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SYNOPSIS 

Flexural test specimens were injection-molded from polypropylenes filled with flaky talc 
or spherical calcium carbonate a t  levels of 0-40 wt % under cylinder temperatures of 200- 
320°C. Distributions in the flow direction of higher-order structures such as thickness of 
skin layer, a*-axis-oriented component fraction [ A  * 1,  and crystalline orientation functions 
and distributions in the thickness direction of higher-order structures such as crystallinity, 
P-crystal content, [ A  * 1 ,  and crystalline orientation functions were studied. These higher- 
order structures are inhomogeneous in the flow and thickness directions also for injection 
moldings of particulate-filled polypropylenes, which strongly influences the product prop- 
erties such as mechanical and thermal properties. Molecular orientation process in injection 
molding was theoretically analyzed from a viewpoint of growth of recoverable shear strain 
at  the gate and its relaxation in the cavity, which could considerably well explain the 
influences of particulate filling and cylinder temperature on not only the mean values but 
also the changes in the flow and thickness directions, of the quantities such as thickness 
of the skin layer and crystalline orientation functions, which express the degree of molecular 
orientation. 

INTRODUCTION 

In injection molding of thermoplastics, since molten 
resin solidifies under inhomogeneous stress and 
cooling conditions, the inner structures of the 
molded article are inhomogeneous, influencing the 
product properties. Consequently, it is important in 
injection molding technology of thermoplastics to 
clarify the influences of the primary structures of 
resin and molding conditions on the inhomogeneous 
structure of the molded article. 

Many studies have so far been carried out on the 
distributions of higher-order structures in injection 
moldings of unfilled plastics. However, as for the 
injection moldings of filled plastics, concern has been 
focused mainly on the orientation of fibers in fiber- 
filled plastics such as glass or carbon fiber-filled 
plastics, and studies on the higher-order structures 
of matrix resin are not so many.'-12 Folks and 
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Russell' injection-molded rectangular plates from 
glass fiber-filled polypropylene and high density 
polyethylene by varying injection speed, measured 
the orientation state of glass fibers and the degree 
of molecular orientation, and found that glass fibers 
scarcely influenced the degree of molecular orien- 
tation of matrix resin at glass fiber contents of com- 
mercial use level and the degree of molecular ori- 
entation was governed by the orientation of glass 
fibers at higher glass fiber contents. Xavier et a1.2 
observed skinlcore structures in injection moldings 
of a glass fiber-filled polypropylene and found that 
the skin layer was thicker as injection pressure and 
injection speed were higher and cylinder temperature 
was lower. Xavier and Misra3 injection-molded ten- 
sile test specimens from polypropylenes with various 
glass fiber contents and found that the skinlcore 
structure became obscure and at the same time the 
skin layer became thinner with increasing glass fiber 
content and that the skin/core structure vanished 
at glass fiber contents of 35 wt % or more. Xavier 
and Sharma6 observed skin/core structures in in- 
jection moldings of mica-filled polypropylenes and 
found that the skin layer became very thin even at 
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a mica content of 10 wt % in comparison with un- 
filled polypropylene injection molding, became 
thinner at mica contents of 20 wt % or more, and 
could not be observed at mica contents of 40 wt % 
or more. The authors lo injection-molded flexural test 
specimens from polypropylenes filled with talc or 
calcium carbonate and found that the thickness of 
the skin layer and the degree of crystalline orien- 
tation decreased with increasing cylinder tempera- 
ture and increased with increasing filler content 
compared at the same cylinder temperature. The 
authors lo also showed that product properties such 
as flexural modulus, flexural strength, and mold 
shrinkage decreased with increasing cylinder tem- 
perature and that rectilinear relationships existed 
between the product properties and the thickness of 
the skin layer or the degree of crystalline orientation 
at each filler content level. Furthermore, the 
authors l1 theoretically analyzed molecular orien- 
tation process in injection molding from a viewpoint 
of growth of a melt orientation (recoverable shear 
strain) at the gate and its relaxation in the cavity 
and showed that the increases of the thickness of 
the skin layer and the degree of crystalline orien- 
tation by the filling of particulates were caused by 
( i )  long relaxation time of recoverable shear strain, 
( i i)  high thermal diffusivity, and (iii) high crystal- 
lization temperature. Morales and White l2 observed 
skin/core structures in injection moldings of spio- 
lite- or talc-filled polypropylenes and showed that 
the thickness of the skin layer increased and the 
boundary between the skin and core layers became 
obscure with increasing filler content as in the case 
of the authors' results. They also showed from in- 
frared dichroism measurements that the degrees of 
the crystalline and mean molecular orientations of 
the skin layer decreased with increasing filler con- 
tent. Further, the formation of transcrystals around 
fillers in injection moldings of the polypropylene/ 
glass fiber system, 2,3,5 the polypropylene/mica sys- 

the nylon-66/carbon fiber ~ y s t e m , ~  and the poly- 
(ethylene terephthalate ) /glass fiber system' was 
reported. 

Studies on the distribution of higher-order struc- 
tures in injection moldings of filled plastics are very 
few.13-16 Kamal et al.13 measured on an injection 
molding of polypropylene filled with 10 wt % glass 
fibers the distributions in the thickness direction, 
of the content and orientation state of glass fibers 
and the distributions in the flow and thickness di- 
rections, of the degrees of crystalline and amorphous 
orientations by infrared dichroism. As the result, 
they found that crystalline molecular chains were 

the polypropylene /carbon fiber system, 

oriented perpendicular to the flow direction and the 
degree of the orientation was higher nearer the gate 
and surface and was increased by the filling of glass 
fibers. Furthermore, they found that amorphous 
molecular chains were oriented to the flow direction 
and the degree of the orientation was higher nearer 
the gate and surface and was increased by the filling 
of glass fibers. Bayer et al.'4*15 injection-molded bars 
from high density polyethylenes filled with carbon 
black at levels of 0-7.5 vol % by an elongation flow 
injection molding method, measured the variation 
of birefringence in the thickness direction, and 
showed that there existed a maximum of molecular 
orientation near the surface. The authors16 studied 
the crystal orientation state in injection moldings 
of talc-filled polypropylenes and showed that the 
plate planes of talc particles were aligned parallel 
to the surface of injection molding and that the c- 
and a*-axes of polypropylene crystals were bimod- 
ally oriented to the flow direction and the b-axis, 
which is the growth direction of polypropylene crys- 
tal was oriented to the thickness direction; Although 
the degree of the bimodal orientation of c-  and a*- 
axes decreased toward the interior of the injection 
molding, the b-axis orientation was strong through- 
out the thickness direction. 

In the present paper, we will report studies on 
the influences of the kind and content of fillers and 
cylinder temperature on distributions in the flow 
and thickness directions, of higher-order structures 
such as crystallinity, @-crystal content, thickness of 
skin layer, a*-axis-oriented component fraction, 
degree of b-axis orientation to the thickness direc- 
tion, and crystalline orientation functions in injec- 
tion moldings of talc- or calcium carbonate-filled 
polypropylenes. In addition, a theoretical analysis 
of molecular orientation process will be presented. 

EXPERIMENTAL 

Samples 

Polypropylene used was homoisotactic polypropyl- 
ene powder, Grade PN 120, which was produced by 
Tokuyama Soda Co., Ltd. and had a melt flow index 
(MFI) of 2 dg/min. 

Fillers used were Crown Talc-Z (hereinafter ab- 
breviated as TC) which was a talc produced by Ma- 
tsumura Industry Co., Ltd. and had an average di- 
ameter of 10 pm and Stavigot 15A (hereinafter ab- 
breviated as CC) which was a precipitated calcium 
carbonate produced by Shiraishi Industry Co., Ltd. 
and surface-treated with an aliphatic acid and had 
an average diameter of 0.2 pm. Figure 1 shows the 
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Figure 1 Transmission electron micrographs and par- 
ticle size distributions of talc (TC ) and calcium carbonate 
(CC) .  

transmission electron micrographs and particle size 
distributions of TC and CC. TC is flaky and has a 
broad particle size distribution and CC is spherical 
and has a sharp particle size distribution. 

The polypropylene powder was mixed with fixed 
amount of fillers for 5 min in a 100 L Supermixer, 
extruded by a CCM extruder with a vent at a kneader 
temperature of 190°C and an extruder temperature 
of 220°C into strands which were cut into pellets of 
about 3 mm size by an automatic cutter. Filler con- 
tents were 0, 0.5, 10, 20, 30, 40, and 60 wt %. The 
filler content of 0.5 wt % was for checking the crys- 
tallization nucleation effect of the fillers. Herein- 
after, the sample with filler content of 0 wt % is 
called PP, the sample with TC content of 0.5 wt % 
is called TC-0.5, the sample with TC content of 10 
wt % is called TC-10, and so on, the sample with 
CC content of 0.5 wt % is called CC-0.5, the sample 
with CC content of 10 wt % is called CC-10, and 
so on. 

Figure 2 shows the dependences of MFI and die 
swell ratio at MFI measurement on filler content. 

MFI decreases nearly linearly with increasing CC 
content and it somewhat increases a t  TC contents 
up to 20 wt % and after that decreases rapidly with 
increasing TC content. The die swell ratio decreases 
rapidly with increasing TC content and it somewhat 
increases at CC contents up to 30 wt % and after 
that decreases rapidly with increasing CC content. 

Injection Molding 

Flexural test specimens ( ASTM D790) were injec- 
tion-molded using an 8 oz Nikko Ankenverk V22A- 
120 type reciprocating-screw injection molding ma- 
chine. The shape of the test specimen is shown in 
Figure 3. A polymer reservoir was provided to make 
resin flow in the specimen uniform. The gate size 
measured 7.0 mm wide, 1.5 mm thick, and 3.0 mm 
long. The sprue was a truncated cone with 5.4 mm 
inlet diameter, 7.4 mm outlet diameter, and 45 mm 
long and the runner measured 7.0 mm wide, 4.5 mm 
thick, and 100 mm long. Since cylinder temperature 
affects the degree of molecular orientation of the 
product and its mechanical properties more than 
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Gate 

Figure 3 Shape of test specimen. 

any other injection molding conditions, injection 
molding was carried out, varying cylinder temper- 
ature only and keeping all other conditions constant. 
Table I lists injection molding conditions adopted. 
For cylinder temperature, the temperature of the 
metering zone (MH3) at the extreme end was used. 

Structural Analyses 

Mean Higher-Order Structures 

An Izod impact test was carried out at 23°C on 
notched flexural test specimens injection-molded at 
a cylinder temperature of 240°C. The dispersion 
states of fillers on the fractured surfaces were ob- 
served with a scanning electron microscope, JEOL 
JSM-T20, under magnifications of 1000 X for TC 
series and 10,000 X for CC series. 

A thin section about 0.1 mm thick was sliced from 

Table I Injection Molding Conditions 

the central part of the specimen perpendicular to 
the flow direction (MD) with a microtome and its 
crystalline texture was observed with a polarizing 
microscope, Olympus PM-6, under a magnification 
of 20 X. The thicknesses of the skin layers of both 
surfaces were averaged. 

A wide-angle X-ray diffraction pattern was taken 
at the central part of the specimen by setting its MD 
in accord with the meridian using a Rigaku Denki 
RU-200 diffractometer with Ni-filtered Cu-K, ra- 
diation at a sample-to-film distance of 45 mm. Using 
a goniometer, 28 scan was carried out at a scan speed 
of 4"/min and azimuthal scans of the (110) and 
(040) plane reflections were carried out at a scan 
speed of 8" /min, and crystalline orientation func- 
tions f a * ,  f b ,  and fc were calculated according to the 
Wilchinsky's method." a*-Axis-oriented component 
fraction [ A  * 3 was obtained by the method described 
in the Results section. 28 scan was carried out at 
the central part of the specimen using a rotating 
specimen table and the crystallinity Xc was calcu- 
lated according to Weidinger and Hermans' 
method.lg 

Owing to the absorption of X-ray by the fillers, 
good diffractions could be obtained only at TC con- 
tents up to 40 wt % and CC contents up to 20 wt %. 

Distribution of Higher-Order Structures 
in Flow Direction 

Since the length of the specimen was about 12.7 cm, 
the thickness of the skin layer, [ A  * 1, and crystalline 
orientation functions at the parts 2.1, 4.2, 6.3, 8.4, 
and 10.5 cm far from the gate were measured by the 
methods described in the previous section. 

These measurements were carried out on speci- 
mens molded from PP, TC-10, and CC-10 at each 
cylinder temperature and specimens molded from 
other samples at a cylinder temperature of 240°C. 

Cooling Cylinder Temperature ("C) Injection Injection Mold 
Expt Pressure Speed Temperature Time 
No. MH1" MHP MH3' D H ~  ( kg/cm2) ( 4 s )  ("0 (9) 

~ ~~~~ ~ ~~~ 

1 160 190 200 190 500 13.5 40 40 
2 160 220 240 220 500 13.5 40 40 
3 160 250 280 250 500 13.5 40 40 
4 160 280 320 280 500 13.5 40 40 

~~~ ~~ 

Feed zone. 
Compression zone. 

Die head. 
' Metering zone. 



PARTICULATE-FILLED POLYPROPYLENE53 101 

PP TC- 0.5 TC-10 T C -  20 TC-30 T C -40 TC-60 

Upper : 1 0 0 p  
Lower : l O p m  

1 

T D  

M D  L N D  

CC-0.5 cc-10  c c - 2 0  CC-30 CC-40 CC-60 
Figure 4 Dispersion states of fillers in injection-molded specimens. 

Distribution of Higher-Order Structures 
in Thickness Direction 

X , ,  [ A  * 3 ,  and the crystalline orientation functions 
were measured by the methods described in the pre- 
vious section on thin sections about 0.3 mm thick 
slices successively from the surface to the center at 
the central parts of specimens. Wide-angle X-ray 
diffractograms were measured on the same sections 
using the rotating specimen table and the ratios the 
(040) plane reflection intensities I (  040) to the ( 110) 
plane reflection intensities I (  l l O ) ,  I (  040)/1( l l O ) ,  
were obtained in order to study the degree of b-axis 
orientation to the thickness direction16 and the 0- 
crystal contents, K values, were obtained according 
to Turner-Jones et al.'s method.20 

These measurements were carried out on speci- 
mens molded from PP, TC-10, and CC-10 at  each 
cylinder temperature and specimens molded from 
other samples a t  a cylinder temperature of 240°C. 
These measurements were possible a t  TC and CC 
contents up to 40 wt %. 

RESULTS 

Mean Higher-Order Structures 

Figure 4 shows scanning electron micrographs of 
fractured surfaces at the parts 0.5 mm far from the 
surfaces of specimens molded at a cylinder temper- 
ature of 240°C. TC particles are aligned parallel to 
the surface of the specimen and their dispersion is 

good at each content. CC particles do not completely 
disperse to the primary particle and somewhat ag- 
glomerate, but their dispersion is considerably good. 

Figure 5 shows the dependence of mean crystal- 
linity X ,  on cylinder temperature. X ,  is not so much 
increased by CC filling and considerably increased 
by TC filling. This is assumed to be because although 
CC has almost no crystallization nucleation ability, 
TC has a notable ability as shown in Figure 25. X ,  

x PP 
0 T C - 0 . 5  
6 TC-10 
0. T C - 2 0  
Q T C - 3 0  
0 T C - 4 0  
A C C - 0 . 5  
A C C - 1 0  

I 

200 2 4  0 2 80 320 
Cyl inder  Temperature ("C ) 

Figure 5 
temperature. 

Dependences of crystallinity X ,  on cylinder 
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Figure 6 Changes with cylinder temperature, of polarized micrographs of unfilled and 
filled injection moldings. 

tends to increase with increasing cylinder temper- 
ature, which is because the higher the cylinder tem- 
perature, the higher the injected resin temperature, 
which takes longer time to be cooled and the cooling 
rate is low. 

Figure 6 exemplifies polarized micrographs of thin 
sections cut perpendicular to the flow direction 
(MD)  from specimens molded from PP, TC-10, and 
CC-10 at each cylinder temperature. Clear skin/core 
structures are observed. The thickness of the skin 
layer decreases with increasing cylinder temperature 
and comparison at the same cylinder temperature 
shows that the skin layers of TC-10 and CC-10 are 
thicker than that of PP. Observation of all speci- 
mens showed that the skin/core structure became 
more obscure with increasing TC and CC contents 

as in the results of Xavier et al.399 on glass fiber- or 
mica-filled polypropylenes and of Morales and 
White l2 on spiolite- or talc-filled polypropylenes, but 
the skin layer could be observed at TC and CC con- 
tents up to 40 wt  %. 

Figure 7 shows the dependence of the thickness 
of the skin layer on cylinder temperature. The 
thickness of the skin layer decreases with increasing 
cylinder temperature. In contrary to the results of 
Xavier et al.399 on glass fiber- or mica-filled polypro- 
pylenes and in accord with the results of Morales 
and White l2 on spiolite- or talc-filled polypropyl- 
enes, the thickness of the skin layer increases with 
increasing TC and CC contents. 

Figure 8 exemplifies wide-angle X-ray diffraction 
patterns of specimens molded from PP, TC-10, and 
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Figure 7 
cylinder temperature. 

Dependences of thickness of skin layer on 

CC-10 at a cylinder temperature of 200°C. They 
show that fiber patterns of the c-axis and a*-axis 
mixed orientations overlap on Debye rings. 

Figure 9 exemplifies the 20 scan curve and ( 110) 
plane and (040 ) plane azimuthal scan curves of a 
specimen molded from TC-10 at  a cylinder temper- 
ature of 200°C. Here, in order to evaluate the pro- 
portions of the c -axis-oriented component and a*- 
axis-oriented component, the following procedure is 
carried out: A base line (BL2) is drawn horizontally 
a t  the bottom of the azimuthal scan curve of the 
(110) reflection; the area around an azimuthal angle 
of 0" above the base line is taken as C and the area 
around an azimuthal angle of 90" above the base 
line is taken as A *; the c-axis-oriented component 
fraction [ C ]  and the a*-axis-oriented component 
fraction [ A  * ] are defined as follows: 

(1) 
c 

[ C ]  =- 
C + A *  

A* 
[ A * ]  = ~ 

C + A *  

Although there is no assurance that the absolute 
amounts of c -axis-oriented and a*-axis-oriented 
components can be rigorously evaluated by [ C ]  and 
[ A  * 1 ,  a relative comparison may be made by them 
when raw resin and/or molding conditions are 
changed. Also, the crystalline orientation functions 
(a*-axis orientation function f a * ,  b-axis orientation 
function fb ,  and c-axis orientation function f c )  were 
calculated from the (110) plane and (040) plane 

M D  

t 
~ T D  

N D  

P P  T C - 1 0  cc -10  
2 0 ooc 2 o o o c  20oOc 

Figure 8 
and CC-10 at cylinder temperature of 200°C. 

Wide-angle X-ray diffraction patterns of specimens molded from PP, TC-10, 
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Figure 9 28 scan curve and (110) and (040) plane azi- 
muthal scan curves of specimen molded from TC-10 at  
cylinder temperature of 200°C. 

azimuthal scan curves according to Wilchinsky's 
method. 

Figure 10 shows the dependence of the a*-axis- 
oriented component fraction [A * ] on cylinder tem- 
perature. CC series show similar behaviors to that 
of PP and their [A * ] 's increase with increasing cyl- 
inder temperature. Namely, it means that the frac- 

1.0 

- 
*< 0.5 
u 

0 
200 240 2 80 320 

C y l  inder  Temperature ("C 1 

Figure 10 
fraction [A * ] on cylinder temperature. 

Dependences of a*-axis-oriented component 

-0.31 -0.4 

- 0.51 I I 

2 0 0  240 2 8 0  320 

C y l i n d e r  T e m p e r a t u r e  ( O C  ) 

Figure 11 Dependences of crystalline orientation 
functions on cylinder temperature. 

tion of the a*-axis-oriented component as against 
to that of the c -axis-oriented component increases 
with increasing cylinder temperature in PP and CC 
series. On the other hand, [ A * ] ' s  of TC series 
scarcely depend on cylinder temperature and are 
lower than that of PP. Namely, the filling of TC 
decreases the a*-axis-oriented component and in- 
creases the c -axis-oriented component. 

Figure 11 exemplifies the dependences of the ori- 
entation functions of the specimens molded from 
PP, TC-10, and CC-10 on cylinder temperature. The 

0 T C - 0 . 5  
6 T C - 1 0  
0 T C - 2 0  

0.4 

Q T C - 3 0  
A C C - 0 . 5  

I 

2 00 240 200 320 
C y l i n d e r  T e m p e r a t u r e  ( " C )  

Figure 12 
fc on cylinder temperature. 

Dependences of c -axis orientation function 
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absolute values of the c-axis orientation function f c  

and b-axis orientation function f b  decrease with in- 
creasing cylinder temperature and the a*-axis ori- 
entation function f Q *  somewhat increases with in- 
creasing cylinder temperature for PP. Generally, TC 
and CC series show similar tendencies to that of PP 
except for f Q * ' s  of TC series, which scarcely depend 
on cylinder temperature and are nearly 0. 

Figure 1 2  shows the dependence of the c-axis ori- 
entation function f c  on cylinder temperature. f c  de- 
creases with increasing cylinder temperature and 
comparison at the same cylinder temperature shows 
that it increases with increasing filler content. 

@-crystal content could not be evaluated since the 
reflection intensity of wide-angle X-ray diffraction 
of @-crystals was weak. 

240 OC 
- 0 rn O P P  

0 0 T C - 1 0  
- A A A cc-10 

fc fdc f b  

Distribution of Higher-Order Structures 
in Flow Direction 

Figures 13(a)-(e)  show the distributions of the 
thickness of the skin layer in the flow direction. The 
thickness of the skin layer increases with decreasing 
cylinder temperature and with increasing filler con- 
tent and decreases with going away from the gate. 
The decreasing rate of the thickness of the skin layer 
in the flow direction increases with going away from 
the gate, with increasing cylinder temperature, and 
with decreasing filler content, except for the speci- 
men molded from PP at a cylinder temperature of 
320°C. Altendorfer and Seitl'l and Krsova" ob- 
served similar tendencies in injection-molded poly- 
propylenes. Hirose et al.,23 Altendorfer et al.,24,25 
Koppelmann et al., 26*27 and Menges et a1.28 reported 
that the thickness of the skin layer showed a max- 
imum near the gate in injection-molded polypro- 
pylenes. Although no maximum is observed near the 
gate in the present experiment as in the case of in- 
jection-molded polypropylenes in the previous pa- 
per,29 there is almost no decrease in the thickness 
of the skin layer near the gate. 

Figures 14 ( a )  - ( e )  show the distribution of the 
a*-axis-oriented component fraction [ A  * ] in the 
flow direction. [ A  * ] 's of PP and CC series increase 
with increasing cylinder temperature and increase 
a little with going away from the gate. There is al- 
most no influence of CC filling. [ A  * ] 's of TC series 
scarcely depend on cylinder temperature and in- 
crease a little with going away from the gate. TC 
filling decreases [ A  * ] . 

Figure 15 exemplifies the distributions in the flow 
direction of the orientation functions of specimens 
molded from PP, TC-10, and CC-10 at a cylinder 
temperature of 240°C. The absolute values of f c  and 

f b  decrease with going away from the gate and fa*  is 
nearly constant for PP. Generally, TC and CC series 
show similar tendencies to that of PP except for 
fQ* ' s  of TC series which have low values and show 
minima at  midway parts in the flow direction. 

Figures 16 ( a )  - (e ) show the distributions of the 
c-axis orientation function f c  in the flow direction. 
f c  is higher as cylinder temperature is lower and TC 
content is higher, and decreases with going away 
from the gate. f c  is scarcely influenced by CC filling 
of up to 20 wt %. Trotignon et al.30-32 found that the 
crystalline orientation A ,  which was obtained from 
the (110) and (111) plane reflection intensities in 
X-ray diffraction and the crystalline and amorphous 
orientations, f c r  and fa,,,, measured by infrared di- 
chroism in injection-molded polypropylenes de- 
creased with going away from the gate. Murphy et 
a1.33p34 also obtained similar results on A .  Altendorfer 
and Seit121 and Menges et al.28,35 obtained similar 
results on the orientation degree measured by bi- 
refringence. K ~ b o t a ~ ~  reported that the orientation 
degree measured by fluorescence showed a maximum 
at  a midway part in the flow direction of a rectan- 
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functions in flow direction. PP, TC-10, and CC-10 molded 
at cylinder temperature of 240°C. 
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gular plate. Kamal et al.13 measured, by infrared di- 
chroism, the degrees of crystalline and amorphous 
orientations of an  injection molding of polypropyl- 
ene filled with 10 wt % glass fibers and found that 
both orientations increased by glass fiber filling and 

decreased with going away from the gate, agreqing 
with the present results. 

Since the reflection intensity by the P-crystals 
was weak, the distribution of P-crystal content in 
the flow direction could not be evaluated. 
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Distribution of Higher-Order Structures 
in Thickness Direction 

Figures 17 ( a )  - ( e )  show the distributions of crys- 
tallinity X, in the thickness direction. Here, H is 
half of the thickness of specimen and y is the dis- 
tance from the center. X, is low at the surface region 
and increases toward the interior. This is because 
the inner region is cooled more slowly. It seems that 
cylinder temperature scarcely influences X,. CC fill- 
ing scarcely influences X ,  and TC filling increases 
X,. Houska and B r ~ m m e l l ~ ~ , ~ ~  showed that Xc’s of 
an injection-molded polypropylene measured by in- 
frared spectrum and density showed minima at the 
surface skin region and increased toward the inte- 
rior. Trotignon and Verdu31s3’ obtained X:s of in- 
jection-molded polypropylenes from the heat of fu- 
sion measured by differential scanning calorimetry, 
which showed, contrary to Houska et al.’s results, 
maxima at the skin region, decreased once, and in- 
creased toward the interior. Since our, Houska et 
al.’s, and Trotignon et al.’s results differ in the mea- 
suring method of X,, they cannot be absolutely 
compared, particularly a t  the surface region of spec- 
imen where the degree of molecular orientation is 
high. However, they agree in the point that X ,  in- 
creases toward the interior in the inner region, where 
the degree of molecular orientation is low. 

Figures 18 ( a )  - ( e )  show the distributions of @- 
crystal content, K value, in the thickness direction. 

Except for the surface regions of the specimen 
molded from CC-10 at a cylinder temperature of 
200°C, the K value is higher nearer the surface and 
decreases toward the interior. The K value is gen- 
erally higher as cylinder temperature is lower. Al- 
though TC filling decreases K value, CC filling in- 
creases it. The reason for this is not obvious at the 
present time. The skin regions are shown in Figures 
18 ( a )  - ( c )  , which show that the K value is high at  
the region of about twice the thickness of the skin 
layer and that @-crystals exist at the surface region 
of about twice the thickness of the skin layer. As 
can be seen from the case of the specimen molded 
from CC-10 at  a cylinder temperature of 200°C, it 
seems that @-crystals do not exist so much at the 
surface skin region but exist most at the region inside 
the skin layer. Kantz et al?’ found that the P-crystals 
existed in the shear zones inside the skin layer of 
injection-molded polypropylene. Fitchmun and 
Mencik4’ found from polarizing microscopy that the 
@-crystals existed at the boundary between the ori- 
ented layer (layer 3 ) and the core layer. Trotignon 
and Verdu3‘ also found that the @-crystal content 
was maximum at the region inside the skin layer. 
Since @-crystals reduce the impact strength of in- 
jection-molded polypropylene, 33,34 it is desirable to 
suppress their formation to the utmost. 

Figures 19 ( a )  - ( e )  show the distributions in the 
thickness direction, of the wide-angle X-ray dif- 
fraction intensity ratio I (  0 4 0 ) / 1 (  l l O ) ,  which ex- 
press the degree of b-axis orientation to the thickness 
direction.16 The lower the value of I (  040)/I( l l O ) ,  
the higher the degree of b-axis orientation to the 
thickness direction. PP and CC series show similar 
tendencies where the intensity ratio is somewhat 
high near the surface, decreases once, and increases 
toward the interior. CC filling scarcely influences 
the intensity ratio. TC series show very low intensity 
ratios and long minimum regions. TC filling of a 
very small amount of 0.5 wt % markedly decreases 
the intensity ratio and a larger amount of filling has 
no more effect. The orientation state of polypro- 
pylene crystals in injection molding of talc-filled 
polypropylene has been studied in detail in our pre- 
vious paper.16 

Figures 20 ( a )  - ( e  ) show the distributions of the 
a*-axis-oriented component fraction [ A  * ] in the 
thickness direction. In these figures, since the degree 
of molecular orientation is very low around the cen- 
tral region, there is some problem in evaluating [ A  * ] 
and the precision of [ A * ]  is not good around the 
central region. PP and CC series show similar ten- 
dencies where [ A * ] is high and nearly equal to unity 
at midway regions of 0.2 5 y / H  5 0.6 in the thick- 
ness direction, which means that there is little c -  
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axis-oriented component and most crystals show the 
a*-axis orientation at  0.2 5 y /  H 5 0.6, and [A * ] 
at surface regions is higher as cylinder temperature 
is higher. CC filling scarcely influences [A * ] . TC 

filling decreases [A * 3 and [A * ] tends to decrease 
toward the interior in TC series. It may be said that 
the fraction of the a*-axis-oriented component as 
against to that of the c-axis-oriented component de- 
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creases across almost all regions in the thickness 
direction by TC filling. 

Figure 21 exemplifies the distributions in the 
thickness direction, of crystalline orientation func- 
tions of specimens molded from PP, TC-10, and CC- 
10 at a cylinder temperature of 240OC. The absolute 
values of f,’s and fb)s are higher nearer the surface 
and f a r ’ s  show maxima at  midway regions. PP and 
CC-10 show considerably high values of fa*  and TC- 
10 shows lower values of f a * .  Similar results were 
obtained for the specimens molded from other sam- 
ples at other cylinder temperatures. The distribu- 
tions of crystalline orientation functions have been 
studied on injection-molded high density polyeth- 
ylenes by Kamal and M o ~ . ~ ~ - ~ ~  

Figures 22 ( a )  - ( e )  show the distributions of the 
c -axis orientation function f ,  in the thickness direc- 
tion. f, is higher nearer the surface and is higher as 
cylinder temperature is lower at around the surface 
region. TC or CC filling does not so much influence 
f , .  There are cases where peaks or shoulders are ob- 
served at midway regions in the thickness direction 
at  high cylinder temperatures, which are assumed 
to be caused by the secondary flow during the cooling 
and pressure holding process. Koppelmann et 
a1.26*27,44 measured the distributions in the thickness 
direction, of birefringences of injection-molded 
polypropylenes, and found that birefringences at the 
inner regions of specimens molded with holding 
pressures were higher than that molded without 

holding pressure. Hirose et al.,23 Koppelmann et 
al., 26;27,44 and Menges et a1.28 measured the distri- 
bution of birefringence in the thickness direction, 
Trotignon and Verdu 31,32 measured the distribution 
in the thickness direction, of orientation degree A 
by X-ray diffraction, and Trotignon and Verdu31 and 
Houska and B r ~ m m e l l ~ ~ , ~ ’  measured the distribu- 
tions in the thickness direction, of crystalline and 
amorphous orientation functions fcr and fa,,, by in- 
frared dichroism. They all observed a maximum of 
molecular orientation at around the surface region. 
In the present experiment, however, as a possible 
reason, due to a large slicing interval, no such max- 
imum was observed and f ,  decreased gradually from 
the surface to the interior, except for the cases where 
the secondary peaks or shoulders caused by the sec- 
ondary flow appeared. K ~ b o t a ~ ~  measured the dis- 
tribution of the degree of fluorescent orientation in 
the thickness direction and found that no orienta- 
tion maximum was observed around the surface re- 
gion and the degree of orientation decreased grad- 
ually from the surface to the interior as in the pres- 
ent results. Kamal et al.13 measured on an injection 
molding of polypropylene filled with 10 wt  % glass 
fibers the distributions in the thickness direction, 
of the degrees of crystalline and amorphous orien- 
tations by infrared dichroism, and found that both 
orientations were higher nearer the surface as in the 
results of the present experiment. 

DISCUSSION 

As mentioned above, the influences of the kind and 
content of filler and cylinder temperature on the 
distributions of higher-order structures such as 
crystallinity X , ,  P-crystal content K ,  the degree of 
b-axis orientation to the thickness direction, I(040) / 
I (  llO), a*-axis-oriented component fraction [A* 1, 
the thickness of skin layer, and crystalline c -axis 
orientation function f c  in injection moldings of par- 
ticulate-filled polypropylenes were studied. Those 
out of these higher-order structures which most in- 
fluence the product properties, such as mechanical 
and thermal properties, are the degrees of molecular 
orientation such as the thickness of the skin layer 
and f , .  Therefore, we will next theoretically consider 
the molecular orientation in injection molding. 

Many studies have so far been carried out on the 
molecular orientation process in plastics injection 
molding.lO,l 1,1745-61 The authors regarded recoverable 
shear strain as a measure of molecular orientation 
in melt and analyzed the molecular orientation pro- 
cess in injection moldings of polypropylenes and 
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particulate-filled polypropylenes from a viewpoint 
of growth of a recoverable shear strain at  the gate 
and its relaxation in the ~ a v i t y . ' ~ , ~ ' ~ ' ~ ~ ~ ~ ~ ~ ~  Since the 
variations of molecular orientation in the flow and 
thickness directions were not studied in detail in 
our previous papers and the theory was, after that, 
revised on the value of recoverable shear strain and 
the treatment of relaxation time of recoverable shear 

strain, the revised theory and experimental results 
will be described again. 

Theory 

In injection molding, a molten resin passes through 
the sprue, runner, and gate, fills the cavity and be- 
comes a shaped article through cooling and solidi- 
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fication. In the meantime, the extent of melt ori- 
entation changes at  the different parts. As shown 
in the Experimental section, the cross section of the 
flow path at the gate is extremely small, compared 
with the sprue, runner, and cavity and the flow rate 
is constant throughout the flow path. Therefore, the 
shear rate at the gate is extremely high and most of 
the melt orientation takes place during passage 
through the gate. 

In this analysis, recoverable shear strain -ye is used 
as a measure of the melt orientation. As shown in 
Figure 23, the recoverable shear strain having grown 
during passage through the gate, yea, undergoes a 
Maxwell-type relaxation with a relaxation time XI 
while flowing through the cavity and becomes Y ~ ~ .  
At  this time, cooling is ignored until the resin com- 
pletely fills the cavity, and the resin temperature is 
regarded as identical to the injected resin temper- 
ature TmeIt. Therefore, it is regarded that, meanwhile, 
a relaxation occurs with the relaxation time X1 ( Tmelt) 
at the injected resin temperature Tmelt. Then, the 
resin at  a certain position x1 from the gate is cooled 
by the mold at the temperature Tmold and its tem- 
perature becomes T (  t )  . The recoverable shear strain 
y el undergoes a temperature-dependent Maxwell- 
type relaxation with a relaxation time X2 ( T (  t ) ) and 
becomes a residual recoverable shear strain Y~~ when 
the resin temperature reaches the crystallization 
temperature T,. -yer is assumed to be proportional 
to the degree of orientation of an injection-molded 
article. 

With V for the injection rate, B for the width of 
the cavity, and 2H for the thickness of the cavity, 
time t l  taken by the flow to reach the position x1 
from the inlet of the cavity is expressed by 

Then, y e l  is calculated by 

Here, the Carslaw-Jaeger equation for one-dimen- 
sional non-steady-state thermal conduction of in- 
finite solid65 is applied, ignoring the latent heat of 
crystallization. Then, the time change of the resin 
temperature T (  t )  at y ( 0  I y I H )  from the center 
in the thickness direction is expressed by 

where cy is the thermal diffusivity. 
If eq. (5)  is rewritten in the form of t = f ( T ) , 

the residual recoverable shear strain yep is calculated 
by 

Half of the cavity thickness, H ,  is divided into 10 
equal parts, the residual recoverable shear strain at 
the center of each division, ~ ~ ~ , i ,  is calculated by eq. 
( 6 ) ,  and the mean residual recoverable shear strain 
-ye, is calculated by 

10 1 -  
( 7 )  

The material characteristics needed to calculate 
Y~~ are the initial recoverable shear strain yea, its 
relaxation times X1, X2, the thermal diffusivity a, 
and the crystallization temperature T,. 
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Experimental 

Measurements of Rheological Properties 

Recoverable Shear Strain. The recoverable shear 
strain ye was obtained by measuring capillary flow 
property. According to Heron et al., 66 the recoverable 
shear strain in die flow consists of two components: 
One is the entrance component ye (entrance) which 
grows at the die inlet and the other is the transient 
component y,(transient) which grows in the die 
land. ye( transient) is expressed by66 

ye  (transient ) 

where +c is the shear rate in the die, X ( f C )  is the 
relaxation time at the shear rate of y e ,  and t, is the 
residence time in the die. X (+=) is expressed by 

where An is the relaxation time at the shear rate of 
0, q(+,) is the shear viscosity at the shear rate of 
yC, and 90 is the zero-shear viscosity. 

ye  (entrance ) was obtained from the end correc- 
tion coefficient in capillary flow. The relation be- 
tween pressure P and volumetric flow rate Q was 
measured with a Koka flow tester manufactured by 
Shimazu Seisakusho Co., Ltd. at temperatures of 
200,240,280, and 320°C, which were in accord with 
the cylinder temperatures in injection molding. The 
dies used were three straight dies with radius R 
= 0.25 mm, length L = 1.0,2.5, and 5.0 mm, and L /  
R = 4 ,  10, and 20. 

The apparent shear rate $L, the true shear rate 
y,, and the effective shear stress 7 ,  at the wall in 
the capillary flow of a viscoelastic fluid are given by 
eqs. ( l o ) ,  ( l l ) ,  and ( 1 2 ) ,  respectively: 

yw = ii ( 3  + d log y:  
4 d log T ,  

( P  - P,  - P e ) R  
2L (12) 7 ,  = 

PR 
2 ( L  + n,R + eR) 

- - 

PR 
2 ( L  + vR)  

- - ( 1 2 " )  

v = n , + e  (13) 

where P, and Pe are the pressure loss caused by the 
contraction of flow at  the capillary inlet and the 
pressure loss caused by the elastic deformation, re- 
spectively. n,R and eR are capillary lengths corre- 
sponding to P,  and P,, respectively, and n, is the 
Couette's correction term. According to Philippoff 
and gas kin^,^^ 2e is equal to the recoverable shear 
strain y,(entrance). Namely, 

( 1 4 )  
ye( entrance) 

2 
v = n , +  

Rearranging eq. ( 12"),  

P = 27 , (L /R)  + 2v7, ( 1 5 )  

A rectilinear relationship should be obtained if 
pressure P needed to produce a definite shear stress 
7 ,  and hence a definite shear rate +L is plotted 
against L / R  ( Bagley plot6'), and the end correction 
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Coordinates and movements of recoverable 

coefficient v is obtained as an intercept of the LIR 
axis. 

y e  (transient) was obtained as follows: The true 
shear rate y, and the effective shear stress 7, were 
calculated by eqs. ( 11 ) and ( 12),  respectively, and 
the shear viscosity q ( y c )  was calculated by q ( y C )  
= 7 w / + w .  y,(transient) was calculated by eqs. (9)  
and (8) from ?( + c ) ,  the zero-shear viscosity qo, and 
the zero-shear relaxation time yo. Since the deter- 
mination of precise values of qo and Xo was difficult 
for samples with high filler contents as shown in the 
following section and since their values scarcely in- 

3 
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N 
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Figure 24 
a of particulate-filled polypropylenes. 

Temperature changes of thermal diffusivity 
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Figure 25 
T, on filler content. 

Dependences of crystallization temperature 

fluenced y,(transient) as shown later in Experi- 
mental Results section, their approximate values 
were used for the calculation of y e (  transient). 
Relaxation Time. The relaxation time X was 

obtained from the absolute value of complex vis- 
cosity, I q*( w )  I, according to Graessley's method.69 
Graessley showed experimentally that, regardless of 
the type of polymer and temperature, there is a re- 
lationship of 

among yo, the shear rate at which the shear viscosity 
q( y) lowers to 0.8 times the zero-shear viscosity qo, 
and qo and the steady-state shear compliance J:. 
Since q( +) and I r]*( w )  I are equivalent functions in 
a range of low y and 0,'' the characteristic relaxation 
time Xo = q0J: can be calculated, using wo, the an- 
gular frequency at the time when I q*( w )  I is 0.8q0, 
in place of in eq. (16). There were cases at high 
filler contents where the decrease of I ?*( w )  I with 
increasing w occurred in two steps or I q*( w )  1 con- 
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Figure 26 Apparent flow curves measured with dies of 
various L / R ,  expressed in the form of apparent shear rate +; vs. pressure P .  TC-10 measured at  240°C. 

tinued to increase with decreasing w, and hence the 
determination of vo was difficult. However, since 
Bretas and Powel171 showed that the relaxation time 
of shear stress of a low density polyethylene filled 

- 20 -10 0 10 20 30 
L I R  

Figure 27 Bagley plots; TC-10; 240OC. 

with 40 wt % glass beads scarcely changed from that 
of unfilled one, we assume that the relaxation times 
of recoverable shear strain of TC- or CC-filled poly- 
propylene melts do not change from that of the un- 
filled one in the present experiment. Namely, we 

30 1 
\ x PP 

0 T C -  0.5 
b T C - 1 0  
@ T C - 2 0  
p T C - 3 0  
A c c - 0 . 5  
A c c - 1 0  
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200 240 2 80 3 2 0  

Temperature  ("C 1 

Figure 29 
of initial recoverable shear strain, yeo (entrance). 

Temperature changes of entrance component 
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Figure 30 Absolute values of complex viscosities, 
I q*( w )  I, of PP at various temperatures. 

regard the relaxation times of recoverable shear 
strain of TC or CC series as identical to that of PP. 
Equation ( 16) shows that there is a standard devia- 
tion of k0.2 depending on the kind of polymer. 
However, here, 0.6 was used for the right-hand side 
term of eq. ( 16) since the subject was only polypro- 
pylene. 

Measurements of Thermal Properties 

Thermal Diffusivity. Thermal diffusivity a was 
obtained by calculation from document data. For 
thermal conductivity k of polypropylene, a constant 
value of 5.0 X cal/cm s "C was used for both 
solid and molten states according to Matsumoto et 
al.'s solid-state value of 4.5 X cal/cm s 0C72 
and Fuller and Fricke's molten-state value of 5.0 
X cal/cm s 0C.73 Density p of polypropylene 
was calculated from Danusso et al.'s empirical for- 

1 1  I 
1.7 1 .8  1.9 2.0 2.1 2.2 2.3 2.4 

I I T  ( ~ o - ~ K - ' )  

Figure 3 1 
time X o  of PP. 

Arrhenius plot of characteristic relaxation 

Y I H  095 ' . \  0 

0 01 0 1  1 10 100 

I ( 5 e c  ) 

Figure 32 Variations of resin temperatures T of PP 
and TC-10 at various thicknesswise positions y / H  with 
time t .  

mulae concerning the temperature changes of spe- 
cific volumes u, and u, of, respectively, crystalline 
and amorphous polypropylene~.~~ Specific heat C, 
of polypropylene was calculated from Gee and 
Melia's empirical formulae.75 

Characteristic values of fillers were taken from 
the handbook of Katz and M i l e ~ s k i . ~ ~  Namely, k's 
of TC and CC were 5.0 X and 5.6 X cal/ 
cm s "C, respectively, Cp's of TC and CC were 0.208 
and 0.21 cal/"C g, respectively, and p's of TC and 
CC were 2.7 g/cm3. 

k's, Cp's, and p's of particulate-filled polypropyl- 
enes were calculated by use of volumetric additivities 
of k ,  C,, and specific volume u , 76 respectively. Ther- 
mal diffusivity a was calculated from k ,  p, and C, 
by a = k/pC, .  

The temperature changes of a calculated in this 
way are shown in Figure 24. a increases by partic- 
ulate filling. The values of a do not greatly change 
at temperatures encountered by a resin in injection 
molding. Therefore, values at 200°C were used for 
calculations in orientation analysis. 

Crystallization Temperature. A thermogram 
was measured with a sheet about 0.3 mm thick at 
cooling rates of 10, 20, and 40"C/min using a dif- 
ferential scanning calorimeter, Perkin Elmer DSC- 
BI, after melting for 10 min at 230°C in nitrogen 
gas flow, and the exothermic peak was taken as 
crystallization temperature T,. The results are 
shown in Figure 25. T, is greatly increased by TC 
filling of a small amount of 0.5 wt % and gradually 
increases after that with increasing TC content. T, 
is increased by 1-2°C by CC filling and scarcely de- 
pends on CC content. It can be said from these re- 
sults that TC has a strong crystallization nucleation 
ability and CC has almost no nucleation ability. Tc's 
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Figure 33 Distribution of calculated mean residual recoverable shear strain ye, in Aow 
direction. X, = X0/2, hz = Xo. (a)  PP, TC-10, and CC-10 molded at various cylinder tem- 
peratures. (b)  TC series molded at cylinder temperature of 240°C. (c)  CC series molded 
at cylinder temperature of 240°C. 

decrease with increasing cooling rate. For calcula- 
tions in the analysis of orientation process, TC's at 

Experimental Results 

Recoverable Shear Strain 
a cooling rate of 40"C/min were used in consider- 
ation of the high cooling rate met in injection 
molding. 

-~ ~ 

Figure 26 exemplifies apparent flow curves expressed 
in the form of the apparent shear rate vs. pressure 
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Figure 34 Plots of slopes of c-axis orientation function 
f, and thickness of skin layer, ST, in flow direction vs. 
slope of calculated mean residual recoverable shear strain 
yer  in flow direction: ( a )  XI = A,; (b)  A, = A o / ~ ;  (c)  A1 

= Ao/3. - 

0 10 P, of TC-10 measured at 240°C using various LIR 
dies. The Bagley plots carried out, using Figure 26, 
are shown in Figure 27. Fine Bagley plots were ob- 
tained for all samples at all temperatures. 

Figure 28(a) exemplifies the change with t; of 
the end correction coefficient u obtained with Bagley 
plots for TC-10. v tends to decrease as temperature 

15 
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L 

-2 
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- -  
0 5 l o  

D i s t a n c e  from G a t e  ( c r n )  

Figure 35 Variations in flow direction, of c-axis ori- 
entation function f c ,  thickness of skin layer, ST, and cal- 
culated mean residual recoverable shear strain yer: (a )  
PP, (b)  TC-10, and ( c )  CC-10 molded at a cylinder tem- 
perature of 240°C. 
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Figure 36 Relation between thickness of skin layer and 
calculated mean residual recoverable shear strain Y~~ at 
various positions in flow direction: XI = X0/2, A2 = X O .  

rises. A similar tendency was obtained with all other 
samples . 

According to Bagley, 77 Hook’s law of the following 
expression holds: 

T, = p y e (  entrance) (17)  

where T, is shear stress, p is the shear modulus, and 
y e (  entrance) is the entrance component of recov- 
erable shear strain. 

If eq. (17)  is substituted into eq. (14) ,  

Therefore, if the end correction coefficient u is plot- 
ted against shear stress T,, a rectilinear relationship 
should be obtained and the Couette’s correlation 
term n, is obtained from an intercept of the u-axis. 
The recoverable shear strain ye (entrance) was ob- 
tained by substituting into eq. (14)  n,, which had 
been obtained by plotting u against T, and extrap- 
olating T, into 0, where the effective shear stress T, 
had been calculated by eq. (12”) using u, which had 
been obtained from the Bagley plots. Figure 28 ( b )  
exemplifies the change of y e (  entrance) with +; for 
TC- 10. ye  (entrance ) increases with increasing + h 
and decreases as temperature rises. A similar ten- 
dency was observed with all other samples. 

Apparent shear rate +; at the wall in slit flow is 
given by the following equation ”: 

where Q is the volumetric flow rate, 2H is the thick- 
ness of the slit, and B is its width. If the shear rate 
a t  the gate in injection molding under this experi- 
ment is calculated using eq. (19) ,  +: = 4200 s-I. 
Then, y,(entrance) at +‘w = 4200 s-’ can be taken as 
the initial recoverable shear strain yd( entrance) men- 
tioned in the previous section. The temperature change 
of yd( entrance) is shown in Figure 29. y &( entrance) 
tends to decrease with increasing temperature and by 
particulate filling. 

On the other hand, the transient component of 
recoverable shear strain, y e0 (transient), was cal- 
culated using eqs. (8) and ( 9 ) .  It scarcely depended 
on the kind of resin and temperature and had a value 
of about 9.2. Then, total initial recoverable shear 
strain yeO was obtained by the following equation: 

ye0 = y,O(entrance) + yeo(transient) (20) 

Relaxation Time 
Figure 30 shows the temperature change of the ab- 
solute value of complex viscosity, I ?I*( w )  I, of PP. 
It is seen that behaviors of from Newtonian flow to 
non-Newtonian flow appear. 

Figure 31 shows the temperature change of the 
characteristic relaxation time Xo, which was ob- 
tained by Graessley’s method. ho obeys the Arrhen- 
ius equation and is expressed by 

x PP 
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A X  
X X  
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X 

d 

0 
0 10 2 

ye r 
Figure 37 Relation between c -axis orientation function 
fc and calculated mean residual recoverable shear strain 
yep at various positions in flow direction: XI = X0/2, X2 = 

X O .  
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(T3+342073) (21) 
ho = 3.49 x 1 0 - ~  exp 

Therefore, XI ( T ) and 
ory section are given in the forms of 

( T) mentioned in the The- 

X I (  T )  = AXo = 3.49 X 10-3A exp 

Xz(T) = BXo = 3.49 X 10-3B exp 

where A and B are constants independent of tem- 
perature. 

Analysis of Molecular Orientation Process 

Figure 32 exemplifies the changes of resin temper- 
atures T of PP and TC-10 with position in the 
thickness direction, y / H ,  and time t, calculated by 
eq. ( 5 ) .  Here, T is expressed by a nondimensional 
quantity of ( T - Tmold) / ( Tmelt - Tmold) .  As a matter 
of course, cooling rate is higher nearer the surface 
of large y / H .  The fact that the cooling rate of TC- 
10 is higher than that of PP is because the thermal 
diffusivity a of the former is higher than that of the 
latter. The cooling rate increases with increasing 
filler content since a increases with increasing filler 
content as shown in Figure 24. 

The shear rate in the mold cavity, calculated by 
eq. ( 19), is about 500 s-', which means that flow in 
the mold cavity is sufficiently in the nonlinear re- 
gion. Since there is possibility that the relaxation 
time in nonlinear flow is shorter than the relaxation 
time in linear flow region, Xo, 79 at first, we will eval- 
uate the relaxation time in cavity flow, XI . Assuming 
that X2 = Xo, the change of residual recoverable shear 
strain yer  in the flow direction when XI = Xo, X0/2, 
and X0/3 was calculated using eqs. ( 5 ) ,  ( 7) ,  (22),  
and (23 ) . Figures 33 ( a )  - (c )  exemplify the calcu- 
lation results when XI = X0/2. From these, the slopes 
of -yer are calculated by 

where ~ ~ ~ ( 2 . 1 ) ~  yer(6.3), and ~ ~ ~ ( 1 0 . 5 )  are the re- 
coverable shear strains a t  the positions 2.1,6.3, and 
10.5 cm far from the gate, respectively. Next, by the 
same manner as in the case of yer,  the slopes of the 
changes in the flow direction, of the thickness of the 
skin layer, ST, and the crystalline c-axis orientation 
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Figure 38 Variations with thicknesswise position y/ 
H, of c -axis orientation function fc and calculated relative 
residual recoverable shear strain ~ ~ ~ / - y ~ ~ :  (a)  PP, ( b )  TC- 
10, and (c )  CC-10 molded at cylinder temperature of 
24OoC. 

function fc are calculated from the changes of ST in 
the flow direction in Figure 13 and the changes of 
fc in the flow direction in Figure 16, respectively: 
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Figure 39 Relation between c -axis orientation function 
fc and calculated residual recoverable shear strain -ye? at 
various positions in thickness direction: A, = X0/2, X2 = 
Xo. Data points n = 90; correlation coefficient r = 0.836. 

(25)  
ST(2.1) - ST( 10.5) 

ST(6.3) 
slope of ST = 

(26) 
f c ( 2 . 1 )  - f c ( 1 0 . 5 )  

f c (  6.3) 
slope of f c  = 

Next, the slopes of ST and f c  are plotted against the 
slope of ye,.. These plots are shown in Figure 34, 
which shows that the slope of correlation is larger 
than unity when Xl = Xo, the slope is smaller than 
unity when XI = X0/3, and the slopes of measured 
degrees of molecular orientation such as ST and f c  

and that of calculated residual recoverable shear 
strain ye,. are in a proportional relationship with a 
slope of about unity when X1 = Xo/2. It is conjectured 
from these results that the relaxation time of re- 
coverable shear strain, X1, at the shear rate of 500 
s-’ in the cavity flow in this experiment is about a 
half of the characteristic relaxation time in linear 
flow, Xo. Accordingly, Xo/2 is used as X1 in the fol- 
lowing calculations. 

Figures 35 ( a )  - ( c )  exemplify how the c -axis ori- 
entation functions f c ,  the thicknesses of the skin 
layer, ST, and the calculated mean residual recov- 
erable shear strains yer change in the flow direction 
for flexural specimens molded from, respectively, 
PP, TC-10, and CC-10 at a cylinder temperature of 
240°C. ST and f c  decrease in proportion to the dis- 
tance from the gate and the degrees of these de- 
creases are nearly the same as that of yer. Similar 

results were obtained for specimens molded from 
other samples a t  other cylinder temperatures. 

Figures 36 and 37 show relations between, re- 
spectively, the thickness of the skin layer and the 
c -axis orientation function f c ,  and the calculated 
mean residual recoverable shear strain yer, at various 
positions in the flow direction of specimens molded 
from various samples at various cylinder tempera- 
tures. Fairly high correlations exist between the two. 

Figures 38 ( a )  - (c )  exemplify comparisons be- 
tween the changes in the thickness direction of the 
c-axis orientation functions fc  and the relative re- 
sidual recoverable shear strains y er/y el calculated 
using eqs. ( 5 ) , ( 6 ) , and ( 23 ) , for specimens molded 
from, respectively, PP, TC-10, and CC-10 at a cyl- 
inder temperature of 240°C. The two agree well, thus 
showing the propriety of using the characteristic re- 
laxation time Xo as the relaxation time of recoverable 
shear strain after cessation of flow in the mold cav- 
ity, Xz. 

Figure 39 shows the relation between the c-axis 
orientation function f c  and calculated residual re- 
coverable shear strain yer at various positions in the 
thickness direction of specimens molded from var- 
ious samples at various cylinder temperatures. Data 
points n are 90. A fairly high correlation with a cor- 
relation coefficient r = 0.836 exists between the two. 

Figures 40 and 41 show the relation between, re- 
spectively, the thickness of the skin layer and the 
c -axis orientation function f c  and the calculated 
mean residual recoverable shear strain y e r ,  at the 
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T C - 0 . 5  
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T C - 2 0  
T C - 3 0  
C C - 0 . 5  
c c - 1 0  
c c - 2 0  
C C -  3 0  

.. 
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Figure 40 Relation between thickness of skin layer and 
calculated mean residual recoverable shear strain yer:  XI 
= X0/2, A* = x o .  
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Figure 4 1 Relation between c-axis orientation function 
fc and calculated mean residual recoverable shear strain 
,yep: x1 = xo/2, xz = x o .  

centers of flexural specimens molded from various 
samples a t  various cylinder temperatures. Between 
the two, fairly high correlations exist regardless of 
the kind and content of filler and molding conditions 
(cylinder temperature ) . 

As mentioned above, this theory can considerably 
well describe not only the mean molecular orien- 
tation but also its change in the flow and thickness 
directions in injection moldings of particulate-filled 
polypropylenes. 

CONCLUSIONS 

Flexural test specimens were injection-molded from 
polypropylenes filled with flaky talc (TC)  or spher- 
ical calcium carbonate (CC) at levels of 0-40 wt % 
under cylinder temperatures of 200-320°C and dis- 
tributions of higher-order structures in the flow and 
thickness directions were studied. 

Distribution of Higher-Order Structures 
in Flow Direction 

( i )  The thickness of the skin layer is higher as 
filler content is higher and cylinder tem- 
perature is lower and decreases with going 
away from the gate. 

( i i)  a*-Axis-oriented component fraction [ A  * ] 
is higher as cylinder temperature is higher 
and increases a little with going away from 
the gate. Although CC filling scarcely influ- 
ences [ A  * 1 ,  TC filling decreases [ A  * 1.  

(iii) The crystalline c -axis orientation function 
f c  is higher as filler content is higher and 
cylinder temperature is lower and decreases 
with going away from the gate. 

Distribution of Higher-Order Structures 
in Thickness Direction 

( i )  Crystallinity X ,  is low a t  the surface region 
and increases toward the interior. Although 
CC filling scarcely influences X,, TC filling 
increases X,. 

(i i)  The @-crystals exist a t  the surface region of 
about twice the thickness of the skin layer 
and do not exist a t  the inner region. While 
TC filling decreases @-crystal content, CC 
filling increases @-crystal content. 

(iii) The degree of b-axis orientation to the 
thickness direction is somewhat low near 
the surface region, increases once, and de- 
creases toward the interior for PP. Although 
CC filling scarcely influences the b-axis ori- 
entation, TC filling strongly increases the 
b-axis orientation across almost the whole 
range in the thickness direction. The 6-axis 
orientation strongly appears already by the 
TC filling of only 0.5 wt %. 

(iv) [ A * ]  is low a t  the surface region and in- 
creases toward the interior for PP. Although 
CC filling scarcely influences [ A  * 1 ,  TC fill- 
ing greatly decreases [ A * ]. [ A * ] 's of TC- 
filled polypropylenes decrease toward the 
interior. 

( v )  f c  is high a t  the surface region and decreases 
toward the interior. fc at the surface region 
is higher as cylinder temperature is lower. 
There are cases where peaks or shoulders 
of f c  are observed a t  midway regions in the 
thickness direction a t  high cylinder tem- 
peratures, which are assumed to be caused 
by the secondary flow during the cooling and 
pressure holding process. TC or CC filling 
scarcely influences f c .  

Analysis of Molecular Orientation Process 

A theoretical analysis of molecular orientation in 
injection molding was made from a viewpoint of 
growth of a recoverable shear strain at the gate and 
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its relaxation in the cavity and could considerably 
well describe the influences of particulate filling and 
cylinder temperature on not only the mean values 
but also the changes in the flow and thickness di- 
rections, of quantities such as the thickness of the 
skin layer and the crystalline c -axis orientation 
function f c ,  which express the degree of molecular 
orientation. 

The authors would like to thank Tokuyama Soda Co., 
Ltd. for permission to publish this paper. 
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