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Fiber orientation and rheological properties of short fiber-reinforced polystyrene at high
shear rates were investigated by scanning electron microscopy (SEM) and rheometry. This
is the first attempt to observe fiber orientations in samples taken from inside the capillary
as well as taken from the extrudate by employing SEM. The fiber orientations near the
center of the capillary are similar to those near the wall. Also, the fiber orientations inside
the capillary changed very little, even if the shear rate was varied from 25.4 to 3110 s~".
This is because most fibers near the center as well as near the wall of the barrel are already
aligned toward the flow direction before entering the capillary. The possible sources to
induce surface roughness of the extrudate or fiber protrusion are discussed. It appears that
the surface roughness depends mainly upon the velocity rearrangement at the capillary
exit. Interestingly, fiber flexing was seen in the filament taken from the extrudate as well as
from inside the capillary, which suggests that this is not likely a dominant source for
inducing surface roughness. © 2000 Kluwer Academic Publishers

1. Introduction fiber-reinforced thermoplastics loading at lower shear
Short glass fiber-reinforced thermoplastics are compogates, but the extent of increaseify ) with increasing
ite materials used widely in industry since they havefiber content becomes smaller at higher shear rates. The
improved stiffness, mechanical strength, and heat dissurface roughness (or irregularities) of the filament of
tortion temperature compared with the base polymersan extrudate was increased with decreasing shear rate,
Owing to the anisotropic property of a composite, theimplying that these irregularities result from the com-
maximum reinforcement can be obtained only whenplex flow related to fiber rotations and/or fiber flexing
fibers are properly oriented [1]. The orientation of glasswhen the composite emerges from a capillary die.
fibers in a composite is mainly influenced by flow char- Recently, we investigated the effect of the fiber ori-
acteristics during processing, and it significantly affectsentation on the rheological properties of short glass
the rheological and mechanical properties of the comfiber-reinforced plastics by using oscillatory shearing
posite. measurement [18]. When an oscillatory shearing is ap-
Many research groups have reported that rheologicgllied to the composites, the fiber orientations change
properties such as viscosity and the first normal stresand eventually reach steady values after longer times
difference for glass fiber-reinforced polymers increaseof oscillatory shearing. The rheological properties of
with increasing amount of glass fiber [2—13]. The fiberthe composite varied according to the change in fiber
orientations and surface irregularities in the filament oforientations; however, rather low shear frequencies and
the composite after an extrusion process were depershear amplitudes were employed in the previous study.
dent upon shear rates and processing temperatures [Fhus, it is not easy to elucidate the effect of steady-
10, 14-17]. It was found that better surface smoothshear rate on fiber orientations at very high shear rates,
ness of the filament of the composite is obtained withwhich have often been encountered in commercial ap-
increasing shear rate. plications such as injection and extrusion processes.
Becraft and Metzner [10] investigated the rheologi- In this study, we investigated the rheological prop-
cal properties of glass fiber-filled polypropylenes usingerties of short fiber-reinforced plastics at higher shear
dynamic shear measurement and a capillary rheometaates by using a capillary rheometer. It is the first at-
They also studied fiber orientations and surface smoothtempt to observe fiber orientations in the filament of
ness of the filament of the composite prepared by dhe composites taken from inside the capillary by using
capillary rneometer. The shear viscosify))) of glass  scanning electron microscopy (SEM).
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2. Experimental reinforced PS with various amounts of glass fiber, here-
2.1. Material after referred to as filled PS, was described in a pre-
The neat polymer employed in this study was acommervious paper [18]. The average fiber length in filled
cial grade of polystyrene (GPPS-G116; Dongbu PetroPS was 07 + 0.3 mm due to the breakage during the
chemical Co., Korea). The weight average moleculacompounding.

weight (M,,) and the polydispersity index\y/Mp)

are 322,000, and 2.3, respectively. The glass fiber em-

ployed in this study was a commercial product of2.2. Rheological measurement

Lucky-Dow Corning Co., Korea, with length of 3 mm A capillary rheometer (Instron Co., Model 4204) was
and diameter of 1&m. The preparation of glass fiber- used to measure shear viscosity &nd shear stress
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Figure 1 Plot of complex viscosityi(*(w)) versusw and plots of shear viscosity(y)) versusy at 220°C for filled PS with various amounts of glass
fibers (wt%): (a) O (neat PS); (b) 5; (c) 10; (d) 15; and (e) 20. Filled sym@ptépresents)(y) obtained from a capillary rheometer, and unfilled
symbols represent*(w) obtained from an oscillatory shearing measurement during the number of frequency sWeed™ 2; (A) 3; (V) 4; (0)
5;and ) 6.

1070



at the wall ¢,) as a function of the wall shear rate were aligned steadily toward the flow direction dur-
(yw) of neat PS and filled PS at various temperaturesing rheological measurements. It can be seen in Fig. 1
The length ) and the diameterl§) of the capillary that whem*(w) is taken after many frequency sweeps,
were 76.3 mm and 1.27 mm, respectively. Due to the)*(w) is almost the same agy ) for all fiber composi-
very long capillary /D =60), we did not use end- tions employed in this study. Since the changgiw)
correction on Bagley plots to obtain the shear viscositywith fiber contents at lower values of was already
However, the Rabinobitz correction was employed toreported previously [18], in this study we focus on the
obtain yy. Also, an RDS-1l (Rheometrics Inc.) using viscosity change at higher shear rates measured by the
the dynamic oscillatory mode with parallel plates fix- capillary rheometer.

ture (25 mm diameter) was used to measure complex
viscosity @*(w)), the storage®’(w)) and loss modulus
(G”"(w)) as functions of frequencyy of neat PS and
filled PS at various temperatures. The strain amplitude (a
was 0.15. 10° |-

2.3. Morphological measurement

After measuring rheological properties of filled PS
by the capillary rheometer at various shear rates and'& |
temperatures, we examined the fiber orientations in the
filament of filled PS inside the capillary as well as in the B
extrudate by SEM. Because the capillary was quickly
detached from the capillary rheometer after rheological
measurement and put into an ice water mixture, it 102 Ll Lt
took ~50 s for filled PS in the molten state inside the 107 102 103
capillary to reach a temperature lower than the glass &(1/3)

transition of neat PS. Thus, it is considered that any
change in fiber orientations of filled PS during the
guenching was minimized. This suggests that the fiber
orientations in a filament observed by SEM represent 10°
essentially the same as those inside the capillary. Thisis
the first attempt to observe the fiber orientations of fiber-
reinforced plastic inside the capillary by SEM. After
cooling the capillary, we slowly removed the filament of
filled PS in the capillary having a diameter of 1.27 mm
from the capillary at room temperature by pushing a
steel wire into the capillary. Finally, the filament was
carefully cut into half, using a razor blade under liquid
nitrogen environment, in the direction parallel to the
axial direction of the filament (namely, the flow direc- 102 Ll L i
tion). An SEM image of longitudinal cross sections of 101 102 10°
the filament taken from the capillary as well as taken .

from an extrudate gives us better information of the ¥(1/s)

variations in fiber orientations with the radial direction
compared with an SEM image of sectors perpendicular (©)
to the filament. Then, the filament was coated with a 103
thin layer of gold and the morphology was observed

by a scanning electron microscope (Hitachi S 570).

—
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©
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260°C

3. Results and discussion

3.1. Rheological properties

Fig. 1 gives plots of complex viscosity{(w)) versuso
(rad/s), and plots of shear viscosityf)) versus/ (1/s)

at 220°C for filled PS with various amounts of glass
fibers. As reported in a previous paper [18], at lower 102 oy L s
frequenciesd) n*(w) measured during the second fre- 10" 102 10°
quency sweep is lower than that measured during the .

first frequency sweep, but this approaches a constant ¥(1/s)

Va'FJe as further frequency _sv_vgeps are ma_de' Th!S We}§|’gure 2 Plots ofy(y) versusy at three different temperatures for filled
attributed to the fact that initial random fiber orien- ps with various amounts of glass fibers (wt%)) 0 (neat PS);) 1:
tations in filled PS prepared by compression molding(A) 5; (V) 10; (¢) 15; and ;) 20.

n(Pa-s)
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Figure 3 Plots ofy(y) attwo values of for filled PS versus volume frac-
tion of glass fibers at three different temperaturey2@0°C; (O0) 240°C;
d (V) 260°C.
" 105 | © 260°C

Plots ofp(y) versusy for filled PS with various fiber
contents are given in Fig. 2a at 220, in Fig. 2b at
240°C, and in Fig. 2c at 26QC, respectively. It can
be seen in Fig. 2 that the incrementriy) with fiber
content is more evident with lowering and increas-
ing measuring temperature. Plotsggf) aty =60 and
300 s forfilled PS versus volume fractiog)of glass
fiber as a function of measuring temperature are given
in Fig. 3a and b, respectively. It can be seen that in the
ranges of volume fractions employed in this study (i.e.,
c is less than 0.1)(y) increases logarithmically with 5 . 5
c. Previously we reported that the complex viscosity at 10 10 10
lower frequencies increases logarithmically va{i8]. tm(Pa)

We also found that the values of the activation energ)‘:i ure 4 Plots ofy(y) versusry at three different temperatures for filled
(a E) for filled PS decrea.'ses with mcreasmgxndy. Pg with various a?’r%unts ofg\l,;ssfibers (wt9%). The Eymbols are the same
Notice thatAE was obtained from the slope in plots ¢y rig 2.

of n(y) measured at constapt versus the inverse of

the temperature divided by the gas consfanin two-

phase systems, plotsgfy ) versus shear stress) are ~ 3.2. Fiber orientations in filled PS

preferred to plots ofi(y) versusy since at the interface Fig. 5 gives fiber orientations in the cross section of a
y becomes discontinuous whitg is continuous [12]. filament of filled PS with 10 wt % of glass fiber taken
Fig. 4 gives plots ofy(y) versust, at three differ- from near the exit of the capillary after measuring rhe-
ent temperatures. It can be seen that the slope becomekogical properties at 240 and three different values
steeper with decreasing temperature, and that shear vist y, 25.4, 254, and 3110°$. This is the first attempt
cosity does not vary much with glass fiber content atto see fiber orientations in short-fiber reinforced poly-
largerty,. mer materials inside the capillary rheometer by SEM.

n(Pa-s)

102 1 Lol 1 [ |
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Figure 6 Fiber orientations in the filament of filled PS with 10 wt %
of glass fiber taken from near the exit of the capillary after rheological

y properties were measured at 24Dand three different values pf(s~1):
— (a) 25.4; (b) 254; and (c) 3110.
0.2mm
X fibers during the cracking. Thus, there remained fibers

Figure 5 Fiber orientations in the cross-section of a filament of filled PS protruding normal to the fracture surface. It was unex-
with 10 wt % of glass fiber taken from near the exit of the capillary after pected to find from Figs 5 and 6 that most fibers were
measuring rheological properties at 24Dand three different values aligned toward the flow direction. And the fiber ori-
of  (s%): (a) 25.4; (b) 254; and (c) 3110. Heresaxis is the flow  entations inside the capillary changed very little, if at
dlrecthn, andy-axis is the radial direction covering the diameter entire all, even when the shear rate varied greatly from 25.4
of the filament (from wall to wall). 1 . .

to 3110 s-. It should be mentioned that due to rapid

quenching of the capillary described in the experimen-
When the filament was cracked under liquid nitrogental section, the fiber orientations given in Figs 5 and 6
environment, the fiber orientations in the filament wereare essentially the same as those during rheological
also qualitatively determined, as shown in Fig. 6. Noticemeasurement under the specific shear rate. Fig. 7 gives
that due to a rather poor adhesion between the matriSEM images taken at three axial positions, near the en-
(PS) and fibers, the PS was easily detached from th&ance, the middle, and near the exit, of the capillary
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Figure 8 Fiber orientations in the cross-section of a filament of filled
PS with 10 wt % of glass fiber taken from near the exit of the barrel
after rheological properties were measured at’Z@ndy = 254 s 1.

(a) near the center; (b) near the wall of the barrel.

Fig. 7 that fiber orientations do not change with axial
direction of the capillary.

The absence of significant change in fiber orienta-
tion with radial position as well as with the shear rate
is attributed to the fact that most fibers located near
the center as well as near the wall of the capillary are
already aligned toward the flow direction before enter-
ing the capillary. This is clearly demonstrated in Fig. 8
where most fibers inside the barrel of the rheometer are
aligned toward the flow direction regardless of radial
positions of the barrel. This behavior was previously
reported by Crowsoet al. [15] who employed an X-ray
technique to investigate fiber orientations. It should be
mentioned that the barrel diameter (9.525 mm) is much
larger than the average fiber length (0.7 mm). We also

Figure 7 Fiber orientations in the cross-section of a filament of filed found that most fibers in the filled PS with small con-
PS with 10 wt % of glass fiber taken from three different positions of tent (e.g. 1 wt %) of glass fiber were aligned toward the

the capillary after rheological properties were measured at@44hd
7 = 254 571, (a) near the entrance; (b) the middle; and (c) near the exit

of the capillary.

flow direction regardless of radial positions of the bar-

rel. This suggests that fiber-fiber interaction cannot be
neglected even for filled PS with small amounts (say,
1 wt %) of glass fiber. Therefore, we conclude that the

for filled PS with 10% of glass fibers after measuringchange in fiber orientation with the radial direction in-

at 240°C and 25.4 s1. Here, thex-axis is the flow di-
rection, and they-axis is the radial direction covering

side the capillary becomes very small.
Fig. 9 gives fiber orientations in the filament of the

the entire diameter of the filament. One can note fronfilled PS with 10 wt% of glass fiber taken from the
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y Figure 10 Fiber orientations in the filament of filled PS with 10 wt %
— of glass fiber taken from the extrudate after rheological properties were

measured at 240C and three different values pf($1): (a) 25.4; (b) 254;

and (c) 3110.

X

Eigur(_—:;h91l(:)i$;|;/ori?nltatio?_z intthke c;oss-fﬁctior: o;atfilafrtnenrt] oflfillgd Icracked, as shown in Fig. 10, or when optical micro-
Wi 0 of glass Tiber taken from the extrudate arter rneologica .
properties were me?isured at 24Dand three different values pf(s~1): ’ graph (OM) Images were taken from the, extrudgtes as
(a) 25.4; (b) 254; and (c) 3110. shown in Fig. 11. These results are consistent with pre-
vious reports [10, 14-16]. It can be further noticed that
in the filament experiencing lower shear rates, a few
extrudate after the rheological properties were meafibers have more and less random orientations com-
sured at 240C and three different values ¢f, 25.4, pared with the filament taken from inside the capil-
254, and 31103 At the y =25.4 s, many fibers lary, although most fibers are oriented toward the flow
protrude from the surface of the extrudate; thus thelirections.
surface of the filament becomes rough. As the shear The surface roughness of the extrudate or fiber pro-
rate increases, the extrudate surface becomes smoothiusion is due either to the velocity rearrangement at
This behavior was more evident when the extrudate wathe capillary exit or to the fiber flexing. According to
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Figure 12 SEM images showing fiber flexing (marked by the arrow) in
the filament of filled PS with 10 wt % of glass fiber after rheological
properties were measured at 24Dandy = 3110 s'1: (a) taken from
inside the capillary and (b) taken from the extrudate.

— at the wall. To compensate for the velocity difference,
0.2mm the fibers that are already aligned toward the flow di-
rection inside the capillary can be rearranged in the ex-
et e S o osre e a0 e aientatons tht deviate rom th flow
L PAO-C A hres Aot el ng): (pa) 25.4; &) 254, and Céj_lrectl_on. However, at higher shear rates, the time for
() 3110. fibersinthe extrudate to be rearranged becomes shorter;
thus a smoother surface of the extrudate is expected.
Interestingly, fiber flexing marked by the arrow was
numerical results given by Becraft and Metzner [10],clearly seen at the filament taken from inside the capil-
the orientations of fibers near the wall are changedary in Fig. 12a as well as in the extrudate in Fig. 12b;
significantly compared with those near the center. Ithis phenomenon was more evident for long fiber. Al-
is noted that the velocity profile of the extrudate be-though Becraft and Metzner [10] reported the existence
comes the same regardless of the radial positions at the fiber flexing for the first time, Fig. 12 gives clear ev-
capillary exit, while the velocity of the molten sample idence. If perpendicular cross sections of the filament
inside the capillary is largest at the center. Thus, thevere observed using SEM, one could not detect the ex-
velocity difference between the extrudate and molteristence of fiber flexing. However, although fiber flexing
composite inside the capillary near the exit is the largesinay affect fiber protrusion from the surface, it is not
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0.2mm

Figure 13 OM images of the extrudates of filled PS with 10 wt % of glass fiber after rheological properties were measured at different temperatures
and shear rates: (a) 26G and 81.3 5! (zy = 3130 Pa); (b) 260C and 203.3 st (1, = 4500 Pa); (c) 220C and 76.4 5; (tw = 4600 Pa);
(d) 220°C and 191.0 3! (7, = 6890 Pa).

likely a dominant source of surface roughness. Thigpendent upon the shear stress. (n other words, the
is because fiber flexing was also seen in the extrudatextrudates after experiencing similar shear stresses ex-
(see Fig. 12b) when processed at much higher sheduibited similar surface roughness. Also, the larger the
rates (e.g., 313073). We also found the existence of t, the smoother the surface that is expected. This im-
fiber flexing in the extrudate as well as in the capillaryplies that with decreasing measuring temperature and
at lower shear rate (e.g., 25.24%. increasing shear rate, the extrudate surface is expected
Based on the results given in Figs 10 and 11, ondo be smoother. Fig. 13 gives the surface roughness
can speculate that the surface smoothness of the extrof the extrudates experienced at different temperatures
date depends mainly upon the shear rate. However, bend shear rates. It can be seen from Fig. 13b and ¢
cause we consider that the surface smoothness or fib#rat even for large difference in temperature and shear
protrusion is mainly due to velocity rearrangement nearate (260°C and 203.3 s to 220°C and 76.4 s?), the
the exit of the capillary, the relaxation time of a filled surface smoothness of the extrudate becomes similar
polymer plays an important role in addition to shearfor the two cases. Notice that the stress values for the
rate. Therefore, the surface smoothness seems to be dero cases are very similar (4500 Pa versus 4600 Pa).
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We also found that when an orifice (D = 0) was em-

tence of fiber flexing in the filament taken from inside

ployed, the surface of the extrudate became very smootthe capillary, this is not likely a dominant source af-
even at lower shear rates and high temperatures (for irfecting surface roughness, because fiber flexing was
stance, 25.473 and 260°C), which is consistent with also observed in the extrudate.

the result reported by Becraft and Metzner [10]. This
is attributed to the fact that in this case no velocity re-

arrangement is expected. These results suggest that tAeknowledgement
surface roughness is mainly due to the velocity rearThis work was supported by Korea Research Founda-
rangement of the fibers located at the wall at the caption (1998), Korea.

illary exit. The above argument is also consistent with
the results by Wagneat al. [17] who reported that the

fiber orientations in the extrudate become more ranReferences
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