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synopsis 
Statistically designed experiments were carried out to study the effects of molding 

conditions on the properties of two types of polycarbonate, which were synthesized by 
the solvent process and the melt process, respectively. The properties tested in this 
study were classified into two groups with respect to the effect of molding conditions. 
One, which included birefringence, heat shrinkage at 180°C, and surface resistance to 
Taber abrasion, was mainly affected by stock temperature and was slightly affected by 
holding pressure. The other, which included resistance to solvent crack, Rockwell 
hardness, density, and heat shrinkage at 12OoC, was affected by mold temperature and 
holding pressure. Mechanically isotropic moldings with a low degree of frozen orienta- 
tion could be molded a t  a high stock temperature and at a low holding pressure, where 
stock temperature was more effective than holding pressure. Moldings with low residual 
stresses could be molded a t  a high mold temperature and a t  a low holding pressure. 
Essentially there was no difference in the molding conditions and properties by the 
method of synthesis. However, under the same molding conditions polycarbonate 
synthesized by the melt process gave a higher degree of frozen orientation and somewhat 
more rigid moldings. 

Introduction 
Data on the effects of molding conditions on properties of injection- 

molded articles are valued not only for their practical applicability but also 
for their rheological information. 

Such data have been reported by many investigators, and i t  appears that 
there are two currents of such work. One of these deals with the effects of 
molding conditions on mechanical strengths;'+ the other, on residual 
strain~.~.5 However, all of these studies were limited to information on 
the rheological role of the molding conditions with the exception of 
There are very few data on p~lycarbonate .~.~ 

In this study an attempt was made to obtain overall information on the 
rheological role of molding conditions by using polycarbonates. A simple 
scheme on the effect of molding conditions on the properties of molded arti- 
cles was obtained. 

Experimental 
Two types of Iupilon polycarbonate (Mitsubishi Edogawa Chemical Co.), 

one of which (S-PC) was synthesized bj7 t,he solvent process and the other 
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(M-PC) by the melt process, were used in this study. The molecular 
weights of both PC were 2.5 X Care was taken not to allow any con- 
tamination or appreciable moisture absorption to occur before and during 
the injection molding. 

Disks (4 X '/s in.) were molded with a reciprocating screw injection 
machine (Nikko-Ankerwerk, 5 oz) . Molding conditions were statistically 
designed as shown in Table I, and two runs were carried out, one (series S) 
for S-PC and the other (series M) for M-PC. 

TABLE I 
Experimental Conditions 

Stock Mold Holding Inject. 
Expt. temp., temp., Press., rate, 
no. "C "C kg/cms cm3/sec 

280 
280 
280 
300 
300 
300 
320 
320 
320 

60 
90 

120 
60 
90 

120 
60 
90 

120 

530 
890 

1250 
890 

1250 
530 

1250 
530 
890 

65 
90 

115 
115 
65 
90 
90 

115 
65 

Birefringence value was measured along the disk diameter across the gate. 
Mean birefringence value, L\n, of the disk was calculated by the method 
shown in Figure 1, in which the area of the rectangle AEFD was equal to 
the integrated value of birefringence (area ABCD). 

The Taber abrasion test was carried out in accordance with ASTM 
Designation D 1044-56. The resistance to abrasion of the disk was de- 
termined by measurement of weight loss after abrasion of 1000 cycles with 
a 1000 g load by using CS-17 wheels. 

Heat shrinkage of the disk was measured on the disk diameter in the 
flow direction after treatment at  1SO"C for 1 hr or 120°C for 200 hr in an 
air-circulating oven. 

The resistance to solvent crack of the disk was determined by measure- 
ment of time to initiate a crack when a disk was immersed in carbon tetra- 
chloride kept at  30"C, and the amount of crack formed was classified. 

The Rockwell hardness test was carried out in accordance with Pro- 
cedure A in ASTM Designation D 785-601'. The disks were tested without 
pile-up. 

Specimen density was measured at 25°C according to ASTM Designation 
D 792-60T1 in which distilled water was used as the immersion liquid. 
The density was calculated with 0.99707 as the density of distilled water 
at  25°C as reference. Test specimens used were cut from the disks as 
shown in Figure 2, and ten pieces (about 15 g) of location 1 in Figure 2 were 
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Pig. 1. Birefringence along disk diameter across gate, and mean birefringence. 
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0125” 

Fig. 2. Diagram of test pieces for measurement of density, showing how pieces were cut. 

used for one measurement and tested after conditioning in a CaC1, desicca- 
tor for several days. 

The data were statistically analyzed in order to obtain significant in- 
formation. The variances of the data were calculated, and their signifi- 
cance was evaluated by the F test. Then the contributions of molding 
conditions to the properties of PC were calculated. 

Results and Discussion 

The frozen orientation of polymer chains in a molded article can be de- 
tected by measuring heat shrinkage at a temperature above the glass 
transition temperature, which is 149°C in case of PC,* and the birefringence 
values, which are related to the molecular orientation. By this means it is 
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Fig. 4. Heat shrinkage and change in birefringence after annealing at indicated tem- 
perature for 2 hr. 

possible to obtain an analogous correlation between birefringence value 
and heat shrinkage (i.e., elongation ratio) to that of the orientational bire- 
fringence of polymer in a rubbery state.s Figure 3 shows the good cor- 
relation between and heat shrinkage a t  180°C, Xlso (%), although the 
fact that SIRO does not become zero when an is extrapolated to zero is 
unusual. 

In  order to find the cause of these phenomena, the changes in bire- 
fringence value and heat shrinkage after successively annealing for 2 hr at 
each temperature from below to above the glass transition temperature 
Were investigated with specimens cut from the disks. The data obtained 
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(d) (e) 

Fig. 3. Effect of holding time on birefringence patteru; viewed between circular 
polariscopes. Holding time: (a) 0.8 sec.; b) 1.8 see.; (c) 4.8 sec.; (d) 7.3 sec.; ( e )  
9.8. Sample M-PC, experiment 5.  
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are given in Figure 4, which shows that birefringence disappears a t  a tem- 
perature range up to the glass transition temperature, while heat shrinkage 
due to segmental motion of the polymer chains is very small in the same 
temperature range. 

This disappearance of birefringence must be caused by some kind of local 
mode motion of the polymer molecule. It has been postulated that bire- 

" 
280 300 320 

STOCK W E R A W R E  ('C) 

Fig. 6. Dependence of mean birefringence on stock temperature. 
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fringence is due to orientation of molecular groups having polarizability 
anisotropy."J It has also been reported that in some polymers the sign of 
the birefringence changes from negative to positive near the glass transition 
temperature, owing to the thermal motion of the molecular groups. In  
view of these facts the most reasonable explanation of the unusual cor- 
relation between & and Xlso is that during the cooling process of the molded 
piece the orientation of molecular groups from which birefringence arises 
are frozen in a more disordered state than that of the orientation of molecu- 
lar chains. There is a difference in these unusual correlations between 
S-PC and M-PC, as shown in Figure 3, although the difference in the molec- 
ular structure between them is not obvious. 

As pointed out by Spencer and G i l m ~ r e , ~  frozen orientation is formed 
during the packing process, but it was found that the contribution of dis- 
charge of polymer melt to frozen orientation was very large, as shown in 
Figure 5 ,  if the packing or holding time was too short. In the early stage 
of packing period discharge flow takes place over the entire disk area, but 
the melt temperature is still so high that the molecular orientation caused 
by it cannot freeze at  all. Then the degree of frozen orientation increases 
with increase in holding time. A further increase in the holding time re- 
restrict,s the discharge flow and results in high birefringence patterns near 
the gate only. Thus, the gate-sealing time can be determined by utilizing 
this phenomenon. In Figure 5 the gate-sealing time lies between 7.3 and 
9.8 see. 

Stock temperature and holding pressure were significant at  the 1% 
level for ZE and SIw. The contribution of stock temperature to these 
properties was about SO%, whereas it was only about 10% for holding 
pressure. Mold temperature was not significant, and injection rate was 
significant at  the 1% level, but its contribution was negligible. In Figure 
6 it can be seen that the value of 3% shows a large decrease with increase 
in the stock temperature. Therefore, it can be concluded that, the higher 
the stock temperature is, the more the molecular orientation caused by the 
holding pressure is relaxed during the cooling process. 

Mechanical strength and its anisotropy has been related to the extent of 
frozen ~rientation.'-~ Therefore, the mechanical strength and stress 
craze, or crack, which is induced by thermal or mechanical two-dimensional 
t e n ~ i o n , ~  must be affected by stock temperature. The degree of frozen 
orientation of M-PC is higher than that of S-PC under the same molding 
conditions. 

In series M the resistance to abrasion was also affected by stock temper- 
ature, which was significant at the 1% level. Its contribution was about 
40%. Holding pressure, mold temperature, and injection rate did not 
affect the resistance to abrasion. Figure 7 shows that the resistance to 
abrasion becomes high with increase in stock temperature, i.e., with de- 
crease in frozen orientation. In the measurement of abrasion resistance 
the frozen orientation layer of a test specimen was placed parallel to the 
abrasion surface. The intermolecular forces are weakened in a direction 
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perpendicular to the orientation layer. Therefore, the above-mentioned 
experimental results are reasonable. 

In  Taber abrasion the abrasion area is about 30 cm2; hence, 25 mg in 
weight loss after abrasion corresponds to 7 p in thickness loss, provided the 
density of PC is 1.2 g/cm3. It is assumed that frozen orientation is also 
present in the surface layer of 7 p.  

The resistance to abrasion of S-PC was higher than that of M-PC under 
the same molding conditions. 

As mentioned above, the frozen orientation and resistance to abrasion 
were mainly affected by stock temperature. Now let us consider the re- 
sistance to solvent crack, Rockwell hardness, density, and heat shrinkage 
a t  120°C. These were affected by mold temperature and holding pressure. 
The mold temperature and holding pressure were significant a t  the 1% 
level for resistance to solvent crack, and their contributions amounted to a 
total of about 60%. Figure 8 shows that the resistance to solvent crack 
becomes higher with increase in the mold temperature and with decrease in 
the holding pressure. Interaction between them was also observed; that 
is, the resistance to solvent crack a t  a low mold temperature is less depen- 
dent on the holding pressure than the resistance to solvent crack a t  a high 
mold temperature. The stock temperature and injection rate were signifi- 



INJECTION-MOLDED POLYCARBONATES 2265 

cant a t  the 1% level, and their contributions amounted to  a total of about 
40%. However, their effects were intermingled with the interaction be- 
tween mold temperature and holding pressure. It probably can be said 
that this interaction is dominant and the effects of stock temperature and 
injection rate on the time of crack formation are negligible, by analogy with 
the results given in Table 11, which shows no effect of stock temperature 
and injection rate on the amount of crack produced. 

TABLE I1 
Effects of Molding Conditions on Resistance to Solvent Cracks _ _  -~ 

Very Very 
Factor None little Little Much much 

2 
I Stock temp.: 

Low 
Middle 
High 

Mold temp. : 
Low 
Middle 
High 2 

LOW 2 
Middle 
High 

Inject. rate: 
Low 
Middle 2 
High 

Holding press. : 

2 

4 

2 
4 

2 
2 
2 

2 
1 
4 

4 
2 2 

1 1 

4 1 1 
2 2 

2 
4 

3 1 

2 2 
1 1 1 
2 

- 

a Frequency distribution, in which the expt. no. 1-9 of S P C  and M-PC were classi- 
fied according to the amount of crack occurring. 

The resistance to solvent crack described in this study probably is re- 
lated to the extent of residual stress that is frozen into the molded article. 
It has been pointed out that this residual stress is related to the elastic 
contribution of the polymer melt during processing." Since the extent of 
elastic contribution becomes larger with increase in the force applied, de- 
crease in the resistance to solvent crack with increase in the holding pres- 
sure is reasonable. The highest holding pressure produces peeled cracks, 
which are propagated in the flow direction when frozen orientation exists 
but are propagated a t  random when frozen orientation is absent, as shown 
in Figure 9. Increase in the mold temperature decreased the residual stress 
by means of its annealing effect, and high resistance to solvent crack re- 
sulted. In  this connection, cracks were not formed in any of the test 
pieces by annealing a t  120°C for only 30 min, when they were immersed in 
carbon tetrachloride kept a t  30°C. 

In  series S, the Rockwell hardness in RI scale was affected by the mold 
temperature, which was significant a t  the 1% level. I ts  contribution was 
about 5Oy0. Holding pressure was not significant statistically. Figure 10 
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shows that the Rockwell hardness increases with increase in the mold tem- 
perature. In series M, the mold temperature and holding pressure were 
significant a t  the 1% level, and their contributions amounted to total of 
about 50%. Interaction was observed between these; that is, the Rock- 
well hardness a t  a high mold temperature was less dependent on the holding 
pressure than that at low mold temperature. The Rockwell hardness 

(b) 

Fig. 9. Typical views of peeled cracks. Propagation in: (a) flow direction; (b) at 
random. 
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Fig. 10. Dependence of Rockwell hardnesa on mold temperature before and after 
annealing at 120°C for 2 hr. 

became higher with increase in the holding pressure. In both series the 
effects of stock temperature and injection rate were not significant statis- 
tically, or their contributions were negligible. 

The surface hardness of M-PC was higher by about 1 point on the Rock- 
well M scale than that of s-PC. 

The surface hardness of disk increased by about 4 points on the average 
on the Rockwell M scale after treatment at  120°C for 2 hr and increased 
further by an additional 4 points after treatment for 100 hr. This increase 
in surface hardness is the same phenomenon reported by Goldblum12 and 
has been interpreted as a rearrangement of the already existing state of 
short-range order or as a so-called physical crosslinking. l 3  This interpre- 
tation was based on the observation of a steep and narrow dispersion range 
in the temperature range above 110°C when damping was measured, which 
indicated a certain loosening with the bisphenol groups in the PC mole- 
cules. After the heat treatment the molding conditions were no longer 
significant statistically with respect to Rockwell hardness. It is note- 
worthy that the effects of mold temperature and holding pressure on the 
surface hardness were lost by annealing at 120°C. This fact is shown in 
Figure 10. The annealing effects of high mold temperature can also be 
pointed out as the reason for the increase in surface hardness with increase 
in the mold temperature. 

The density was affected by the holding pressure and the mold temper- 
ature, which were significant a t  the 1% level. Their contributions were 
about 70 and loyo, respectively. Stock temperature and injection rate 
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were not significant statistically, or their contributions were negligible. 
Figure 11 shows that the density increases with increase in the holding 
pressure. This is obviously due to the fact that the specific volume of 
polymer a t  a constant temperature decreases with increase in the pressure 
applied in accordance with the Spencer-Gilmore’s equation for state of 
p01ymer.l~ The density decreased slightly with increase in the mold tem- 
perature. 

Change in density was observed after treatment a t  120°C for 2 hr, and an 
additional small change in density was observed after a further treatment 
for 25 hr. After the heat treatment the molding conditions were no longer 
significant statistically for the density, as shown in Figure 11. These are 
t,he same phenomena observed in Roclcwell hardness. In  most of the cases 
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Fig. 11. Dependence of density on holding pressure: (-) before annealing; 
(- - -) after annealing at 12OOC for 25 hr. 

the density became lower by heat treatment, and the extent of the lowering 
became larger with increase in the holding pressure. Spencer and Gilmore4 
have pointed out that the molded article contains quenching stress as a 
negative hydrostatic stress. If the holding pressure is sufficiently high, the 
positive hydrostatic stress will remain in the molded piece. The decrease 
in density by heat treatment is understandable if it is assumed that these 
residual, positive, hydrostatic stresses are relaxed a t  120°C. The annealing 
effects of high mold temperature can also be pointed out as the reason for 
the lowering in density with increase in the mold temperature. However, 
the effect of mold temperature is small because this annealing effect., which 
gives rise to the volumetric expansion of disk, is restricted by the mold 
cavity. 

The density of M-PC was higher than that of S-PC, both before and after 
heat treatment,. 
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After relaxation of residual hydrostatic stress, i.e., change in density, the 
diameter of the disk shrunk gradually over a long time at 120°C. How- 
ever, since a change in density was no longer observed, this shrinkage is 
probably compensated by an expansion in the thickness direction. The 
mechanism of this heat shrinkage probably differs from that of the change in 
density, because their relaxation time differs. However, this heat shrink- 
age may be due to some kind of a molecular motion of a short-range order, 
because the temperature concerned is below the glass transition temper- 
ature of PC. 

Heat shrinkage after treatment a t  120°C for 200 hr was affected by the 
mold temperature and the holding pressure, which were significant at the 
1% level. Their contributions amounted to a total of more than 60%. 
The stock temperature was significant a t  the 1% level in series S and a t  the 
5% level in series M. However, their effects are intermingled with the 
interaction between the mold temperature and the holding pressure, as 
shown in Figure 12. The injection rate was not significant in either series. 

The annealing effect of high mold temperature can be observed again, 
because the heat shrinkage decreases with increase in the mold temperature. 
The reason for the decrease in heat shrinkage with increase in the holding 
pressure is probably as follows. Heat shrinkage is most likely canceled 
out by a volumetric expansion, which becomes larger with increase in the 
holding pressure as mentioned above. 

A summary of the role of the molding conditions on the properties of 
injection-molded PC is as follows. Holding pressure is one of the stresses 
applied to a polymer melt and produces many kinds of strain, which can be 
frozen in the molded articles as residual strains or stresses, such as molecu- 
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lar orientation strain, hydrostatic stress, and some elastic strains. Strains 
caused by the holding pressure are relaxed to some extent by the thermal 
motion of the molecular chains or molecular groups during the cooling 
process. Consequently, the extent of its relaxation can be controlled by 
the temperature of the polymer melt or its cooling rate. Molecular orien- 
tation is relaxed by the segmental motion of PC molecules, which occurs in 
a temperature range above the glass transition temperature of PC; there- 
fore, its extent of relaxation can be controlled mainly by the initial tempera- 
ture of the PC melt, i.e., the stock temperature. On the other hand, hy- 
drostatic stress and some elastic strains are relaxed by the local mode 
motion of PC molecules, which occurs in a temperature range below the 
glass transition temperature of PC; therefore, the extent of its relaxation 
can be finally controlled by the cooling rate or the residence time in the 
temperature range between 110 and 130°C, which is related to the mold 
temperature. 

It has been reported that reduction in the amount of frozen orientation 
reduces mechanical anisotropy' and the tendency of the molded articles to 
stress craze.4 In this study it was considered that the effect of stock 
temperature on the resistance to Taber abrasion is due to the mechanical 
anisotropy, too. High stock temperature reduces the amount of frozen 
orientation in PC; thus, the mechanically isotropic PC moldings with a 
high resistance to stress craze can be molded at  a high stock temperature 
and at  a low holding pressure, where stock temperature is more effective 
than the holding pressure. PC moldings with low residual stresses, which 
are detected by carbon tetrachloride, can be molded a t  a high mold tem- 
perature and at  a low holding pressure. However, it is more practical to 
consider that PC molded at  a high mold temperature is somewhat more 
rigid, since it is annealed at 120°C, at which many properties of PC, such 
as Rockwell hardness, impact strength, tensile strength, and thermal de- 
formation temperature, are changed, as stated el~ewhere.'~,'~ These 
changes in properties are sometimes undesirable as, for example, when high 
impact strength is required. 

It is possible to evaluate the practical optimum injection-molding con- 
ditions for PC by using certain criteria. These are the heat shrinkages at 
180 and 120°C, which indicate characteristically how the properties of PC 
are affected by the molding conditions. 

The effects of molding conditions on the properties of both S-PC and 
M-PC are essentially the same. However, M-PC gives a higher degree of 
frozen orientation and somewhat more rigid moldings at  the same molding 
conditions. 

The aut,hor wishes t,o t,hank K. Nakamura and K. Akabori for t,heir assist,ance. 
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