Effect o( various catalyst compositon• and proceaa conditions. 

Process T Reaction Yield Rate TurnOver M• 
Entry CP-no. parameter Acid" U~ndb Solventc COC) time (b) (g) (~R. Pd.h) (/Pd)! (_NMR) 

I 17302 solvent pTSA Bipy PEG-300• 50 16 5.2 50 8 12000 
2 16246 solvent pTSA Bipy glycol• 50 15 4.3 45 6 13500 
3 16250 solvent pTSA Bipy t-BuoH· 50 15 3.2 35 - n.d. 
4 16240 solvent pTSA Bipy EtOH• 50 15 7.7 80 7 20000 
5 16212/JS solvent pTSA Bipy MeoH· so 16 8.1 85 s 25000 
6 10743 [H20) pTSA Bipy MeOH 70 5 42 395 70 10000 
7 10752 [H20] pTSA Bipy MeoH· 70 5 24.1 410 24 17000 
gel 16211/3/26 [H20] pTSA Bipy MeoH• 70 4 17.8 690 22 13000 
9 16212/35 ligand pTSA Bipy Meou· so 16 8.1 8S s 2SOOO 
10 162141' ligand pTSA DMBipy MeoH• so 15 S.8 60 s 21000 
11 16219 ligand pTSA Pben MeoH· so 1S 3.S 35 s 22000 
12 16220 ligand pTSA TMPben MeoH· 50 1S 0.6 6 - 12000 
13 16237 ligand pTSA DCBipy MeoH• so 16 10.6 104 22 8000 
14 16244 acid Succinic Bipy MeoH· so 15 0 0 - -
1S 16241 acid CF3COOH Bipy MeoH· so 1S S.3 55 11 8SOO 
16 1624S acid CH3S03H Bipy MeoH· 50 15 1.S 80 7 19000 
17 16212/JS acid pTSA Bipy MeoH· 50 1S 8.1 85 s 2SOOO 
18 19021-28 acid divers11 Bipy MeoH· 50 15 s.s 6S 3 24000 
19 17301 acid CFlSOl~ Bipy MeoH· so 1S 6.3 65 3 33000 
20 16247/17334 acid M(ao.h• Bipy MeoH• so 1S 0 0 - -
21 17333 acid Hao4 Bipy MeoH· so 1S 7.6 80 - n.d. 
22 17309/10 acid Nafion Bipy MeoH• so IS 0 0 - -
23 19033 Pco"' 10 Bar CF3S03H Bipy MeoH• 50 60 30.4 78 26 20000 
24d 16211/3/26 150eq NQ pTSA Bipy MeoH• 70 4 17.8 690 22 13000 
2~ 17303 60eq NQ pTSA Bipy MeoH· 70 4 15.9 600 20 14000 
26d 17306 20eq NQ pTSA Bipy . MeoH• 70 6 15.3 400 16 16000 
2-rJ.e 17307 SeqNQ pTSA Bipy McoH• 70 5 8.9 280 9 18000 
2gct.. 17308/17331 fine tuning CF3S03H Bipy MeoH· 70 s 16.7 S80 9 33000 
2C)'I 17315 fine tuning CF3S03H Bipy MeoH· 50 12 8.1 100 4 40000 
~ 17316 fine tuning CF3S03H Bipy MeoH· so 14 8.2 90 2 >SOOOO 
31' 17319/22/28 fine tuning CF3S03H Bipy MeoH• so 16 8.1 80 3 >50000 
32 17327 fine tuning CF3S03H Bipy MeOH 50 1S 8 90 4 39000 
33 17332 fine tuning CF3S03H Bipy EtOH• 50 1S 3.4 40 1 >SOOOO 
34 17311 fine tuning CF3S03H DMBipy MeoH· 50 1S 4.6 50 2 34000 
351 17336 fine tuning CF3S03H Bipy MeoH· so 14 7.2 90 4 38000 
36 PKE-43/ ref.2 pTSA Bipy MeOH 70 - - - - 25000 

Styrco-4 

Catalyst composition: 1 Pd(OAch• 20 acid, 30 ligand, 100-160 NQ unless otherwise indicated; ca. 6 mg of Pd. 100 mL of styrene, 
and 20 mL of solvent have been applied. Process conditions: see section 2.1.1 

•) 

b) 

c) 

d) 

e) 

I) 

S) 

b) 

i) 

pTSA = paratoluenesulfonic acid 
Bipy = 2.2'-bipyridine; Phen = 1,10- phenanthroline; DMBipy = 4,4'-dimethyl-2,2'-bipyridine; 
TMPhen = 3.4,7,8-tetramethyl-1,10- phenanthroline; DCBipy = 4,4'-di..:arboxyl-2,2'-bipyridine. 
• indicates that the mixture has been dried with TMOF/pTSA. 
A decreasing CO pressure, starting at40 bar, was applied. 
The NQ/Pd molar ratio was kept constant at ca. 5. 
Only S equivalents of ligand were used. 
Only 2 equivalents of ligand and 2 equivalents of acid were applied. 
HBF4• H2S04, HPF6, BF3.Et.z0, and H2 TIF6 subsequently used as the acid component. 
M = Cu,Ni 



Table III. Propene/CO copolymerisation - Effect of ligand type. 

CP .. no. I 
5nuo~ I name I Ligand~ tl R21 a:OJ:(o) I.· .. r ~~j~J)I· ' ~~~11 (~gr~m~~~ ; ':fi'llil~ i i~~~~~~:~ • ~::.;e(<i> I spirok(:~ 

23903 7 BDMPP methyl methyl 
23903 11 BDBPP n- butyl n-butyl 
23903 9 BDEPP ethyl ethyl 
23903 4 BDiBPP iso-butyl iso-butyl 

[ref. 3] - BDPPP phenyl phenyl 
23903 5 BcHBPP n- butyl cy-hexyl 
23912 1 BDiPPP iso-propyl iso-propyl 
23903 8 BDsBPP sec- butyl sec- butyl 
23903 10 BDcHPP cy- hexyl cy-hexyl 
23903 6 BDtBPP tert- butyl tert- butyl 

The reaction conditions are described in section 2.1.2. 
Pressure mode: descending 

a schematic scheme of the ligand structure: 

107.3 2063.1 5.5 32.4 69 90 42 58 
118.0 2060.7 7.9 144.7 100 >99 48 n.d. 
118.0 2061.5 14.5 161.1 68 >99 51 20 
125.3 2060.3 12.3 68.3 75 >99 46 29 
127.0 2066.5 - 20.0 30 <90 
130.7 2059.4 12.9 179.2 55 >99 36 49 
136.7 2059.9 1.4 15.6 22 >99 47 n.d. 
136.7 2060.5 4.4 25.9 31 >99 35 54 
143.3 2058.1 5.6 31.1 20 >99 39 96 
151.3 2057.9 0.0 0.0 0 0 0 0 
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Table IV. Propene/CO copolymerisatioo - Effect of various catalyst compositiou aod procc11 cooditioos. 

sub i.otake Pd ratio • yie14.• .• , . ra.te Eotn CP.no. DO. Process variable lmmole\ acid orom. oro\Pd sol~nt lmUmL) .· la\ .·(ai.:.N.Ja\ 

1 23904 1 isobaric experiment 0.094 Ni(CI04) 2 NQ 60.0 TIIF/MeOH 100/10 20.9 116.1 2 23904 2 bulk polymerization 0.094 Ni(C104) 2 NQ 60.0 TIIF/MeOH 10/10 59.4 330.0 3 23904 3 McOH!lliF 1 atio 0.094 Ni(C104 ) 2 NQ 60.0 TIIF/MeOH 55/55 42.6 236.6 4 23904 4 McOH!lliF ratio 0.094 Ni(Cl04)
2 

NQ 60.0 1HF/MeOH 20/90 40.2 223.3 5 23904 5 McOH/lliF ratio 0.047 Ni(Cl04)
2 NQ 15.0 TIIF/MeOH 109/1 6.9 76.7 6 23905 1 catalyst concen1ration 0.047 Ni(CI04) 2 NQ 60.0 TIIF/MeOH 100/10 15.4 171.1 7 23905 2 amount of promoter 0.047 Ni(Cl04) 2 NO 15.0 TIIF/MeOH 100/10 17.2 191.1 8 23905 3 amount of promoter 0.047 Ni(C104)
2 -- 0.0 TIIF/MeOH 100/10 3.8 42.2 9 23906 1 type of acid 0.047 BF,.Et20 NQ 15.0 TIIF/MeOH 100/10 3.7 41.1 10 23906 2 type of acid 0.047 HBF4 50%' NQ 15.0 TIIF/McOH 100/10 5.3 58.9 11 23906 3 type of acid (p~ = - S.S) 0.047 TFMSA' NQ 15.0 TIIF/McOH 100/10 7.7 85.5 12 23906 4 type of acid (p~ = -2. 7) 0.047 p-TSA' NQ 15.0 TIIF/MeOH 100/10 2.6 28.9 13 23906 5 type of acid (pK. = -0.5) 0.047 CF,COOH' NQ 15.0 TIIF/MeOH 100/10 -- --14 23906 6 type of acid 0.047 Cu(BF4 )

2 
NQ 15.0 TIIF/MeOH 100/10 14.4 160.0 15 23906 7 type of acid 0.047 BF,.TFMSA NQ 15.0 TIIF/MeOH 100/10 5.3 58.9 16 23906 8 type of acid 0.047 Na8F4 NQ 15.0 TIIF/McOH 100/10 -- --17 23906 9 type of acid 0.047 CU(CI04) 2 NQ 15.0 TIIF/MeOH 100/10 4.1 45.5 18 23906 10 type of acid 0.047 Ni(BF4 ) 2 NQ 15.0 1HF/McOH 100/10 21.4 238.0 19 23908 1 type of promoter 0.047 Ni(C104) 2 NQ/DI>fSO 15.0 TI-IF/McOH 100/10 7.2 80.0 20 23908 2 type of promoter 0.047 Ni(C104) 2 pTCBQ 15.0 TiiF/MeOH 100/10 -- --21 23908 3 type of promoter 0.047 Ni(CI04)

2 oTCBQ 15.0 TIIF/MeOH 100/10 -- --22 23908 4 type of promoter 0.047 Ni(CI04) 2 DCNQ 15.0 TiiF/MeOH 100/10 0.5 5.6 
23 23908 5 type of promoter 0.047 Ni(CI04) 2 CA 30.0 TiiF/McOH 100/10 0.9 10.0 
24 23908 6 type of promoter 0.047 Ni(C104) 2 TA 15.0 TIIF/MeOH 100/10 2.2 24.4 
25 23909 1 bulk-polymerization 0.047 Ni(C104) 2 

NQ 15.0 lHF/MeOH 10/10 42.9 476.6 
26 23910 1 standard 0.047 Ni(C104)

2 
NQ 15.0 lHF/MeOH 100/10 17.1 190.0 

27 23911 1 type of solvent 0.047 Ni(CI04)
2 

NQ 15.0 MTBE/MeOH 100/10 15.4 171.1 
28 23911 2 type of solvent 0.047 Ni(Cl04) 2 

NQ 15.0 DEEJMeOH 100/10 19.5 216.6 
29 23911 3 type of solvent 0.047 Ni(C104)

2 
NQ 15.0 oBuE/MeOH 100/10 13.0 144.4 

30 23911 4 type of solvent 0.047 Ni(Cl04) 1 NO 15.0 DMSOIMeOH 100/10 -- --31 23911 5 type of solvent 0.047 Ni(C104) 1 NO 15.0 DMWMeOH 100/10 14.9 165.5 
32 23911 6 type of solvent 0.047 Ni(Cl04) 2 NQ 15.0 PbMo'MeOH 100/10 9.8 108.9 
33 23913 1 [water) = 65 ppm 0.047 Ni(C104) 1 NQ 15.0 TIIF/MeOH 100/10 17.6 195.5 
34 23913 2 (water) = S.S % 0.047 Ni(Cl04) 1 

NQ 15.0 lHF/MeCH 100/10 -- --35 23913 3 [water) = 0 ppm 0.047 Ni(Cl04) 2 
NQ 15.0 lHF/MeOH 100/10 11.1 123.3 

36 23914 1 repetition of CP 23905- 2~ 0.047 Ni(C104) 1 NQ 15.0 lHF/MeOH 100/10 33.5 372.0 
37 23914 2 type of aci<t 0.047 Ni(CF,S0,)

2 
NQ 15.0 lHF/MeOH 100/10 31.8 353.0 

38 23914 3 type of aci~ 0.047 Cu(CF,SO,) NQ 15.0 lHF/MeOH 100/10 7.0 77.8 
39 23914 4 type of aci~ 0.047 La(C104) 1 

NQ 15.0 lHF/MeOH 100/10 16.1 178.9 
40 23914 5 type of aci<t·"·4 0.094 Pd(BF4) 1 NQ 15.0 lHF/MeOH 100/10 21.7 241.1 
41 23914 6 type of aci~···· 0.047 -- NQ 15.0 TIIF/MeOH 100/10 11.1 123.3 

Process conditions: P co = 45 bar (isobar); Truction = 40 °C; truction = 18.0 h; Pd(OAc)zlBDEPP/acid = 1/± 1/S (mole/mole/mole). 

LVN: . iwoo 
tmu~· ~i"\ 

87.0 53 
89.0 44 
67.0 40 
63.0 42 

118.0 54 
109.0 52 
98.0 50 
94.0 54 
61.0 51 

101.0 53 
81.0 so 
33.0 49 
-- --

146.0 52 
65.0 46 
-- --
60.0 46 
88.0 48 
90.0 50 
-- --
-- --
94.0 53 
43.0 53 
98.0 53 

154.0 42 
107.0 Sl 
93.0 49 

103.0 46 
113.0 41 

-- --
24.0 42 
79.0 58 

151.0 49 
-- --

154.0 59 
88.0 53 
70.0 52 
61.0 51 
92.0 51 
86.0 49 
85.0 52 

Abbreviations: 

NO 
pTCBO 
oTCBO 
DCNO 
TFMSA 
TFA 
pTSA 
CA 
TA 

DMSO 
THF 
MTBE 
DEE 
nBuE 
DMK 
Ph Me 

= naphtaquinone 
• 1,4-tetrachlorobenzoquinone 
• 1,2-tetrachlorobenzoquinone 
• 2,3-dichloronaphtaquinone 
• trifluorometanesulfonic acid 
• trifluoroacetic acid 
• p-toluenesulfonic acid 
• Cu(0Ac)2 
• Sn(0Ac)

4 

• dimethylsulfoxide 
• tetrahydrofurane 
• methyl-tert.-butyl ether 
• diethyl ether 
• di-n-butyl ether 
=acetone 
.. toluene 

• 2.5 mole eq. acid (on Pd) 
b New batch of 100% pure BDEPP used. 
c Pd(CH,CN)4(BF 4) 2 is used as Pd- supplier and acid. 
d mole ratio Pd/ligand = 2 
' mole ratio Pd!ligand = 1 
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Table V. Cyclopeoteoe/CO copolymerisatioo - Effect of various catalnt compositions and proceu conditions. 

acid . salvent (~~-d([':>C:~il1fiiiri~t::~i.M~lh~·:'~il?:i1Jtj.~~: sub 
Entry I CP .. no.l no.l Process variable li2and 

1 23915 
2 23917 
3 23917 
4 23915 
5 23918 
6 23918 
7 23918 
8 23918 
9 23918 

10 23918 
11 23918 
12 23918 
13 23918 
14 23918 
15 23916 
16 23916 
17 23916 
18 23921 
19 23921 
20 23921 
21 23922 
22 23922 
23 23922 
24 23922 
25 23920 
26 23920 
27 23920 
28 23920 
29 23920 
30 23920 
31 23916 
32 23916 
33 23919 
34 23919 
35 23919 
36 23922 
37 23917 
38 23917 

1 propene/CO conditions 

1 DOl TMOF/pTSA dried 

2 CPE. ox-PeruiJ 
2 type of ligand 

1 type of ligand 

2 type of ligand 
3 type of ligand 
4 type of ligand 

5 type of ligand 
6 as 8; styrene/CO cond 

7 type of ligand 

8 type of ligand 
9 type of ligand 

10 type of ligand 

1 type of anion -supplier 
4 type of anion -supplier 
5 rype of anion -aupplier 

1 type of anion -aupplicr 
2 type of anion -aupplier 
3 type of anion -aupplier 
1 rype of anion -supplier 

2 type of anion -supplier 
3 rype of anion -supplier 
4 type of anion -supplier 
1 rypc of solvent 
2 type of solvent 
3 type of solvent 

4 rypc of solvent 
5 type of solvent 
6 type of solvent 
2 MeOH!THF ratio 
3 bulk -polymerization• 

1 Oeq NO 

2 JOeq NO 
3 60eq NO 
5 as entry 21, but .50cq NO 

3 Pco•78->7lbar 
4 T • 80"C 

BDEPP Ni(CI04)z.6Hz0 THF/MeOH 100/10 dry 
BDEPP Ni(Cl04)z.6Hz0 THF/MoOH 70/10 
BDEPP Ni(Cl04)z.6Hz0 THF/MeOH 70/10 
BDBPP Ni(Cl04)z.6Hz0 THF/MeOH 100110 dry 
BDMPP Ni(Cl04)z.6Hz0 THF/MeOH 70/10 
BDOMPP Ni(Cl04)z.6Hz0 THF/McOH 70/10 
BDcHPP Ni(Cl04>z.61iz0 THF/MeOH 70/10 
BDPPP Ni(Cl04>z.61iz0 THF/MeOH 70/10 
BDiBPP Ni(Cl04)z.61iz0 THF/MeOH 70/10 
BDPPP CF1S01H• THF/MoOH 0/WJ dry 
BDEPB Ni(Cl04>z.61iz0 THF/MeOH 70/10 
BDnBPB Ni(Cl04)z.6Hz0 THF/MoOH 70/10 
BD(OMe)P Ni(Cl04>z.61iz0 THF/MeOH 70/10 
Bipy ~ Ni(Cl0

4
)z.6Hz0 THF/MeOH 70/10 

BDEPP Ni(BF4)2.6Hz0 THF/MeOH 70/10 dry 
BDEPP CF1S01H• THF/MoOH 70/10 dry 
BDEPP Cu(BF4)2.6H10 THF/MeOH 70/10 dry 
BDEPP ZnS04.6HzO THF/MeOH 70/10 
BDEPP CuS04.5H10 THF/MeOH 70/10 
BDEPP Cu(CF1S01>z . .5Hz THF/MeOH 70/10 
BDEPP 1 Ni(Cl04>z.6Hz0 THF/McOH 70/10 
BDEPP 1 Zn(CF1S01h THF/MoOH 70/10 
BDEPP 1 Ni(CF1S01>z.6Hz0 THF/MeOH 70/10 
BDEPP 1 La(Cl04)J.6H10 THF/MeOH 70/10 
BDEPP Ni(Cl04>z.6Hz0 THF/MoOHMI'BE 10/10/00 
BDEPP Ni(Cl04)z.6Hz0 THF/MeOHIDEE 10/10/00 
BDEPP Ni(Cl04>z.6Hz0 THF/MeOHID~ym• 10/10/00 
BDEPP Ni(Cl04)z.6Hz0 EtOAc/MeOH 70/10 
BDEPP NilC104)z.6HzO THFIEtOH 70/10 
BDEPP NI(Cl04>z.6Hz0 DJdK./MoOH 70/10 
BDEPP Ni(BF4)z.6Hz0 MoOH 0/WJ dry 
BDEPP Ni(BF4)z.6Hz0 THF/MeOH 10/10 dry 
BDEPP NI(Cl04)z.6Hz0 THF/MeOH 70/10 
BDEPP NI(Cl04)z.6Hz0 THF/MeOH 70/10 
BDEPP NI(Cl04)z.6Hz0 THF/MoOH 70/10 
BDEPP 1 Ni(Cl04)z.6Hz0 THF/MeOH 70/10 
BDEPP Ni(Cl04)z.6Hz0 THF/MoOH 70/10 
BDEPP Ni(Cl04)z.6Hz0 THF/MeOH 70/10 

2.0 
3.4 
1.4 

0.9 
0.5 

3.9 

8.8 

1.8 

5.5 

2.9 
9.0 
0.6 
3.2 
6.1 
1.6 
1.1 
2.2 
1.3 
2.2 
2.0 
0.6 
2.1 
0.5 
2.5 
3.4 
9.6 
1.7 

22.2 
37.8 
15.6 

10.0 
5.6 

43.3 

97.8 

20.0 

18.3 

32.2 
100.0 

6.7 
35.5 
67.8 
17.8 
12.2 
24.4 
14.4 
24.4 
22.2 
6.7 

23.8 
6.0 

27.8 
38.0 

106.6 
18.9 

2492 
3102 
3217 

1705 
1124 

4839 

n.d. 

1316 

1515 

1.581 
1834 
1479 
1441 
2305 
3951 
6361 
4244 
2514 
2938 
1326 
865 

2103 
2026 
2492 
2129 
3063 
3572 

95 
91 
95 

96 
71 

65 

n.d. 

93 

96 

93 
91 
93 
93 
92 
86 
85 
88 
90 
89 
95 
96 
91 
92 
91 
92 
91 
91 

Process conditions: p CD = 45 bar (iscbar); T,~acJion ::: 40 °C; trt.a<tion ::: 18.0 h; Pd(OAc)/ligandlacid/NQ molar ratio - 11± 115/15; applyi~ 5 mg Pd. 
• BDEPP is 100% 31P-nmr pure (other entnes: 63%) 
b 2.5 mole eq. on intake Pd 
'5 mole eq. on intake Pd 
d 120 m1 cyclo-pentene 
c dry means: dried with TMOF/pTSA (see section 2.1) 

17.1 
23.3 

9.3 

11.2 
9.5 

17.1 

n.d. 

29.1 

74.3 

39.0 
104.4 

8.6 
47.3 
56.3 
8.6 
3.7 

11.0 
11.0 
15.9 
32.1 
14.8 
21.6 

5.1 
21.3 
34.2 
66.7 
10.1 

Abbreviatioas: 

BDEPP 
BDBPP 
BDMPP 
BDOMPP 

• 1,3-bil(diothylphc»phi.no)-propaoo 

• 1,3-bia(dibutylphoaphi.no)-propane 
• 1,3-biJ( dimethylpb:>Spbi.no )-propane 
• 1,3 -bb( dl-o-motholl)'phenylphc»phi.no)-

propane 
BDcHPP • 1,3-bia(di-cyclobeX)'Ipbosphi.no)-propane 

BDPPP • 1,3-bb(dlpbonylphospbi.no)-propano 
BDiBPP • 1,3-bb(dl-ilo-butylphosphi.no)-propane 

BDEPB • 1,4-bb(diothylphc»phiDo)-butane 
BDBPB • 1,4-bia(dl-o-butylphc»pbi.no)-butane 

BD(OMc)PP • 1,3-bla(dimetholl)'phosphino)-propaoo 

Bipy • 2,l -blpyridiDo 
'IMOF • trimethyl-onho-rormatc 
pTSA • para-toluenosulfonicacid 

NQ • naphtoquiDonc 
1HF • tetrahydroCwane 
MfBE • methyl-ten.-butylcther 

DEE • diethylotbcr 
DMK = dimethyl ketone 
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Table VI. Styrene/CO copolymerisations 
- Comparison of GPC and NMR molecular weights 

GPC 
Sample 1\t 

no. 13c NMR ~ Mw Q 
(CP) g/mole g/mole g/mo1e Mw/~ 

16237 8.000 13.000 23.000 1.7 
17316 65.000 72.000 107000 1.5 
17319 41.000 65.000 98.000 1.5 
17331 34.000 32.000 65.000 2.1 
19033 19.000 43.000 98.000 2.3 
19968 41.000 52.000 108000 2.1 
19984 46.000 46.000 72.000 1.6 

Styrco * 24.000 25.000 45.000 1.80 

* See lit. [2] 
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Table VII. Styrene/CO copolymerisations 
* - Results of DSC and TGA analyses -

CONFIDENTIAL 

Sample 
no. 

Catalyst 
compositiona 

Pdjbipyjacid/NQ 

TGA 
Mn ~----------~----------~----------------------~----------~degrad. 

13c NMR Tm d.Hf Tx d.Hf Tgb 

DSC 

onset 
g/mol °C Jjg oc J/g °C 

ccp 17308 

CP 17316 

CP 17319 

ccp 17322 

CP 17327 

CP 17331 

CP 17332 

CP 17336 

CP 19030 

CP 19031 

CP 19032 

dcp 19033A 

CP 19042 

CP 19043 

CP 19047 

fs~;~~~·4· 

fstyrco 4 

1/32/33/8 

1/5/19/11 

1/5/4/11 

1/5/19/11 

1/5/19/11 

1/22/30/96 

1/5/19/11 

1/2/2/11 

1/5/19/11 

1/1/0.5/11 

1/5/19/11 

1/5/19/53 

1/5/19/53 

1/5/19/11 

1/5/19/53 

gl/30/20/500 

32.000 260 90 

65.000 252 116 

41.000 252 117 

50.000 254 101 

38.500 257 86 

34.000 284 17 

50.000 246 126 

38.000 248 115 

23.000 289 33 

32.000 268 60 

21.500 290 30 

19.000 256/291 40 

242/279 46 

17.300 287 so 

282 57 

24.000 251/278 40 

compacted powder 279 22 

102 

100 275 

104 

96 

104 

106 

87 

97 

108 

85 

200 17 108 

195 22 107 325 
e(375) 

96 

204 16 98 

92 

104 

104 
...................................................................... 
CARILON-E MDU 86/000 

* General heating rate: DSC ~ l0°C/min, TGA- l°C/min) 
a Molar ratio 
b Tg (onset) determined in the second heating cycle 
c No extra washing (see section 2.2) 
d DSC analysis with heating rate 20°C/min. 
e TGA analysis with heating rate l0°C/min. 
f See ref. 2; polymer produced in 1985 
g Benzoquinone applied instead of Naphtaquinone 

260 
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Sample 

bcp 19033A 

CP 19043 

Table VIII. Styrene/CO copolymerisations 
Effect of multiple DSC analyses -

Catalyst ratio Scan Tm dHf Tx 
Pdfbipyjacid/NQ no. oc Jjg oc 

1/5/19/50 1 254/291 46 206 
2 275 21 -
3 256 9 -

1/5/19/10 1 244/289 48 184 
2 254 20 -
3 - - -

a Tg (onset) determined in the second heating cycle 
b DSC analysis with heating rate 20°C/min. 

Table IX. Styrene/CO copolymerisations 
- results of isothermal TGA analysis -

d.Hf 
Jjg 

21 
-
-

12 
-
-

weight loss (%w) in a N2 atmosphere 
Sample after one hour at: 

no. 
260°C 280°C 300°C 320°C 

Styrco s* 0.4 1.0 4.0 24.6 

CARILON-E MDU 86/000 0.9 4.1 7.8 16.7 

CARILON-E PKA 16 3 9 15 21 

weight loss in an air atmosphere 

Styrco 8 * 1.1 2.1 10.3 31.2 

* See lit. [2] 

aTg 
oc 

-
111 
107 

-
91 
98 
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Table X. Styrene/CO and Propene/CO copolymerisations - Effect of thermal treatment 
on the stereo- regularity 

Epimerisation of styrene/CO Epimerisation of propene/CO 

Treatment Stereo-regularity 
Entry. T t retained• 

(OC} (h). ·. ("'). 

Treatment Stereo- regularity 
Entry ·.·. 

: .,:~:: 
··:::. '· retained• · 

f:., .. ,:,.:: ·.:(h) (%) 

1 100 0.50 100 1 150 0.50 100 
2 150 0.50 95 2 175 0.50 100 
3 200 0.50 90 3 200 0.25 99 
4 225 0.50 86 4 200 0.62 88 
5 250 0.25 88 5 200 0.78 86 
6 250 0.58 70 6 200 2.00 80 
7 250 1.00 56 7 200 2.52 76 
8 250 1.50 38 8 203 3.00 69 
9 250 2.00 34 9 200 4.58 49 

10 250 2.50 21 10 200 16.00 0 
11 250 3.83 0 11 225 0.58 65 
12 275 0.50 14 12 250 0.50 66 

• The %stereo regularity retained has been calculated from the corresponding 13C NMR-spectra. 
(cf. section 2.2) 
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Table XI. Propene/CO copolymerisations 
- DSC and TGA analysis of amorphous materials -

ketonj aDSC 
Sample Mn spiro-

no. 13c NMR ketal Scan Tm dHf 
g/mol ratio no. oc J/g 

CP 7591 30.000 75/25 1 90-140 10 
2 95-160 8 

CP 7593 50.000 25/75 1 170-280 10 
2 105-160 7 

CARILON-E (MDU 86/000) 

a DSC analysis with heating rate 20°C/min. 
b Tg (onset) determined in the second heating cycle 

Table XII. Propene/CO copolymerisations 
- Isothermal TGA analysis -

bTg 
oc 

21 

21 

TGA 

onset 
oc 

310 

310 

260 

weight loss (%w) in a N2 atmosphere 
Sample after one hour at: 

no. 
260°C 280°C 300°C 320oc 

CARILON-P CP 7591 0.5 1.5 2.6 14.5 

CARILON-E MDU 86/000 0.9 4.1 7.8 16.7 
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CP 

CP 

CP 

CP 

CP 

CP 

CP 

* 

Sample 
no. 

23903- 5 

23903-10 

23906- 3 

23906- 6 

23906-10 

23910- 1 

23913- 3 

Table XIII. Propene/CO copolymerisations 
- DSC and TGA analysis -

stereo spiro-
LVN Mn Mw select ketal 
mL/g 13c NMR 13c NMR NMR NMR Tm 

g/mol g/mol % % oc 

55 24350 50600 36 49 109 

20 14150 20900 39 95 131 

81 31950 72700 so 81 c163 
255 

146 50900 127850 52 86 188 

88 34000 78600 48 57 169 
188 
200 

107 39500 94750 51 10 162 

113 41300 99850 59 23 131 

Heating rate: DSC - l0°C/min, TGA- l0°C/min) 
a Tg (onset) determined in the second heating cycle 
b Ca. 5 %w loss of material at lower temperature 
c During first heating cycle; Tc - 95°C, dHf - 13 J/g 

Table XIV. Cyclopentene/CO copolymerisations 
- DSC and TGA analysis -

1,3/1,2 
Sample Mn incorp. 

no. 13c NMR 
g/mol ratio 

D 272 << 5000 90/10 

CP 23920-2 6300 85/15 

CP 23922-1 1800 90/10 

CARILON-E (MDU 86/000) 

a Heating rate 20°C/min. 
b Heating rate 10°C/min. 

DSC (a) 

Scan Tm dHf 
no. oc J/g 

a1 105-180 30 
a2 130-180 12 

1 60-150 4 
2 - -

1 150-180 7-23 
2 105-160 7 

CONFIDENTIAL 

DSC TGA 

dHf aTg onset 
J/g oc oc 

68 16 362 

156 10 b361 

148 b409 
150 16 

145 22 370 

34 380 
40 
45 19 

52 21 370 

36 20 374 

TGA 

Tg onset 
oc oc 

350 (a) 
30 

410 (b) 
45 

420 (b) 
40 

260 
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Figure 1. Styrene/CO copolymerisation - The proposed reaction mechanism. 
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Figure 3. Styrene/CO copolymerisation - Liquid state (HFIP NCDCI3) 13C-NMR 
spectrum of high molecular weight copolymer. 
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Figure 4a. Propene/CO copolymerisation - The effect of the cone angle of the ligand. 
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Figure 5. Propene/CO copolymerisation - The stereo-regularity of the product as a 
function of spiroketal formation. 
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Figure 9. Cyclopentene/CO copolymerisation - The relation between M. and the 
percentage 1,3- incorporation. 
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Figure 10. Styrene/CO copolymerisation - Typical DSC thermogramme 
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Figure 11. Styrene/CO copolymerisation - Arrhenius plot for the epimerisation 
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APPENDIX ANALYTICAL METHODS 

GPC 
GPC conditions for styrene/CO copolymers were as follows: 
Column: Shodex HFP80M (mixed phase) + HFIP803 (1000 A) 
Eluens: 0.1 M ammoniurntrifluoroacetate in hexafluoroisopropanol 

(HFIPA)/ dichloormethane (50/50 vjv) with a flow of 0.5 mLfh 
Injection: 25 ~L of 2 mg sample in 1 mL of eluent 
Detection: UV at 254 nm 
Calibration: Poly-tertiarybutyl-vinylketone in the range 1000 - 400000 g/mole. 
GPC conditions for propene/CO were reported earlier [13]. 

DSC/TGA 
Common thermo-analytical techniques, such as differential scanning calorimetry 
(DSC) and thermo-gravimetric analysis (TGA) were applied for physical 
characterisation of the polymeric products made. Fha~q-tr~nsi~ion phenomena were 
obtained in one or more subsequent DSC scans on a powder sample contained in a 
sealed aluminium pan and under inert atmosphere conditions (N2, He). For the 
heating scan(s) the temperature was increased at a rate af l0°C/min or 20°C/min 
whereas cooling was either fast (minimising possible crystallisation and/or 
degradation) or at the same rate as the heating step. Product stability was 
determined by non-isothermal TGA measurements at a scanning rate of 1.25 °C/min or 
10 °C/min using an inert nitrogen atmosphere. For some polymer samples also 
isothermal TGA analysis were done. Preliminary compression moulding experiments 
were carried out on selected styrene/CO and propene/CO samples for assessment of 
thermoplastic processing behaviour and evaluation of mechanical properties. 
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SUMMARY 

Approved by: A. Noordarn 

The surface of injection moulded CARILON Polymer has been characterised, 
physically by means of surface tension measurements and chemically by 
means of X-ray Photo-electron Spectroscopy (XPS) and Static Secondary 
Ion Mass Spectrometry (SSIMS). The latter technique revealed that one of 
the additives, the antioxidant Irganox 1330, concentrated at the surface 
upon processing. Further migration of this additive to the surface 
occurs when a heat treatment is carried out to simulate a paint stoving 
operation. Although the surface tension of CARILON Polymer was found to 
be similar to that of the easily paintable polyamide 6.6, the migration 
of this antioxidant tends to reduce this surface tension. This may 
result in a possible adverse effect on the adhesion of paints to CARILON 
Polymer. In addition, the chemical surface characterisation showed that 
the high surface tension of CARILON Polymer resulted from carbonyl 
functionalities at the polymer surface. XPS showed that the average 
oxygen/carbon surface stoichiometry of CARILON Polymer did not change 
upon processing. On the other hand, SSIMS revealed that the surface 
structure of injection moulded CARILON Polymer differed from that of 
CARILON Polymer powder. 

Based on these characteristics, it is expected that CARILON Polymer can 
be effectively painted if a coating system can be identified which 
interacts favourably with the oxygen functionalities at the surface. 

November 1992 
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CARILON POLYMER PRODUCT DEVELOPMENT - PAINTABILITY 

Part 1. Surface characterisation of injection moulded CARILON Polymer 

1. INTRODUCTION 

Engineering thermoplastics used in exterior automotive body panels are 
usually coated by commercially available stoving paints. In the case of 
CARILON Polymer, good paintability is expected because of the polymer's 
high amount of carbonyl groups, which can interact with functional 
groups in a coating to form strong adhesive bonds. 

In our automotive application development programme with Peugeot S.A., 
it turned out that coating systems normally applied to plastics failed 
to adhere to CARILON Polymer. At the time, this was attributed to a lack 
of carbonyl groups in the surface region of injection moulded parts, as 
suggested by physical and chemical surface analysis techniques (1). Good 
adhesion could only be obtained after pretreatment, which is commonly 
applied to render non-polar polyolefins paintable. This additional 
processing step, however, poses a commercial disadvantage to CARILON 
Polymer in this field of application, because it has to compete mainly 
with the easily paintable polyamides. On the other hand, coating 
screening studies performed at KSLA and CRCSL showed that there are 
coating systems which exhibit excellent adhesion to untreated CARILON 
Polymer (2), demonstrating its potential as a paintable polymer. 

To examine whether CARILON Polymer exterior automotive body panels are 
easily paintable, a programme was initiated to study the adhesion of 
coatings to CARILON Polymer. The first part of the study, described in 
this AMGR, concentrated on the physical and chemical surface 
characterisation of injection moulded CARILON E and EP Polymers, taking 
into account the influence of molecular weight and additives on the 
surface characteristics. 

2. EXPERIMENTAL 

2.1 Materials 

To form a strong adhesive bond with a coating, the substrate is required 
to exhibit a high surface tension (Appendix I). The surface tension of 
polymers is influenced by (3): 

the chemical nature of the polymer surface 
the degree of surface crystallinity 
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the molecular weight of the polymer 
the presence of additives and/or contaminants at the surface 

The influence of the surface crystallinity was investigated by comparing 
CARILON E Polymer with CARILON EP Polymer. Since the latter exhibits a 
lower bulk crystallinity, a difference in surface crystallinity between 
the two is also expected. The influence of the molecular weight on the 
surface tension was studied by comparing CARILON EP Polymer with 
different limiting viscosity numbers (LVN). Finally, additive free 
CARILON EP Polymer was taken into account to examine the influence of 
additives. This resulted in the following selection of materials: 

1. Batch 91/124 with LVN 1.95 dl/g, Tm 256°C (ex. Market Development 
Unit, MDU) 

2. Batch 91/040 with LVN 1.1 dl/g, Tm 224°C (ex. MDU) 
3. Batch 91/055 with LVN 1.6 dl/g, Tm 220°C (ex. MDU) 
4. CARILON MX 500 Polymer with LVN 1.8 dl/g, Tm 222°C (lot no. DP 

501-13MX500-04 NMB 00001, ex. MDU) 
5. Batch CP 591/107 with LVN 1.7 dl/g, Tm 223°C (ex. CP-department) 

Material 1 (CARILON E Polymer) and materials 2-4 (CARILON EP Polymer) 
all contained 0.5 wt% Nucrel 535 + 0.5 wt% Irganox 1330, i.e. additive 
package 13. Material 5 was completely free of additives. 

The materials were injection moulded to discs (¢ 60 mm, thickness 2 mm) 
on the Arburg Allrounder or the Battenfeld CD 200/50 injection moulding 
machine. Processing conditions are summarised in Table 1. The surface of 
these discs was subsequently characterised. 

2.2 Surface characterisation 

The surface tension of the injection moulded CARILON Polymer grades was 
determined by means of advancing contact angle measurements, using water 
and methylene iodide as the testing liquids. The surface tension as well 
as the polarity were calculated using the geometric mean equation 
(Appendix I). Furthermore, the effect of a coating staving procedure on 
the surface characteristics was examined. Automotive plastic paints are 
stoved in the temperature range 70-140°C for 30 minutes (1,2). This 
procedure was simulated with uncoated, additive free CP 591/107 and 
additive containing CARILON MX 500 discs. The effect of the treatment 
was characterised by the contact angle of water, which was measured 
after the discs were allowed to cool down to room temperature. 

In addition to this physical characterisation, the chemical surface 
composition of the injection moulded discs was determined using X-ray 
Photo-electron Spectroscopy (XPS) and Static Secondary Ion Mass 
Spectrometry (SSIMS). With XPS, the average elemental composition of a 
25-50 A thick surface layer can be determined quantitatively through 
determination of the binding energy of the photoelectrons created by 
X-ray irradiation of the sample. In addition, the nature of the chemical 
bonds can be deduced from small binding energy shifts (4). 
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XPS-spectra of injection moulded discs were compared with those of 
additive-free CARILON E (no. 91010 with LVN 1.1 dl/g, ex. CP department) 

· and CARILON EP (CP 591/107) powders to investigate whether processing 
influenced the chemical composition of the surface. Both powders were 
spun cast on to a silicon wafer from a 2.5 vol% solution in 
hexafluoroisopropylalcohol (HFIPA) to obtain a homogeneous layer of 
polymer as well as a fresh surface. 

In addition to.XPS, SSIMS was used to identify the chemical species at 
the surface from a comparison with reference spectra. SSIMS is more 
surface sensitive than XPS, because it has an information depth of 
approximately 2 monolayers (5-10 A). To interprete the SSIMS spectra of 
the injection moulded CARILON Polymer discs, reference spectra were 
recorded of a model 4-ketone (3, 6, 9, 12- tetradecanetetraone), 
additive free CARILON E (no. 91010) and EP (CP 591/107) Polymer powder, 
Nucrel 535, and Irganox 1330. To avoid charging problems during the 
analysis, these compounds were put on a conductive substrate. The 
4-ketone model compound was precipitated on a silicon wafer from a 
dichloromethane solution. Subsequent heating of the wafer above the 
melting point of the model compound (ll7°C) for several seconds resulted 
in a homogeneous surface layer. The CARILON Polymer powders were 
prepared in the same way as with the XPS analysis. Finally, the Nucrel 
535 powder was melted on a silicon wafer, whereas with the Irganox 1330 
pressing of the powder in indium was sufficient to obtain good spectra. 

Unless mentioned otherwise, the discs were ultrasonically cleaned in an 
isopropyl alcohol bath for 5 minutes to remove surface contaminants 
prior to surface characterisation. 

3. RESULTS AND DISCUSSION 

3.1 Physical surface characterisation 

The surface tension and polarity of additive containing CARILON EP 
Polymer was found to be 46 mN/m and 0.2 respectively. These values match 
those of the easily paintable polyamide 6.6 (5). There was no influence 
of molecular weight on the surface tension (Figure 1). This is in 
accordance with observations in the literature, where the surface 
tension was found to be constant for polymers with molecular weights in 
excess of 3000 g/mol (3). Regarding the surface crystallinity, the 
CARILON E material (91/124) was expected to exhibit a higher surface 
tension. This is based on the assumption that a higher degree of bulk 
crystallinity results in a higher degree of surface crystallinity, 
leading to an increased surface density. A higher density, in turn, 
rises the surface tension (3). However, as can be seen from Figure 1, 
the surface tension of this material was 10% lower compared to CARILON 
EP Polymer. Finally, the surface tension of the additive free CP 591/107 
material was 7% higher than that of the stabilised CARILON EP grades. 
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A decrease in polarity, resulting in a rise of the contact angle of 
water, occurred when stabilised CARILON Polymer was heat treated at 
temperatures exceeding 70°C for 30 minutes (Figure 2). In the case of 
CARILON MX 500 Polymer, the surface of samples heat treated at 120°C and 
140°C was even covered with crystals. These could be identified in an 
optical microscope (Figure 3). Infrared analysis of the crystals showed 
that they consisted of Irganox 1330 (Figure 4). The crystals could be 
removed by wiping with IPA. Gas chromatography combined with mass 
spectroscopy of the IPA solution used to clean 10 discs of CARILON MX 
500 Polymer heated at 140°C supported the results of the infrared 
analysis. When cleaned, the contact angle of water on all stabilised 
materials resumed the value of the untreated ones. 

3.2. Chemical surface characterisation 

3.2.1. XPS-analysis 

The stoichiometry of the surface layer determined using XPS is shown in 
Table 2. The relative number of carbonyl groups were determined from 
decomposition of the carbon signal in an aliphatic contribution and a 
carbonyl contribution (Figure 5). For the additive free CARILON E 
Polymer powder, the relative number of carbonyl groups is equal to that 
expected from its chemical structure. The relative oxygen content (0/C) 
of the surface layer, however, is slightly lower than expected. It 
remains to be investigated by the analytical department whether this is 
due to a too low oxygen quantification factor. Because the carbonyl 
signal is typical for CARILON Polymer, emphasis was placed on this 
measurement. The additive free CARILON EP Polymer powder contained 16% 
less carbonyl and 25% less oxygen, when assuming that it exhibits a 
CARILON E surface structure. It has not been investigated whether this 
is due to contaminants at the surface of the powder, which could be 
introduced during the spin casting operation. 

The surface compositions of the injection moulded CP 591/107, MX 500, 
and 91/124 materials were compared to that of the above mentioned 
CARILON E and EP powders. This to assess whether the observed difference 
in surface tension was brought about by processing related chemical 
surface modification. The average chemical surface composition of both 
the additive free CP 591/107 and the additive containing MX 500 CARILON 
EP Polymer were equal to that of the CARILON E powder (Table 2). 
Therefore, it can be concluded that within the detection limits (5%) of 
XPS, the injection moulded CARILON EP Polymer discs, regardless of their 
additive content, do not suffer from processing related chemical surface 
modification. Consequently, the difference in surface tension between 
the two CARILON EP Polymer materials can not be attributed to a change 
in chemical composition of the surface layer. For the injection moulded 
CARILON E Polymer, XPS showed a reduction of 8% in the average carbonyl 
level of the surface layer when compared to the MX 500 material. This 
might explain the 10% decrease in surface tension of this material. 
However, because contact angle measurements are influenced by several 
factors, such as substrate roughness and purity of the testing liquids, 
it is difficult to correlate them with the subtle changes in surface 
composition detected by XPS. 
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During the XPS analysis, some discoloration of both the powder and disc 
samples-occurred. This is probably due to degradation caused by the 
X-ray irradiation of the sample. 

3.2.2. SSIMS-analysis 

3.2.2.1. 3, 6, 9, 12-tetradecanetetraone 

To interpret the SSIMS spectra of CARILON Polymer, 3, 6, 9, 
12-tetradecanetetraone, a model compound for CARILON E Polymer, was 
analysed first. Figure 6 shows that characteristic mass fragments for 
polyketones are mainly formed by cleavage next to the carbonyl group. 
With this particular compound, the contribution of the end groups 
(C3H5o, mass 57) is the most dominant. A second series of characteristic 
peaks was found which are due to water abstraction during analysis ( 
located e.g. at mass 109, 165, 207, 237). These observations are 
supported by electron impact mass spectrometry of this model compound. 
From this analysis, the spectrum of CARILON Polymer is expected to 
exhibit dominant peaks resulting from mass fragments which are 2 amu 
lighter than the corresponding mass fragments from the model compound. 
This shift to the lighter end of the mass spectrum is caused by the fact 
that the endgroups are less abundant in the polymer. Consequently, the 
majority of the mass fragments formed require double chain cleavage 
instead of single cleavage as is the case with the model compound. 
Double chain cleavage favours the abstraction of hydrogen. This will 
result in the formation of mass fragments with double bonds which mass 
is consequently reduced with 2 amu. 

3.2.2.2. CARILON Polymer powders 

The SSIMS spectra of the additive free CARILON E and EP Polymer powders 
contained minor peaks typical for siloxanes (located at mass 73, 147, 
207, 221, and 281). Thes.e are believed to be of environmental origin. 
The dominant peaks in the CARILON Polymer spectrum were located at mass 
41, 43, 55, 57, 69, 107, 111, and 149 (Figure 7). All but the last three 
are dominant in the SSIMS spectrum of polyolefins as well. The 
resemblance between the spectra of polyolefins and CARILON Polymer is 
caused by the fact that the detected fragments contain carbonyl groups 
and/or c2H4 groups. These exhibit a mass difference of only 0.037 amu, 
the carbonyl group be-ing the lighter one. To unambiguously prove that 
the mass fragments resulting from CARILON Polymer contain oxygen, high 
resolution SSIMS (HRSSIMS) was used. HRSSIMS of the powders revealed 
that these are located at mass 43, 55, 57, and 69 (Figure 8). These 
observations are in line with SSIMS analysis of 3, 6, 9, 12 
tetradecanetetraone and 13co CARILON Powder (6). HRSSIMS at higher 
masses could not be carried out because of the poor signal to noise 
ratio. Additionally, the HRSSIMS spectra showed that there was a 
substantial contribution of hydrocarbon mass fragments to the 
characteristic peaks (Figure 8). In analogy to the model compound, these 
could originate from water abstraction during analysis. 
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Furthermore, a variation of up to 40% in the relative peak intensity of 
both the standard and high resolution spectra was observed when 
measuring on different spots of the same sample. This indicates that the 
surface layer is inhomogeneous. In spite of this, some differences could 
be observed when performing a comparison between the SSIMS spectra of 
both powders. The SSIMS spectrum of the CARILON EP powder exhibited the 
highest peak intensity at mass 55, whereas the spectrum of the CARILON E 
powder was dominated by the peak at mass 69. The latter peak was found 
to have a significantly smaller oxygen contribution in the HRSSIMS 
spectrum compared to the CARILON EP Polymer powder. In general~ this 
contribution to the characteristic peaks was lower in the case of the 
CARILON E powder. This suggests that the CARILON E powder exhibits an 
oxygen deficient surface layer. However, such a layer would have to be 
very thin in order not to contradict the average chemical surface 
composition determined using XPS. Another explanation could be that the 
chemical structure of the surface layer of the powder differs chemically 
from that of the CARILON EP powder. As will be shown later on, this 
might arise from oxidation of the powder. 

3.2.2.3. Nucrel 535 and Irganox 1330 

SSIMS analysis of Nucrel 535 and Irganox 1330 was performed to obtain 
the characteristic mass spectra of these compounds. Typical peaks for 
Irganox 1330 were located at mass 57 and 219. Additionally, less intense 
characteristic peaks were found at mass 41 and 203. The spectrum of 
Nucrel 535 resembled that of CARILON Polymer, except for a 
characteristic peak located at mass 109. An additional difference with 
CARILON Polymer was that there was no oxygen contribution to the 
characteristic peak at mass 55 in the HRSSIMS spectra, which is in 
agreement with the composition of this additive being a 90/10 copolymer 
of ethylene and methacrylic acid. 

3.2.2.4 Injection moulded CARILON Polymer 

To investigate whether the additives migrate to the surface upon 
processing, SSIMS spectra of the as-processed 91/124 and MX 500 material 
were compared to that of the as-processed, additive-free CP 591/107 
material. With the additive containing materials, a characteristic 
combination of mass 41, 57, and 219 was found to dominate the spectra 
(Figure 9). This combination was absent with the additive-free material. 
Therefore, it can be concluded that Irganox 1330 migrates to the surface 
upon processing. Regarding Nucrel 535, SSIMS spectra of the MX 500 
material showed that, depending on the position on the sample, the peak 
at mass 109 was more intense than those at mass 107 and 111, the latter 
being characteristic for CARILON Polymer. However, at other positions of 
the same sample as well as with the 91/124 material, the intensity of 
this peak relative to the peaks at mass 107 and 111 was comparable to 
that of the additive free sample. Therefore, it can be concluded that 
Nucrel 535 does not concentrate at the surface upon processing. This 
observation was supported by HRSSIMS analysis of the characteristic peak 
at mass 55. Here, a clear contribution of an oxygen containing mass 
fragment was found. Finally, in contrast to the powders, no significant 
contribution of siloxanes was found in the SSIMS spectra of the 
as-processed materials. 
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Ultrasonic cleaning of the injection moulded, additive containing MX 500 
and 91/124 samples in a IPA or dichloromethane bath for 5 minutes 
reduced the intensity of peaks 41, 57, and 219. This indicates that 
Irganox 1330 was removed from the disc surface. When cleaned, the 
surface characteristics of these samples determined with SSIMS did not 
differ from that of the additive free sample. This is in line with the 
XPS results. 

As with XPS, SSIMS spectra of the cleaned 91/124, CP 591/107, and MX 500 
samples were compared to that of the additive free CARILON CP 591/107 
Polymer powder. Because of its higher surface sensitivity, SSIMS should 
be able to detect processing related surface modifications not revealed 
by XPS. For this purpose, the characteristic peaks at mass 41, 43, 57, 
and 69 were normalised with respect to the base at mass 55 to account 
for absolute intensity variations between the different spectra. For 
each sample, the normalised intensities of two to four spectra were 
averaged. This led to standard deviations in the normalised intensities 
up to 40%, which is indicative of an inhomogeneous surface structure. 
Such inhomogenities were also found for the CARILON Polymer powders and 
the model compound. Still,_ some trends could be detected. First, it was 
found that the peaks at mass 41 and 69 had increased upon processing 
(Figure 10). Second, changes had occurred in the HRSSIMS spectra, where 
the hydrocarbon contribution to the ~haracteristic peaks (43, 55, 57, 
and 69) had increased relative to the contribution of oxygen containing 
species (Figure 11). These observations, which were irrespective of the 
additive content of the injection moulded samples, are in agreement with 
SSIMS analysis of CARILON Polymer carried out at Westhollow Research 
Centre (6). 

To assess whether these changes were due to melt degradation during 
processing, the SSIMS spectra of compression moulded CARILON MX 500 and 
CP 591/107 powder heat treated at the normal processing temperature 
(250°C) were obtained. The former material could not be used for 
comparison because the SSIMS analysis showed that the surface of the 
compression moulded material was completely covered with teflon. This 
originated from the teflon sheets between which CARILON Polymer was 
compression moulded to prevent metal catalysed degradation. For the 
powder heat treated for 5 minutes in a nitrogen atmosphere, no change 
occurred in the normalised intensity of the characteristic peaks. 
However, HRSSIMS at the characteristic masses of the heated powder 
showed a reduction in the contribution of oxygen containing mass 
fragments to these peaks. Longer aging times up to one hour did not 
bring about any additional changes in the investigated peaks. 
Consequently, one part of the changes in the surface structure, revealed 
by SSIMS, can be explained by merely melting the powder. After 
solidification, a different surface morfology (e.g. more or less 
crystalline) might result, thereby influencing the ion yield of 
particular mass fragments in a physical way. Because no influence of 
aging time was observed, melt degradation induced changes in the 
chemical surface structure seem to play only a minor role. This view is 
supported by the XPS results of the injection moulded samples, where no 
oxygen deficiency was observed. The other major change in the SSIMS 
spectra, an increase in normalised peak intensity at mass 41 and 69 upon 
processing, could only be obtained after oxidation of the powder in air 
for one hour at 250°C. 
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This increased the ion yield (normalised with respect to mass 55) at 
mass 41 with 100% and at mass 69 with 400%. In the HRSSIMS spectra, the 
oxygen contribution at mass 43, 55, and 57 decreased with 60%, 75%, and 
86% respectively. At mass 69, there was only a barely detectable oxygen 
contribution. These characteristics are in qualitative agreement with 
those of the investigated CARILON E powder. This suggests that the 
latter has been prone to oxidation, which might be facilitated by the 
fluffy structure of this powder. 

Summarising, the SSIMS analysis revealed that, contrary to Nucrel 535, 
Irganox 1330 concentrates at the surface upon injection moulding. The 
surface can be cleaned with isopropyl alcohol or dichloromethane, which 
removes the Irganox 1330. When cleaned, injection moulded CARILON E and 
EP Polymer, irrespective of their additive content, exhibit an 
inhomogeneous, polyketone surface structure. However, differences in 
surface characteristics have been found between CARILON Polymer powders 
on the one hand and between powders and injection moulded CARILON 
Polymer on the other hand. There are indications that these differences 
result from variations in the degree of oxidation as well as morphology 
changes upon melting. Both factors could account for the inhomogeneous 
surface structure of injection moulded CARILON Polymer. 

4. CONCLUSIONS 

Surface characterisation of CARILON Polymer by means of surface tension 
measurements, X-ray photoelectron spectroscopy and static secondary ion 
mass spectrometry showed that: 

1. The surface tension and polarity of injection moulded CARILON EP 
Polymer is equal to that of the easily paintable polyamide 6.6, i.e. 
46 mN/m and 0.2 respectively. 

2. The surface tension is not influenced by the molecular weight of the 
polymer. However, for CARILON E Polymer having a higher melting 
point, the surface tension is 10% lower. 

3. Contrary to Nucrel 535, the additive Irganox 1330 readily migrates to 
the surface upon processing. Cleaning with isopropyl alcohol or 
dichloromethane removes the Irganox 1330 from the surface. However, 
when simulating a coating staving operation, substantial migration 
of this additive occurred once more. Consequently the surface tension 
was reduced. 

4. The high surface tension and polarity of injection moulded CARILON 
Polymer result from the carbonyl functionalities at the surface. 
Compared to powder, the average oxygen/carbon stoichiometry of the 
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surface layer did not change upon processing. However, the surface of 
both powders and injection moulded material is inhomogeneous. In 
addition, differences in surface structure between various batches of 
powders on the one hand and injection moulded material on the other 
hand have been observed. 

5. SUGGESTIONS FOR FURTHER WORK 

To elucidate the differences in surface structure detected by SSIMS 
requires a more comprehensive study. For such a study, powders oxidised 
to different extents as well as varying in surface morphology should be 
studied preferably using time of flight SSIMS (TOFSSIMS). With this 
technique, mass spectra of ions up to 1000 amu can be obtained with high 
resolution over the entire mass range. An increase of the mass range 
available for detection aids identification of species present at the 
surface. Regarding the influence of oxidation on the surface structure, 
it is suggested to perform such a study after more knowledge has been 
developed concerning the chemistry involved. This is needed to identify 
the origin of the characteristic ions detected by TOFSSIMS. 

In addition, it has to be demonstrated that the carbonyl functionalities 
at the surface of CARILON Polymer indeed result in good paint adhesion. 
Therefore, the adhesion of paints to CARILON Polymer will be addressed 
in the second part of this program. 

Amsterdam, November 1992 
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TABLE I 

PROCESSING CONDITIONS OF INVESTIGATED CARILON POLYMER MATERIALS 

Material Injection Temperature Mould 
Moulding Profile Temperature 
Machine 

[ oc] [ oc] 

91/124 Arburg 250-260-265-270 70 

91/040 Arburg 230-240-245-245 70 

91/055 Arburg 240-250-255-260 70 

MX 500 Battenfeld 235-245-250-255 70 

CP 591/107 Arburg 230-240-250-255 70 

TABLE II 

XPS DETERMINED STOICHIOMETRY OF THE SURFACE LAYER OF 
INVESTIGATED CARILON POLYMER MATERIALS 

Cycle 
Time 

[s] 

14 

15 

14 

17 

12 

Material Relative oxygen Relative carbonyl 
content content 

(0/C) . (C=O/CH2) 

91010 powder 0.30 0.49 

CP 591/107 powder 0.25 0.42 

CP 591/107 injection 0.28 0.48 
moulded 

MX 500 injection 0.28 0.50 
moulded 

91/124 injection 0.26 0.45 
moulded 
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Figure 3. Optical micrograph of the surface of Carilon MX 500 
Polymer heat treated at 140°C for 30 minutes 
(magnification SOx). 

Figure 4a. Infrared spectrum of crystals on CARILON MX 500 
Polymer heat treated at 140°C for 30 minutes. 
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A P P E N D I X I 

FUNDAMENTALS OF ADHESION 

I.l Introduction 

In the literature, four main mechanisms to explain polymer adhesion are 
proposed (3, 7, 8, 9): 

mechanical interlocking 
weak boundary layer formation 
diffusion 
adsorption 

Mechanical interlocking results in adhesion in those cases where the 
adhesive or coating is anchored into irregularities of the substrate's 
surface. For this purpose, polymers are often roughened by means of 
abrasion or etching (3, 10, 11). 

Weak boundary layers result from surface contamination which can cause a 
loss of adhesion. The contamination can either originate from the 
environment (e.g. dust or grease) or from the polymer itself (additives, 
oligomers, or plasticisers which migrate to the surface). 

Diffusion of polymer chains or chain segments of the adhesive and/or 
substrate across the interface increases the adhesive bond strength due 
to entanglements. To enhance diffusion, a mutual solvent is often used. 
In absence of such a solvent, interdiffusion of polymer chains can take 
place when the polymers exhibit a certain degree of mutual solubility. 
In this case, the extent of diffusion, and thus entanglements, is 
inversely proportional to the interfacial tension between the adhesive 
and adherent. Thus, high bond strengths can be obtained when the 
interfacial tension is minimised (3t 12). This condition is also 
encountered in the adsorption theory of adhesion. Because this theory is 
the most widely used to explain adhesion, it will be discussed in more 
detail. 

I.2 Adsorption theory of adhesion 

According to the adsorption theory of adhesion, materials will adhere 
because of the intermolecular forces acting across the interface between 
adherent and adhesive, provided these are in intimate molecular contact 
(9). When the forces are chemical in nature, they are often called 
primary forces. These comprise covalent bonding and donor-acceptor 
interaction. Secondary forces are physical in nature and comprise the 
London dispersion force and polar forces such as dipole-dipole forces 
and hydrogen bonding. These forces appear to be the most common in 
ordinary substrate-adhesive interactions (8). 
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The factors governing the strength of a physical bond can be elucidated 
from simple thermodynamic considerations. The work required to separate 
reversibly the interface between two bulk phases 1 and 2 is defined as 
the work of adhesion Wa: 

(1) 

where rl and r2, the surface tensions of phases 1 and 2, are the 
energies needed to create the new surfaces of the bulk phases 1 and 2, 
and r12• the interfacial tension, is the energy which is lost due to the 
disappearance of the interface. Thus, for a strong adhesive bond, a high 
surface tension as well as a low interfacial tension is desired. In the 
latter condition lays the link with the diffusion theory of adhesion. 

When the bulk phases 1 and 2 are identical, the work needed to create an 
interface is called the work of cohesion We. The work of cohesion equals 
two times the surface tension. Now, Good and Girifalco (9) defined an 
interaction parameter <P as follows: 

(2) 

Combining equation (1) and (2) gives: 

(3) 

So a low interfacial tension, necessary for high bond strengths, is 
obtained when the interaction parameter reaches its maximal value of 
unity. Thus, the physical interactions across the interface should be as 
favourable as those in the bulk. If the latter are far more stronger, ¢ 
attains its limiting value of zero. Consequently, a high interfacial 
tension and a low bond strength results. Similar considerations -
competition between interfacial and bulk interaction energies - govern 
the solubility of polymers (13). As a result, the interfacial tension 
turns out to be proportional to the absolute of the difference in 
solubility parameter of the substrate and adhesive (3). Therefore, 
highly solvent resistant polymers like polyacetal and polyethylene- and 
polybutyleneterephtalate are difficult to adhere to (10, 14-19). In 
these cases, adhesion based on the adsorption mechanism can only be 
obtained after very careful selection of the interactions across the 
substrate-coating interface. In practice, the surface of these polymers 
is chemically modified in a way similar to polyolefins to obtain 
adequate adhesion. Because of its excellent solvent resistance, this 
might apply for CARlLON Polymer, too. 

Apart from a low interfacial tension, a high surface tension is required 
to obtain good adhesion. Because of the different interactions involved, 
the surface tension is usually written as a sum of a dispersive 
component (rd) and a polar component (rp) (9): 

(4) 
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The polarity P, which is a measure for the extent of polar interactions 
to which functional groups at the surface are capable of, can now be 
defined as: 

(5) 

The easiest, and therefore the most frequently applied, way to determine 
the surface tension and polarity of polymer surfaces is by means of 
contact angle measurements. The contact angle 8 experienced by a drop of 
liquid on a surface is given by the Young equation (3): 

r2 cos(8) (6) 

where phase 1 corresponds to the substrate and phase 2 to the liquid. 
This equation shows that a high substrate surface tension reduces the 
contact angle, i.e. it favours wetting of the substrate. Good wetting by 
the adhesive is required to attain intimate contact between interacting 
molecules as well as to penetrate surface irregularities. With poor 
wetting, these irregularities become interfacial defects, which reduce 
the interfacial bond strength. The interfacial tension can be 
approximated with the geometric mean equation (3,8): 

(7) 

Because both r 1d and r 1 are unknown, the contact angle of at least two 
different liquids with ~nown surface tension and polarity has to be 
measured. To use the surface tension concept in estimating the adhesive 
performance of the substrate successfully, the liquids have to be chosen 
such that the interaction with the surface is similar to that of the 
coating of interest (8). However, in practice, water (r = 72.2 mN/m, P 
- 0.3) and methylene iodide (r = 50.8 mN/m, P = 0.05) are the most 
commonly used (3, 5). This can cause a lack of correlation between 
contact angle measurements and adhesion (20). Therefore, surface 
tensions measured in this way should only be used as a guideline to 
assess the adhesive performance of the substrate. 
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SUMMARY 

CARILON PKXlOO is a 30 %wt short glass fibre reinforced CARILON EP 
Polymer compound that has been developed specifically to compete for the 
application areas currently dominated by 30 %wt short glass fibre 
reinforced nylon compounds. Up to 1990 PKXlOO was made from CARILON EP 
Polymer produced in a batch manufacturing process. In 1990 a switch to a 
continuous manufacturing process was made. One consequence of this 
change was that the tensile strength of PKXlOO fell from 125 ± 5 MPa to 
90 ± 10 MPa. The tensile strength of 30 %wt short glass fibre reinforced 
nylons is 120 ± 10 Mpa. 

Investigation into the causes of the difference in tensile strength of 
batch and continuous PKXlOO has led to the following conclusions. 
Firstly the average interfacial shear stress between the polymer and 
fibre is always lower at equivalent fibre lengths in the case of 
continuous process polymer compared to batch process polymer. The 
difference in interfacial shear stress is consistent with a greater 
extent of melt degradation, during extrusion compounding, of the 
continuous process polymer in comparison to the batch process polymer. 

February 1993 
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The optimisation of the tensile strength and melt stability of 
30 %wt short glass fibre reinforced CARILON EP Polymer. 

1. INTRODUCTION 

PKXlOO is a 30 %wt short glass fibre reinforced (SGFR) CARILON EP 
Polymer compound which has mechanical properties that are sufficient to 
justify classifying it as a reinforced engineering thermoplastic (ETP). 
To successfully compete against 30 %wt SGFR nylons, which are expected 
to be the main market competition, the tensile strength of PKXlOO needs 
to be at least 120 ± 10 MPa (Table I). 

The original development work on PKXlOO was carried out using CARILON EP 
Polymer RlOOO as the base polymer (LVN 1.1 dllg, Tm 220 °C), 
manufactured in the batch polymerisation process by the market 
development unit (MDU) at Moerdijk (1). In 1990 the MDU switched to a 
continuous polymerisation process. One consequence of this change was 
that the tensile strength of PKXlOO decreased from 125 ± 5 MPa (batch, 
PKXlOOB) to 90 ± 10 MPa (continuous, PKXlOOC) (2). 

Therefore the objectives of the current work were, a) to explain why 
PXlOOC has a lower tensile strength than PKXlOOB, b) to find a route to 
raise the tensile strength of PKXlOOC to that found for PKXlOOB, and c) 
to investigate whether the tensile strength of both PKXlOOC and PKXlOOB 
can be raised above the current 125 ± 5 MPa. 

The tensile strength of a SGFR compound, containing any given fibre 
loading is largely determined by the fibre le~gth distribution present 
in the compound and the polymer I fibre interfacial shear stress, ui 
(9). When p~eparing SGFR compounds by extrusion compounding it is not 
possible to independently vary the latter two parameters. Extrusion 
under conditions where fibre attrition is minimised is invariably 
accompanied by a reduction in ui and vice versa (3). Therefore the art 
of producing a high tensile strength SGFR compound lies in optimising 
the fibre length distribution I ui balance. 

The factors which determine the fibre length distribution I ui 
relationship for a given polymer I fibre combination are a) the chemical 
and topological characteristics of the fibre surface, b) the surface 
tension between the melt and the fibre, and c) the rheological 
properties of the polymer melt. When comparing the fibre length 
distribution I ui relationship for chemically different polymers all of 
the above factors must be taken into account. However for a comparison 
involving different grades of the same polymer the only important 
difference will be in the rheological properties of the melt and in 
particular the melt viscosity. 

A possible explanation for the difference in tensile strengths of 
PKXlOOB and PKXlOOC is that the fibre length distribution / ui 
relationship is different in each case due to differences in the 
rheological properties of the batch and continuous process polymers. If 
so it may be possible to restore the tensile strength of PKXlOOC to that 
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found for PKXlOOB, or even to shift it further towards the tensile 
strength of SGFR nylon, simply by modifying the compounding screw 
geometry to produce the optimum fibre length distribution I ui balance. 

2. EXPERIMENTAL 

2.1. Compound preparation 

All PKXlOO samples were extrusion compounded in a Werner and Pfliederer 
ZSK 30 twin screw corotating extruder (LID = 40, D = 30 mm) located at 
BPM B.V., Breda, The Netherlands. A total of 8 samples, with varying 
fibre length distributions were produced by using 4 different screw 
geometries (screws 1 - 4) operated at two different screw speeds (210 
and 260 rpm). In addition one extra sample was produced using a 5th 
screw geometry (screw 5) at a screw speed of 210 rpm. In every case the 
extruder temperature profile and throughput were kept constant. The 
polymer was dosed through the main feed throat of the extruder in the 
form of granulate and the glass was dosed. directly into the melt via a 
side arm extruder. All dosing was carried out using computer controlled 
gravimetric feeders. Further details of extrusion conditions and the 
screw designs are given in Appendix I and Figure 1. 

2.1.1. Extruder screw geometries 

A secondary aim of the current work was to study the effect on product 
quality of a systematic variation of the geometry of the mixing section 
of the extruder screw. Unfortunately because of a misunderstanding with 
the laboratory staff at BPM both the melting zone and mixing zone 
geometry were randomly rather than systematically varied. As a result of 
this the second goal could not be achieved but the primary goal of 
investigating the fibre length distribution I ui relationship and its 
effect on the tensile strength of PKXlOOC was unaffected. 

2.2. Injection moulding 

All samples were moulded into standard specimens for mechanical testing 
using a Battenfeld CD200 injection moulding unit operated under the 
conditions described in Ref.l. 

2.3. Determination of property sets 

The following properties of the compounds were determined 

a) Tensile properties. 

b) Flexural properties. 
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c) Heat distortion temperature at 1.82 MPa. 

d) Melt flow rate at 1 kg loading and 250 °C. 

e) Melt stability via crossover time and gel time. 

f) Glass content 

g) Fibre length distribution 

h) Interfacial shear stress 

Details of the test methods used to determine properties a - e can be 
found in Refs. 4 and 5. 

2.3.1. Glass content determination 

A known weight of sample was completely combusted by placing it in a 
furnace for 4 hours at 600 °C. The glass content was determined from the 
difference in the weight of the residue after combustion and the initial 
sample weight. 

2.3.2. Fibre length distribution 

1.5 ± 0.5 milligrams of glass fibre, obtained from the combustion tests, 
was dispersed in 0.75 ± 0.25 ml of 1 %vol. aqueous methoxy cellulose. 
The dispersion was spread out on a microscope slide and dried at 75 °C 
for 1 hour under vacuum. The microscope slide was then placed in an 
optical projector and an image, magnified 50 times, was projected on to 
a digitising table. The position of individual fibres in the image were 
logged in a personal computer by touching the fibre ends with a magnetic 
stylus attached to the digitising table. A specially written computer 
program then calculated the individual fibre lengths and stored them in 
the computer memory. Using this technique count rates of around 1000 
fibres per hour were possible. To get a representative random sample of 
fibres every fibre on the projected image was counted. The number of 
fibres sampled per image varied between 500 and 2000. On the basis of 
past work (1) and literature data (3,14) it is known that 500 fibres is 
adequate for a statistically representative sample. 

2.3.3. Interfacial shear stress 

The interfacial shear stress is difficult and tedious to directly 
measure with any degree of accuracy (6). However average values can be 
calculated from mathematical models of the tensile strength of SGFR 
compounds. One of the most widely employed (and simplest) models is that 
of Kelly and Tyson (9). This model was written into a·BASIC computer 
programme and used to calculate average ui values for the PKXlOO 
samples. The input data for the model were:-

a) The fibre length distribution for the load bearing section of the 
tensile test dumbells. 
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b) The tensile strength (MPa, 23 oc). 

c) The flexural modulus (GPa, 23 oc). 

d) The fibre content (weight percentage). 

e) The base polymer limiting viscosity number 
(LVN, measured at 60 oc in m-cresol). 

f) The base polymer crystalline melting temperature (Tm, °C). 

The output data from the model were :-

a) The average interfacial bond strength (MPa, 23 °C). 

b) The number average fibre length (Ln, ~m). 

c) The weight average fibre length (Lw, ~m). 

d) The critical fibre length (Lc, ~m, (for definition see Appendix II)). 

A description of the theoretical ~asis of the model and the methods of 
calculation are given in Appendix II. 

3. RESULTS 

All experimentally determined properties of the compounds are listed in 
Tables II and III and Figures 2 - 24. The following is a brief summary 
of the results. The samples are named using a five figure code. The 
first digit represents the screw number, the following three digits the 
screw speed and the final letter indicates whether it is a nib sample or 
an injection moulded dumbell (N or D) that is being described. Thus 
1210N means screw 1, 210 rpm screw speed, nib sample. 

3.1. Characterisation of the fibre length distributions 

3.1.1. Glass content 

With the exception of 1260 the glass content of each sample was in the 
range 29.7 ± 1.8 %wt (Figure 2). In the case of 1260 the glass content 
was only 21.2 %wt, due to a problem with the glass dosing equipment. 

3.1.2. Fibre length distribution widths 

In all samples, both nibs and mouldings, the shortest. fibre lengths 
measured (lmin) were 26 ± 6 ~m with the exception of 5210N where lmin 
was 74 ~m (Figure 3). As an approximation it can be said that in every 
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case lmin is 26 pm. Thus the values of lmax can be used to give a 
reliable measure of the distribution width. 

For the nibs the values of lmax varied between 524 and 1423 pm except 
for 5210N where lmax was 3819 pm (Figure 4). On injection moulding lmax 
was reduced but the size of the reduction decreased with decreasing lmax 
(nibs). A plot (Figure 5) of lmax (nibs) versus lmax (mouldings) shows 
that below lmax (nibs) of 740 pm no significant reduction in lmax is 
likely to occur on injection moulding. 

3.1.3. Number and weight average fibre lengths 

For all of the nib samples ln was in the range 206 to 435 pm. The 
corresponding range for lw was 302 to 747 pm (Figure 6). In every case 
the ratio lw/ln was in the range 1.53 ± 0.2 (Figure 7). As would be 
expected from the decrease in the distribution width, both ln and lw 
decreased on moulding. The respective ranges were 200 to 310 pm (ln) and 
200 to 406 pm (lw) (Figure 8). Again there was a good correlation 
between ln and lw with all values of lw/ln being i~ the range 1.36 ±0.05 
(Figure 9). Thus on moulding the spread in lw/ln is considerably 
reduced. A plot (Figure 10) of ln(nibs) versus ln(mouldings) indicates 
that below ln (nibs) of 180 pm no significant reduction in ln is likely 
to occur on injection moulding. 

3.2. Interfacial shear stress as a function of number average fibre 
length 

The calculated ui values were all in the range 19.3 to 31.1 MPa. When 
plotted against ln a linear fit was found with a negative slope (figure 
11). By extrapolation of the data to zero fibre length an estimated 
maximum ui value of 53 MPa_ is obtained. 

3.3. Tensile and flexural strength as a function of number average fibre 
length 

The tensile and flexural strength values lay in the ranges 83.6 to 102 
MPa and 122 to 139 MPa respectively. A reasonably good linear 
correlation was found between the tensile and flexural strength values 
(Figure 12). Both flexural and tensile strength showed little dependency 
upon ln (Figure 13). The tensile strength values lay in a band 
corresponding to 90 ± 10 MPa. The corresponding band for the flexural 
strength values was 130 ± 10 MPa. 

3.4. Tensile strength as a function of interfacial shear stress 

If ui has a value of zero then there is no bonding between the fibres 
and polymer. Thus the tensile strength of the compound will described by 
equation (1). 
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uc - up(l-Vf) ........................................................ (1) 

Where uc and u are the tensile strengths of the compound and base 
polymer respec~ively. Vf is the volume fraction of fibre. For PKXlOO the 
value of Vf is 0.1765 and for RlOOOC up is 60 MPa (1, 5). Thus uc is 49 
MPa under conditions where ui is zero. Taking 49 MPa as the intercept on 
the tensile strength axis, a line can be extrapolated through the data 
points for PKXlOOC (Figure 14). Further extrapolation to the maximum 
predicted value of ui, from Section 3.2., yields a tensile strength 
value of 140 MPa. 

3.5. Flexural modulus and heat distortion temperature 

The flexural modulus values were all in the range 7.1 ± 0.6 GPa with the 
exception of 1260 which had a value of 5.2 GPa. The heat distortion 
temperatures were all in the range 218 ± 2 °C. No correlation with ln 
could be found (Figure 15) but a plot of flexural modulus against glass 
loading was linear (Figure 16). 

3.6. Crossover time and gel time 

The effect on melt stability of the extrusion operation was assessed on 
the basis of the ratio of the crossover time (COT) (4) measured on the 
extruded PKXlOO nibs to that of the base polymer before extrusion. This 
method gave a dimensionless melt stability value, Rs, thus eliminating 
the influence of the differing batches of RlOOO base polymer on the 
results. The same procedure was also used with the gel time values (Gt). 
For both Gt and COT data the values of Rs were approximately the same 
(Figure 17). In all cases Rs had a fractional value implying a loss in 
melt stability on compounding. Rs lay in the range 0.70 ± 0.05 for all 
samples with the exception of 5210N where the value was 0.85. With 
decreasing Rs both ui (Figure 18) and tensile strength (Figure 19) 
increased. 

Extrapolation to Rs values of 0 and 1 (Figure 18) indicate that at the 
point where the polymer can be assumed to have crosslinked into a 
3-dimensional network (Rs - 0) the interfacial bond strength value was 
55 MPa. This is roughly the same value of ai predicted at zero fibre 
length from the relationship between ln and ai shown in Figure 11. At 
the other extreme if no change in crossover time occurs as a result of 
compounding (Rs = 1) then the value of ai is predicted to be of the 
order of 12 MPa. 

The increase in ai as a function of increasing Rs is reflected in the 
tensile strength values. With decreasing Rs, the tensile strength 
increases (Figure 19). Extrapolation to an Rs value of zero indicates 
that for crosslinked CARILON EP Polymer the tensile strength is of the 
order of 150 MPa which is in good agreement with the maximum tensile 
strength value of 140 MPa predicted at the maximum interfacial bond 
strength (Section 3.4.). Under conditions where no change in COT is
expected to occur (Rs = 0) the predicted tensile strength is 70 MPa. 
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3.7. Melt flow rate 

The melt flow rate values all lay in the range 4.0 - 5.3 g/10 min. 
(Figure 20). With decreasing melt flow rate both ui (Figure 21) and 
tensile strength (Figure 22) increased. Extrapolation of the data in 
Figures 21 and 22 to zero melt flow rate yields ui and tensile strength 
values of 56 and 150 MPa respectively. These values are in excellent 
agreement with the values predicted at zero crossover time and at 
maximum ui in Sections 3.4. and 3.6. above. Extrapolation in the other 
direction suggests that at the tensile strength and ui values where it 
is predicted that no change in COT on compounding will occur the melt 
flow rate will be between 7 and 8 g/10 min. 

For an unfilled polymer the occurence of crosslinking results in an 
increase in melt viscosity and thus a decrease in melt flow rate. In the 
presence of a high aspect ratio filler such as glass fibre the. situation 
is more complex. In general it can be said that with increasing aspect 
ratio, at a constant volume fraction of fibre, the melt flow rate of a 
fibre filled polymer decreases (7). The current results also show a 
decrease in melt flow rate in the direction of increasing ln (Figure 
23). Thus if the effect of the fibres on melt flow rate could be 
separated from the that of the effect of increasing melt viscosity 
(decreasing Rs) the decrease in melt flow rate with increasing tensile 
strength may have been less than was actually measured. 

3.8. Characterisation of PKXlOOB 

The many samples of PKXlOOB produced both at KSLA and WRC had tensile 
strength values in the range of 120 - 130 MPa, when prepared under 
compounding conditions also employed for production of PKXlOOC (2,8). A 
typical example, (GF3, Table III) had a tensile strength of 127 MPa, ln 
was 216 um, Rs 0.89 and the melt flow rate 4.4 g/ 10 min. The ui value, 
calculated from the fibre length distribution was 57 MPa. 

4. DISCUSSION 

For the range of PXlOOC compounds prepared in the present study the 
variation in tensile strength was 90 ± 10 MPa. For PKXlOOB a tensile 
strength of 125 +/- 5 MPa is achievable. Examination of the experimental 
data for PKXlOOB and PKXlOOC suggests that the superior tensile strength 
of PKXlOOB is due to the higher melt stability of RlOOOB compared to 
that of RlOOOC. This conclusion is discussed in more detail below. 

4.1. Effect of power consumption during extrusion compounding on 
number average fibre length and interfacial shear stress 

Energy, in the form of mechanical power from the extruder screws has to 
be supplied to the melt to drive the wetting process. Unfortunately the 
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process of fibre attrition is also driven by the mechanical energy 
input. Thus with increasing mechanical energy input ai increases but ln 
decreases. 

In the case of CARILON EP Polymer mechanical energy input during 
extrusion can also lead to melt degradation. This can be seen from the 
decrease in Rs caused by extrusion. The drop in Rs depends upon the melt 
stability of the polymer. In the case of PKXlOOB (GF3, Table III) the 
decrease in Rs on extrusion was relativ_ely small compared to that seen 
with the PKXlOOC compounds (Tables II and III). 

4.2. Effect of changes in number average fibre length and interfacial 
shear stress on the tensile strength of PKXlOOC 

At a constant value of ai the tensile strength of a SGFR compound 
increases with increasing ln. Similarly at a constant value of ln 
tensile strength increases with increasing ai (3,9). When both ai and ln 
change simultaneously the direction of change in tensile strength 
depends upon the relative rates of change of the former two parameters. 
In the case of PKXlOOC the positive effect on tensile strength of 
increasing ai appears to be balanced by the negative effect of a loss in 
ln. The net result is that the tensile strength stays in the range 90 
+/- 10 MPa irrespective of the values of ln and ai, at least over the 
range covered by the present study. The observed variations in tensile 
strength can be ascribed to fluctuations in the shape of the fibre 
length distribution as a function of the screw design. 

4.3. The effect on tensile strength of the differences in melt stability 
of RlOOOC and RlOOOB 

For the PKXlOOB sample GF3 ln was 216 ~m and Rs was 0.89 (Table III). 
From Figures 11 and 18 it is predicted that by compounding PKXlOOC under 
conditions where the final value of ln is 216 ~m, Rs will be 0.65. This 
means that after passage through the extruder the level of degradation 
of RlOOOC is higher than that of RlOOOB. It is known that melt 
degradation reactions in CARILON Polymer result primarily in 
crosslinking which leads to an increase in molecular weight and tensile 
strength of the polymer. Therefore by the time the polymer has reached 
the glass dosing port of the extruder it can be assumed that the average 
molecular weight of the RlOOOC is higher than that of the RlOOOB. 

With increasing molecular weight the ability of a polymer to wet glass 
fibre decreases and so the value of ai decreases (1, 10). Therefore at 
equivalent average fibre lengths the tensile strength of a SGFR high 
molecular weight polymer is always less than that of the equivalent SGFR 
low molecular weight polymer. This is reflected in the results for 
PKXlOOB and PKXlOOC. For the former compound ai was 57 MPa and the 
tensile strength 127 MPa. In the case of the latter compound ai is 
predicted to be 27 MPa and the tensile strength 95 MPa. Thus at 
equivalent ln values the tensile strength of PKXlOOC is always lower 
than that of PKXlOOB because of the lower melt stability of the RlOOOC 
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base polymer. The difference in tensile strength of PKXlOOB and PKXlOOC 
is probably less than would be expected purely from differences in 
average molecular weight. This is because the loss in tensile strength 
of the compound due to the increase in molecular weight is partially 
compensated for by the expected increase in tensile strength of the base 
polymer. 

4.4. The maximum interfacial shear stress values for PKXlOOB and PKXlOOC 

The upper boundary of u1 is the shear stress of the base polymer (9). If 
ui is lower than the polymer shear stress the compound fails under 
tensile loading by rupture of the interface. Once ui is equal to the 
polymer shear stress failure occurs by shearing of the polymer leaving 
the interface intact. 

The true matrix shear stress of RlOOO has never been determined but is 
calculated to be around 35 MPa (11). In Sections 3.2 and 3.4 above it 
was predicted that in the case of PKXlOOC ui values in excess of 50 MPa 
are achievable. In the case of PKXlOOB (Sample GF3, Table III) the 
calculated value of ui is 57 MPa. Thus there is a large discrepancy 
between the theoretical and experimentally predicted maximum values of 
ui. 

In the case of PKXlOOB an explanation of the high value of ui is that 
compounding with glass fibre increases the crystallinity of the RlOOOB 
base polymer. There is evidence from the literature to show that glass 
fibre can increase the level of crystallinity of semi-crystalline 
thermoplastics via the phenomenon of transcrystallinity (12). Even in 
the absence of transcrystallinity the glass fibre may well be able to 
nucleate crystallisation of CARILON Polymer to such an extent that the 
crystallinity of the polymer in the presence of glass would be higher 
than that of the polymer in the absence of glass. 

Higher crystallinity in the presence.of glass fibre would result in an 
increase in the polymer tensile strength and shear stress in comparison 
to that measured for the .unreinforced base polymer and thus a higher 
than expected calculated value of ui (Appendix II). This is because 
The value of ui is calculated (Appendix II) on the assumption that no 
change in the properties of the base polymer occurs on compounding. 

The effect of crystallinity would probably not be observable in PKXlOOC 
if melt degradation was occurring because this in itself would reduce 
the ability of the polymer to crystallise. Therefore in the case of 
PKXlOOC the ability of ui to rise above the maximum theoretical value 
can be explained by the effects of melt degradation. The interfacial 
shear stress of PKXlOOC apparently increases with decreasing Rs. A 
decrease in Rs implies an increase in the level of melt degradation and 
so the tensile strength and shear stress of the base polymer would rise 
resulting in values of ui that are higher than expected for the reasons 
given above for PKXlOOB. 
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4.5. Flexural modulus and heat distortion temperature 

The heat distortion temperature and flexural modulus values are a 
function of the fibre loading level only. This is because the flexural 
modulus and heat distortion temperatures are properties measured at 
relatively low strain and thus are not dependent on the ability of the 
matrix to transfer applied stress to the fibres (14). The values are 
dependent only upon the fibre orientation factor and the volume fraction 
ratios of polymer and fibre and the bulk properties of the polymer and 
fibre, as described by "the rule of mixtures" (Appendix II). 

4.6. Predicted melt stability and tensile strength of PKXlOOC 

The results of the current work are sufficiently comprehensive to allow 
predictions to be made concerning the likely variations in melt 
stability and tensile strength of PKXlOOC as a function of ln. 

The predictions made apply only to compounds containing fibre length 
distributions that meet the requirements defined in Sections 3.1.1. to 
3.1.3. Moreover different results may have been obtained if the samples 
were injection moulded in a different moulding machine with different 
gate designs and flow paths etc. Therefore the results apply to 
compounds produced by extrusion, under the conditions described in 
Appendix A, followed by injection moulding under conditions described in 
Ref. 1. The sensitivity of the tensile strength values in particular to 
moulding conditions are illustrated by the variation in tensile strength 
found for 3260N moulded at a range of temperatures (Figure 24). 

Two factors which were not taken into consideration in the analysis of 
the experimental data were firstly the variation in glass loading of the 
samples and secondly the variation in LVN and Tm of the base polymers. 
In the vast majority of cases the glass loading fell into a narrow range 
(Section 3.1.1.). Likewise the LVN and Tm values were all in the range 
1.1 - 1.21 dl/g and 220 - 227 °C (Tables II and III). The scatter 

_observed in Figures 11 - 23 can be ascribed to these variations. 

For the reasons given above it is felt that the value of the predictions 
lies in the observed direction of change in melt stability and tensile 
strength as a function of ln, and hence the power consumption of the 
extruder, rather than in the ability to predict absolute' values. 

4.7. Optimisation of the tensile strength and melt stability of 
PKXlOOC 

The relationship between Rs and tensile strength of PKXlOOC (Figure 19) 
shows that it is not possible to have both maximum tensile strength and 
maximum melt stability simultaneously. The reason for this is that the 
latter increases at the expense of the former. 
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To raise the tensile strength of PKX.lOOC from the current level of 90 ± 
10 MPa to 130 ± 10 MPa it is necessary to compound under conditions 
where ui is raised from the current 25 ± 5 MPa to 45 ± 5 MPa 
(Figure 18). These same conditions will also cause ln to be reduced to 
35 ± 15 pm (Figure 11), the melt flow rate to 2 g I 10 min. (Figure 22) 
and Rs to 0.23 (Figure 19). 

The experimental data for PKX.lOOB shows that a tensile strength of 127 
MPa is obtained by compounding under conditions where ui is 57 MPa and 
ln 216 pm. The predicted results for PKX.lOOC suggest that a similar 
tensile strength can be obtained at a similar value of ui but a greatly 
reduced average fibre length. The only explanation for this observation 
is that a large part of the predicted tensile strength of the PKX.lOOC 
compound results from the increased tensile strength of the partially 
crosslinked base polymer as described in Sections 4.3 and 4.4. 
Crosslinking also explains the predicted loss in Rs and melt flow rate. 

When compounded under conditions where no change in the melt stability 
of RlOOOC base polymer is expected to occur (Rs = 1, Figure 19) it is 
predicted that the tensile strength of PKX.lOOC could be as low as 
70 MPa while the melt flow rate, ln and ui, are predicted to be 7.5 +1-
0.5 g I 10 min., 320 pm, and 12 MPa respectively. 

It is clear from the above, and the discussion in section 4.3 that the 
tensile strength of PKX.lOOC is partially determined by the level of 
crosslinking occurring in the base polymer. It is not possible to 
directly measure either the tensile strength of the partially 
crossslinked base polymer or the interfacial shear stress directly. Thus 
the interfacial shear stress values discussed in the current work are 
actually the result of the combination of interfacial shear stress and 
the increase in the tensile strength of the base polymer due to 
crosslinking. This means that the true interfacial shear stress could be 
considerably lower than the calculated interfacial shear stress of 
PKX.lOOC. For instance if it is assumed that the true interfacial shear 
stress of PKX.lOOC is zero when the tensile strength is·l30 MPa then the 
tensile strength of the partially crosslinked base polymer, calculated 
from Equation 1, is 160 MPa. However if it is assumed that no change in 
the properties of the base polymer has occurred due to the occurrence of 
crosslinking then the calculated interfacial shear stress value is of 
the order of 55 MPa. No doubt the true interfacial shear stress value 
lies somewhere between these two extremes. 

As explained in Section 4.3 it seems likely that as the polymer becomes 
more and more crosslinked the ability of the melt to wet glass fibre 
must eventually become negligible. This means that as Rs decreases the 
true interfacial bond strength probably decreases and the contribution 
to the compound tensile strength of the partially crosslinked base 
polymer increases. However more experimental data is required to confirm 
this point. 

What is clear is that no matter what the causes of the differences in 
the melt stability I tensile strength balance of PKX.lOOC and PKXlOOB the 
latter is the most attractive compound because high tensile strength can 
be achieved with only a relatively small loss in melt stability. While 
it is possible to make high tensile strength PKX.lOOC this can only be 
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done at the cost of a tremendous decrease in melt stability. If 
compounding conditions are changed so that the melt stability of the 
base compound is not effected then the tensile strength of PKXlOOC could 
drop below the level of 90 +/- 10 MPa seen in the current work. 

4.8. Flexural modulus and heat distortion temperature 

The flexural modulus and heat distortion temperature are expected to be 
independent of both ln and ui. Thus at a loading level of 30 %wt glass 
fibre the heat distortion temperature will be 218 ± 2 oc and the 
flexural modulus 7 GPa. Under compounding conditions where a high level 
of melt degradation is expected (low ln, high ui) the modulus of the 
base polymer may well increase resulting in an upwards shift of the 
flexural modulus of the PKXlOOC. 

4.9. Comments on the possible effects of varving the number average 
fibre length on the tensile strength of PKXlOOB 

Only one PKXlOOB sample has been subjected to a thorough analysis of the 
effect of the ln / ui relationship on melt stability and tensile 
strength. However on the basis of this data and the results for PKXlOOC 
the following predictions can be made. 

Firstly it is unlikely that the value of ui will increase to a level 
higher than 57 MPa if ln is reduced by compounding under more severe 
conditions. This can be seen from the fact that in the case of PKXlOOC, 
under the most extreme conditions the value of ui is not expected to 
exceed 55 MPa. Moreover the more severe compounding conditions required 
to bring about a decrease in ln could lead to a loss in both Rs and melt 
flow rate. If ui remains unchanged while ln is decreased the net result 
will be a decrease in the tensile strength of the compound. 

It is known from literature data that with other thermoplastics ui 
increases with decreasing ln and then reaches a limiting value (3). It 
appears that in the case of PKXlOOB, sample GF3, the value of ui is 
already maximum at 216 ~m. This means that it may be possible to 
compound under less severe conditions so that ln is higher than 216 ~m 
without any loss in ui. In this case the net result will be an increase 
in the tensile streng~h of the compound. The use of less severe 
compounding conditions, to increase ln, would also be expected to have 
beneficial effects on melt stability as measured by COT and melt flow 
rate. 

5. CONCLUSIONS 

1. The mechanical energy input into the melt via the extruder screws was 
identified as being very important in determining levels of tensile 
strength and melt stability of PKXlOO. 
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2. The tensile strength of PKXlOO increases and the melt stability 
decreases with increasing mechanical energy input from the extruder 
screws. Therefore it is not possible to have maximum tensile strength 
and maximum melt stability simultaneously. 

3. The differences in tensile strength of PKXlOOC and PKXlOOB are 
consistent with a lower melt stability of the continuous process base 
polymer (RlOOOC) in comparison to that of the batch process base 
polymer (RlOOOB). 

4. A tensile strength of 127 ± 5 MPa can be achieved for PKXlOOB 
without any detrimental consequences for melt stability. 

5. Both the melt stability and tensile strength of PKXlOO will be 
raised if the melt stability of the RlOOO base polymer is 
improved. 

6. The heat distortion temperature and flexural modulus of PKXlOO are 
functions of glass fibre loading level only and do not vary with the 
fibre length distribution and interfacial shear stress unless the 
properties of the base polymer are modified by melt degradation 
reactions. 

6 . FURTHER WORK 

All of the predictions made in the current work are experimentally 
testable and thus will be included in any further work. 

Due to the variations in screw design employed it was not possible to 
further quantify the role of mechanical energy input from the extruder 
in determining the tensile. strength and melt degradation of PKXlOO. 
Therefore this factor will be addressed in more depth in future work. 

The current results apply to compounds produced under a very specific 
set of compounding and moulding conditions. Thus there is plenty of 
scope to further study the effects of variations in parameters such as 
moulding conditions and the extruder temperature profile. 

Further experimentation may well demonstrate that it is not possible to 
increase the tensile strength of PKXlOOB above the current 125 ± 5 MPa. 
In this case investigations into the the sensitivity of tensile strength 
and melt stability to variations in Tm and LVN will be required. At 30 
%wt glass fibre loading the tensile strength of PKXlOO is expected to 
improve with increasing Tm and decreasing LVN (11). 

Amsterdam, February 1993 
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Table I. COMPARISON OF KEY MECHANICAL PROPERTIES OF SHORT GLASS FIBRE 
REINFORCED NYLON WITH THOSE OF PKXlOOB 

Sample PKXlOOB 

Supplier Shell 

Base polymer CARILON EP 
Polymer, RlOOO 

Glass loading (%wt) 30 

Melting 
temperature (°C) 220 

Density (g cm3) 1.47 

Tensile strength (MPa) 127 

Elongation at 
break (%) 3.5 

Flexural modulus (GPa) 7.1 

Flexural strength (MPa) 174 

Notched Izod impact 
strength, 23 °C (kJ/m2) 9.8 

Heat distortion 
temperature, 
1.82 MPa (°C) 

Mould shrinkage (%) 
flow 
cross- flow 

Saturated water 
content, 23 oc (%wt) 

215 

0.5 
1.0 

2.5 

Zytel 
70G30 HSL 

Du Pont 

Polyamide 66 

30 

255 

1.37 

130 

5 

6.6 

118 

10.6 

254 

0.4 
1.1 

6.0 

Ultramid 
B3G6HS 

BASF 

Polyamide 6 

30 

220 

1.35 

110 

5 

6.0 

100 

9.6 

210 

6.6 

The data was determined on samples conditioned at 50 % relative 
humidity for 48 hours. Data for the nylons was taken from sales 
brochures obtained from the suppliers. In the case of Ultramid the 
flexural strength and notched izod impact data was estimated from the 
data given for dry as moulded samples. This was done by comparison to 
dry as moulded and saturated values taken from the Du Pont brochure. 
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Table II. PROPERTIES OF PKXlOOC COMPOUNDED WITH A ZSK 30 EXTRUDER USING 
SCREWS 1 TO 5 AT 210 RPM 

Sample 1210 2210 3210 4210 5210 

Base Polymer 91/034 91/034 91/034 91/034 91/041 
batch / continuous c c c c c 
LVN (dl/g) 1.21 1.21 1.21 1.21 1.02 
Tm (°C) 227 227 227 227 222 

fibre loading (%wt) 31.0 28.8 30.7 30.5 29.1 
fibre loading (%vol) 18.3 16.8 18.1 18.0 17.0 

ln, nibs (JSm) 335 249 260 227 435 
lw, nibs (J.'m) 500 333 348 302 747 
lmax, nibs (J.'m) 1423 524 660 644 3819 
lmin, nibs (J.'m) 27 24 24 21 74 

ln, dumbells (J.'m) 246 239 227 187 271 
lw, dumbells (J.'m) 337 320 298 255 381 
lmin, dumbells (J.'m) 23 27 31 25 42 
lmax, dumbells (J.'m) 829 720 709 567 1331 

Tensile strength (Mpa) 102 90.5 94.1 94.5 86.4 

Flexural strength (MPa) 139 128 137 135 125 
Flexural modulus (GPa) 7.6 6.9 7.2 7.2 7.0 

Distortion temperature, 
1.82 MPa (°C) 217 215 216 218 218 

Orientation factor 0.476 0.459 0.458 0.454 0.466 

Interfacial shear 
stress (MPa) 25.3 24.1 25.9 31.1 19.3 

Melt flow rate, 250 oc 
/1 kg (g/10 min.) 4.0 4.9 4.8 5.1 5.3 

COT (base polymer) 55 55 55 55 81 
COT (compound) 36 41 42 37 69 
Rs (COT) 0.65 0.75 0.76 0.67 0.85 

Gt (base polymer) 67 67 67 67 88 
Gt (compound) 45 51 51 47 76 
Rs (Gt) 0.67 0.76 0.76 0.70 0.86 
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Table III. PROPERTIES OF PKXlOOC COMPOUNDED WITH A ZSK 30 EXTRUDER USING 
SCREWS 1 TO 4 AT 210 RPM AND PKXlOOB SAMPLE GF3 

Sample 1260 2260 3260 4260 GF3 

Base Polymer 91/034 91/034 91/034 91/034 89/050 
batch / continuous c c c c B 
LVN (dl/g) 1.21 1.21 1.21 1.21 1.1 
Tm (°C) 227 227 227 227 221 

fibre loading (%wt) 21.2 27.9 31.4 31.4 29.9 
fibre loading (%vol) 12.0 16.2 18.6 18.6 17.6 

ln, nibs (J.'m) 407 243 231 206 
lw, nibs (J.'m) 623 357 310 278 
lmin, nibs (J.'m) 28 20 32 23 
lmax, nibs (J.'m) 1250 1108 798 643 

ln, dumbells (J.'m) 310 206 213 200 216 
lw, dumbells (J.'m) 406 290 278 266 286 
lmin, dumbells (J.'m) 25 20 25 20 
lmax, dumbells (J.'m) 1059 939 760 618 

Tensile strength (Mpa) 88.1 83.6 95.4 90.7 127 

Flexural strength (MPa) 120 122 138 133 174 
Flexural modulus (GPa) 5.2 6.5 7.8 7.6 7.1 

Distortion temperature, 
1.82 MPa (°C) 213 217 218 215 216 

Orientation factor 0.521 0.442 0.484 0.469 0.470 

Interfacial shear 
stress (MPa) 29.5 25.2 26.7 25.5 57.0 

Melt flow rate, 250 oc 
/1 kg (g/10 min.) 4.5 5.1 4.5 5.1 4.4 

COT (base polymer) 55 55 55 55 56 
COT (compound) 42 40 34 37 50 
Rs (COT) 0.76 0.73 0.62 0.67 0.89 

Gt (base polymer) 67 67 67 67 
Gt (compound) 54 52 43 47 
Rs (Gt) 0.81 0.78 0.64 0.70 
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Figure 2. The glass fibre content of the PKXlOOC compounds 
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Figure 3. Minimum fibre lengths present in injection moulded dumbells 
and extrusion compounded nibs of PKXlOOC 
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Figure 4. Maximum fibre lengths present in injection moulded dumbells 
and extrusion compounded nibs of PKXlOOC 
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Figure 5. The maximum fibre length in injection moulded dumbells as a 
function of the maximum fibre length in extrusion compounded 
nibs of PKXlOOC 
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Figure 6. Weight and number average fibre lengths in extrusion 
compounded PKXlOOC nibs. 
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Figure 7. Weight average fibre length in extrusion compounded PKXlOOC 
nibs as a function of number average fibre length 
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Figure 8. Weight and number average fibre lengths in dumbells injection 
moulded from PKXlOOC nibs. 
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Figure 9. Weight average fibre length in dumbells injection moulded from 
PKXlOOC nibs as a function of number average fibre length 
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Figure 10. Number average fibre length in PKXlOOC extrusion compounded 
nibs as a function of number average fibre length in 
injection moulded dumbells 
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Figure 11. Interfacial shear stress as a function of number average 
fibre length in dumbells injection moulded from PKXlOOC 
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Figure 12. Tensile strength as a function of flexural strength for 
PKXlOOC 
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Figure 13. Tensile and flexural strength of PKXlOOC as a function of 
number average fibre length in injection moulded dumbells 
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Figure 14. Tensile strength of PKXlOOC as a function of interfacial 
shear stress 
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Figure 15. Flexural modulus of PKXlOOC as a function of number average 
fibre length 
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Figure 16. Flexural modulus of PKXlOOC as a function of glass fibre 
loading 
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Figure 17. The melt stability of PKXlOOC as assessed from crossover time 
and gel time measurement . 
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Figure 18. Interfacial shear stress in PKX.lOOC as a function of melt 
stability (Rs) 
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Figure 19. Tensile strength of PKXlOOC as a function of melt 
stability (Rs) 
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Figure 20. Melt flow rate values of extrusion compounded PKXlOOC nibs 
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Figure 21. Interfacial shear stress in PKXlOOC as a function of melt 
flow rate 
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Figure 22. Tensile strength of PKXlOOC as a function of melt flow rate 
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Figure 23. Melt flow rate of extrusion compounded PKXlOOC nibs as a 
function of number average fibre length 
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Figure 24. Tensile strength of dumbells injection moulded from PKXlOOC 
(3260N) as a function of the barrel temperature of the 
injection moulding unit 
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A P P E N D I X I 

Extrusion compounding of PKXlOOC at BPM using Screws 1 - 5 on a ZSK 30 
extruder 

Screw 1 Screw 2 Screw 3 Screw 4 Screw 5 

Screw speed 
(rpm) 210 260 210 260 210 260 210 260 210 

Motor power 
consumption (%) 74 70 75 71 76 73 86 80 59 

Die Pressure 
(Bar) 12 10 7 8 8 7 7 7 20 

Mass temp. 
( o C) 250 252 251 251 252 252 252 253 255 

In every case the dosing unit was set to give a polymer throughput of 
14 kgfhr. Dosing of glass at 6 Kgfhr raised the total throughput to 
20 ± 0.5 kgfhr. Variations in glass dosing account for the spread 
in glass loadings seen in Tables II and III. 

The maximum power output of the extruder motor was 5.4 kW at 300 rpm. 
Power output is· proportional to screw speed so the motor torque loadings 
are given as percentages of the maximum power consumption possible at 
the given screw speed. 
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A P P E N D I X II 

Modelling of the tensile strength of short glass fibre reinforced 
thermoplastic compounds 

The tensile strength of a short glass fibre reinforced compound can be 
estimated from Equation (11.1). 

u c = e ( u a + ub) + ( 1 - Vp) u m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (I I . 1) 

Where, 

calculated tensile strength (Mpa) 
fibre orientation factor 
contribution to the total strength of sub critical length fibres 

" " " super " II II 

polymer stress at the fibre breaking strain. 

ua is calculated from Equation (II.2). 

ua = :E (ui.lj.Vj)/d ........•.................................. (II.2) 

Where, 

interfacial shear stress 
fibre of length j lying between lmin and lc 

v. =volume fraction of fibres of length j 
dJ = fibre diameter 

ub is calculated from Equation (II.3). 

(lc, critical fibre 
length) 

ub :E uf.Vk.(l-{lc/2lk}) ..................................... (11.3) 

uf fibre tensile strength 
lc critical fibre length 
lk fibre of length k lying between lc and lmax 
Vk = volume fraction of fibres of length k 

e is calculated from the flexural modulus value, according to the "rule 
of mixtures", Equation (II.4) 

e = (Ec - {Vp. Ep} )/(Vf. Ef) .................................... (II .4) 

Where, 

Ec compound modulus 
Ep polymer modulus 
Ef fibre modulus 
Vf volume fraction of fibre in the compound 
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The critical fibre length, lc, is calculated from Equation (II.S). 

lc = a f. d/ ( 2. a i) ............................................... (I I. 5) 

The only unknown parameter in the above set of equations is ai. 
Therefore by a process of iteration, values of ai can be substituted 
into Equation (II.S), until at for a given fibre length distribution is 
equal to the actual measured tensile strength of the compound. Equations 
Equations (II.l) to (II.S) were solved using the BASIC computer program 
reproduced below. The input and output data are described in 
Section 2.3.3. 
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BPM 

CARILON EP Polymer 

COT 

ETP 

Gt 

LVN 

MDU 

RlOOOB 

RlOOOC 

Rs 

PKXlOOB 

PKXlOOC 

SGFR 

Tm 

WRC 

- 37 - CONFIDENTIAL 

LIST OF ABBREVIATIONS 

Bredase Polystyreen Maatschappij 

A terpolymer of carbon monoxide; ethylene and 
propylene with a crystalline melting temperature 
of 220 oc (7 mol% propylene). 

Crossover time 

Engineering thermoplastic 

Gel time 

Limiting viscosity number measured in 
m-cresol at 60 °C. 

Market development unit 

CARILON EP Polymer (Tm 220 °C, LVN 1.1 dl/g, 
batch polymerisation process) 

CARILON EP Polymer (Tm 220 °C, LVN 1.1 dl/g, 
continuous polymerisation process) 

The ratio of the COT value of the PKXlOO compound 
to that of the base polymer. 

Short glass fibre reinforced CARILON EP Polymer 
{Tm 220 °C, LVN 1.1 dl/g, batch process) 
containing 30 %wt fibre. 

Short.glass fibre reinforced CARILON EP Polymer 
(Tm 220 °C, LVN 1.1 dl/g, continuous process) 
containing 30 %wt fibre. 

Short glass fibre reinforced 

Crystalline melting temperature 

Westhollow Research Center 
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LIST OF SYMBOLS 

d Fibre diameter 

Compound modulus GPa 

Fibre modulus GPa 

Polymer modulus GPa 

lc Critical fibre length p.m 

Fibre of length j lying between lmin and lc p.m 

Fibre of length k lying between lc and lmax p.m 

ln Number average fibre length p.m 

lw Weight average fibre length p.m 

lmax Longest fibre length in a distribution p.m 

lmin Shortest fibre length in a distribution p.m 

Volume fraction of fibre in the compound 

Volume fraction of fibres of length j 

Volume fraction of fibres of length k 

Volume fraction of polymer 

Fibre orientation factor 

Contribution to the total compound strength of the sub 
critical length fibres MPa 

Contribution to the total compound strength of the super 
critical length fibres MPa 

Calculated tensile strength of the compound MPa 

Fibre tensile strength MPa 

Polymer / fibre interfacial shear stress MPa 

Polymer stress at the breaking strain of glass fibre. MPa 

Polymer tensile yield stress MPa 
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