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Numerical predictions of {iber orlentation during injection moiding of fiber-filled
thermoplastics are compared 10 measurements. The numerigal work successfully
describes the flow of fiber-filled plastic during injection molding. using finite-
difference solutions for the transport cquations and marker particles to track the
fiow front. The flow is modeled as a2 2-D, non-fsothermal, free-surface flow with a
new viscosity model dependent upon temperarure, pressure. and fiber concentra-
tion. The fiber orienfation is based upon solution to the Fokker-Planke equation.
The comparison demonstrates fair agreement between predicted fiber orlentation
and experimental results for slow and fast injection speeds. For the slow speed case
at 10 and 20 wi% fihers. the numerical and experimental works show that the fibers
are more random at the flow front than at the centeriine, and that the fibers hecome
more aligned as they low from the gate to the midstream region. At fast injection
speeds, the agreement between the numerical and experimental works is not as
good a5 at slow injectton speed. Possible explanations for the discrepancies are that
the flow is assumed 1o be simple shear when injecilion molding is known to be a
pressure-driven flow, the fibers have an initial orienation for the runner rather
than the assumed random orlentatlon, the fibers that were displayed (rom the
camera were more aricnted just behind the flow front lowing to the fast injection
speed). and the arfentation requires more than a 2-D video Image to represent a 3-D
fiber orientation.

INTRODUCTION

Mo]d—ﬁlling analysis of injection molding has been
of considerable research interest over the past
twerty years. Injeetiom of a plastic meit into a cool die
taviry generally involves three flow regions (Fiy, 11 the
Zate region, the fully developed region. and the foun-
1ain regian.

I a wypical end-gated. thin-walled cavily, the gate
Tegion is characterized by radial flow, the fully devel-
%ped region by a dominant parallel-velocity vompo-
ent, and the fountain region by a fres surlace Dow,
The ubjective of the fiow analysis is to obtain pressure
and velocty distributions for a thermoplastic in a
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rlosed cavity, by solving the mementurmn and energy
transport egquations with an appropriate constitufive
equation.

Previous researchers modeled the low during injec-
tion molding as a Newtonian material i a fully devel-
aped onc-dimenstonal flow. In particular. Williams
and Lord (1) and Huang ef al. (2} cxpanded to two
dimensions and to include the thermal and pressure
effects durnng the filing of the gate and the fountain
regions. Harry and Farroit (3} and Berger and Gogos
It} developed appropriate constitutive equations 1o de-
scribe the shear, thermal, and pressure inlluences
upoen the viscosiry. Several finlte-difference codes are
availuble o solve the coupled momentum and energy
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transport equations in the three [fow regions, e.g.
Moldflow 5] and C-Flow (8],

Few rescarchers have Incorporated fiber-filled poly-
mer mells into the flow analysis, due to the absence of
an appropriale constitutive equation. The theological
equations of state for fiber suspensions are based
upen the prientation of the fibers. This orientation is
represented by the fourth-order dot product of the
orientation vector. p. and based upon Baichelor's
bulk stress expresglon. Kamal and Mutel [7) approxi-
mated the fourth order tensor for simple flow sysiems.
Folgar and Tucker (8} developed an empirical diffusion
model that predicted the inter-fiber contact forces
based upon hydrodynamic friction between moving
intersecting particles. The forces transmitied across
the comitact point was proportionat to the relative ve-
locity hetween the two particles at that poelnt. The
orientation tensor was formed by taking the dyadic
procluct of the vector, p. with itself and integrating the
product times the distribution function. The odd order
tensors are zéro since the distribution function is
even. An infimite set of even-order tensors is formed.
The stress lensor is represented by a second-order or
a fourth-order rank lensor willt an added interaction
coefficienit €; that takes into account the fiber inter-
action. The fourth-order rank tensor is computation-
ally intensive. Tucker (9) approximaled {he second-
crder rank fensor with a summations of the double
dot product of ithe orlentation vector. Advani and
Tucker (1} treated the orienration of the fibers based
upon a three dimensional, second-order rank tensor.
Bay and Tucker (11} found that the theory did not
accurately refllect dala for concentrated solutions.

Recenlly, Ausius et al. {12) used a simple approach
to describe the rhealogy of semi-dilute suspensions of
fibers with a second-order tensor. The fiber evolulion
equation ts based upon the motion of a single ellipsaid
in a Newtonlan fluid under simpie shear low {rom
Jeffery (13). The model contains only one adjustable
paramcter. The wransient relative viscosity is a func-
tiory af strain and not elme or shear rate separately.
Themodel gives reasenable predictions of experimen-
tal data, Other researchers (14, 15) based the predic-
tion of fiber orientation upon the second order wensors
with mixed resits.

This research predicts the fiber orientation dunng
infection molding of a small plague part with the fibers
orienting as a function of tetal strain. The fibers effects
on viscosily are taken into account with a fiber con-
cenlralion parameler. This work is the last portion of
a research project by Greene (18) in the study of fiber
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orientation during tlow of fiber-filed thermaplustics.
The research work predicts the flow of fiber-fited ther-
maoplastics by incorporating the energy equation into
the flow program. by incorporaiing the shear rate,
temperature, and pressure cffects on the viscosity,
and, lastly, by incorporating f{iber-oricntation cffects
on the viscosity and the low field. This work is pre-
ceded by an investigation by Greene and Witkes {(i#)
into the effects rhe fibars have an the molecular weighi
and steady-state viscous properties of three thermo-
plastics materiais and by a numerical analysis study,
by the same authors (18] that predicts flow and pres-
sures during injection melding. The numericatl inves-
tigation incorporates & madified Carreau model into a
commercial mold-lilling analysis packade, FLOW-3D,
that utilizes finite-difference solutions for the {rans-
port equations and marker particles to track the flow
front. The fiber arientation is found from the solution
of the Fokker-Mank equation. The details of the nu-
wmerical work inciuding descriptions of the numerical
analysis and rheologieal coefflelents of the matertals
are given in the previous work by Greene and Wiltkes
{18) and will not he presented here.

Fiher-Drientation Calculation

Onee the flow dynamics have been determined and
the flow and pressure distributions found, the fiber
orientation can he caleutared based upon fiber con-
centration and (otal strain. The probability distribu-
tion function, ¥p, fl, can be found {or simple-shear
flow according to the Tollowing:

1 el - 2wpups — (1 + ¥hpl - pi
W, £ - —

4m pi=+pi+pi
(L

where v is the total strain, defined for m time steps as
the sum of shear rate in the time step multiplied by
the time increment in the time step, v = XL, ¥,,Af.

The fther-orlentation calenlations as well as the
modificd viscosity relationships for temperature, pres-
sure, and fiber concentration were added to the com-
puler prograrm.

Fiber Orientation

Fiber orientation s found by conserving the fibers
in the oriencation space, p. The sciuation for the fiber-
origntation-distritnitlen lunctlon, ¢, t), 1s found us-
ing the Fokker-Plank sotution o the conservation of
fibkers in the orientation space as:

1 et
flp. t) = -117{'3' - A: pp) B# (2}

where A = B! is the deformation gradient defined
previcusly, and pis the ortentation of the fiber at time
t. The orientaticn of the fiber is determined once the
veloeity field and hence the deformation gradients are
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determined, which for simple shear {low is:

(31

1 [P} = Zypips = (1 + ¥)pd + pi
wip. t]

4r BT pi+ pa

The numerical predictions calculate the probability
thai a fiber is at orientation p at time t based upon the
tolal strain, . that the fiber has cxperienced. The
orientation vecloer for simple shear flow s shown in
Fig 2.

In spherical coordinate system the orientation vec-
tor, p, is glven by: '

f B, / sin & sin & ."1 ;i sin &
p= pz] (cosﬁ i.. cnsH)
v Bg cos ¢ cos 8

During injection molding of & polymer in a thin-
walled cavily, e fibers again will align in the divec-
tion of fow. namely. # — 90°. The following analysis
assumes that the flow can be represented as simple
shear where the x-component of the velocity {with x
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being the flow direction} bras the largest gradient in the
perpendicitlar direction (here, the y-direction). This
contrasts with a pressure driven flow during injection
melding, and could be a source of error in the analy-
sis. The flow analysis shows a small y velocity compo-
nenl when compared to the x (flow direction) velocity
component, FLOW-3D was modifled by incorporating
a total sirain variable into the program. Since the
distribution functien only requircs a total strain al
cach location. the modification was only required in
the subroutine thal calcutated the shear rate. The
tota) strain then was the sum of the total strain from
Lhe previous-time step and the strain from the cur-
reni-lime step. The corrent-time-step sirain was the
product of the shear rate and the tine step, Eg 4.

Vet = Yaim 1 Tﬂ-f {43

The numerical anzlysis then results tn a printout of
the total strain at several locations, Le,, five equal
increments from the centectine (i = 0l te the wall{y =

1021
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Fig. 6. Case I: Experinental fiber arizntation distribution al
the gate lucation.

0.15 em). At the wall a no-stip boundary condition
exists. so the velocity is zero.

Since most of the orientation vecurs tn the thick-
ness direction, the flow is compuled in two dimern-
sions, neglecting the widih direction, The analysis is
for™un incomplete fill with the flow rerminating at
~50% of the length of the [ull part. The analysis cal-
culates fiber orientation at the gate, midstream. and
flow-front locations. For the midstream and flow-front
locations. the total strain is determined based upon
the fill time. For the gate location, the (otal strain is
based upon the time as the flow [ront moves enc cell
past the gate, The results arc compiled for 10 and 20
wi% short-fiber-reinforced polypropylene and at slow
and fast fill.
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Fipg. 8. Case |: Experimental fiber-grientulion distriburion at
the midsiream location.

EXPERIMENTAL MEASUREMENTS OF FIRER
ORIENTATION

The fiber orientation work measurcs orientation in
an injection-molded short-shot plaques. The short
shiots were penerally filied just past the mid-siream
pressure lransducer. The plagues were injection
molded at 10 and 20 wi% glass fibers for slow and fast
injection speeds. The plagues were then used tocut a
microtome test sample that was then optically ana-
Iyzed for fiber orientation, The plaques were sectivned
in two different directions at the gate, midstream, and
flow-front locations. The steps in the [iber-orientation-
measurement process consisl of flve major arcas and
five instruments. The process is described in the next
seciion and Ustrated in Fig, 3.

Step 1: Injection Molded Piague Preparation

The first step is to prepare the tesi sample for cut-
ting by injection molding the intended part that can he
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Fig. 10, Case 1: Pxperimera! fiber orienabion distribution at
the flaw-front focation.

& productien plastic part, tensile bar. or a test plague.
A Kew Britain, model 75-TP, single-screw-injection-
molding machine is used during the research. The
resin is injected into 4 7.85 by 16.1 by 0.3 cm cavity
vig a runner systern, The test sample is then sectioned
to fit inrg the fixture apparatus of the microlome cut-
ter that wilt he described in the ncxt section.

Step 2: Polycut Microtome Procedure

The test plague is onl into microtome samples at a
prescribed thickness., in this case 90 um, 1o provide &
sperimen that can be opfically mceasured. A Relehert-
Jung heavy-duty microtome was used for this proce-
dure, The POLYCUT 5 is a universal heavy-duty mic-
Tolome  for  both  biomedical and  industrial
applicatons, Large specimens up fo 25 % 20 em and
hard materials sueh as bone or plastic can be sec-
tioned. The POLYCUT has a wide range of specimen
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Fig. 12, Case 2: Experimental fiber orientution distribution at
the gate locaiiori.

holders and knife stages for industrial applicalions.
The specimen is rigidly held mto place on the stage
that is adjustable in height and orientation with re-
spect 1o the blade, The stage then passes under a fixed
knife hlade at a constant rate. The plague sample is
thindy sliced as the stage moves under the blade inte
shavings at a prescribed thickness, and placed be-
tween two glass shides, The plaque sampie is posl-
tioned in the POLYCUT [ixture to get cuts at two dif-
ferent sample directions. ene perpendicular to low
and cne parallel to flow. as shown in Fig. 4.

The two different cut directivns enabie an analysis
of the flow characileristics of the fibers during injection
motding. The perpendicular direction sample provides
information of the orientation state as influenced by
the top and bottom walls in tlie thickness direction,
aned the influence of the side walls in the width direc-
tion. The slices at the entrance. midstream. and the
flow {ront locations can show the infiuence of the walis
on the fiber orientatton in the plaque. The paraliel

1023



Joseph P, Greene ond James Q. Wilkes

06

LA

=
B

Freguemy
L1}

0.2

0 225 45 475 9y 1115 115 1575 1ED
danele, degress

Fig. 13. Cose 2: Predicted fiber-orientation distribution al the
goite Wocation.

an 5%
405
25
g AN
20 Bl
; 25%
=2, L3
g - MILE
g - 1535
16%
b
%
8 £ o

)
5
a0

Lal u
~d -t
[l ]

& Angle deprees

Firy. 14, Cose 2 Eapeerirnentul fiher-orerntalion distrbution at
the miclsirecon location.

direction sample, Fig. 5, provides the fiber orientation
inlormalion as the fibers proceed from the gate to the
midstream and finally to the flow [rent. The influences
of the top and bottom walls on the fiber orientation will
be apparent. The width direction will not be of impor-
tange sinee the plagque sample was sectioned at the
cenicrline of the part, The orienration in the parallel
direction was calculated during the numerical anaiy-
sis after the fluid velocities, pressures, (emperatures,
and shear slraing are calculailed.

Step 3: Optical Microscope Measurements

An optical microscope is used to analyze the fiber
oricntation state of the microtomed sample. In partic-
ular, a Nikon Microphot-FX mstrument was used to
examine the test sample. The Nikon unit is composed
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Fig. 16, Case 2; Experimental fiberorientation distribution at
the flow-front location.

of a microscope with an eyepiece, 35 mm canmera.
coler video camera. and several ohjeetives. The mag-
nlfication was 40 . The eolor video camera, CCL cam-
cra mopdule, displaycd the camera to a monitor and o
a Macintosh II computer. The sample iinage was re-
corded with the 35 mm camera.

Step 4: Imags-Capturs Measarements

The image prejecied from the video camera is then
processed inte a sharper tmage by using a software
package. MICRO-TOME. which uses the nearest-
neighbor algerithm te remove haze from images. It
does this by calculating the point spread function
associated with the scanned data and mathematically
removing the haze from each image. The output is
saved inn a MIC file format The image [ile can be de-
vconvolsied as well. The file [ormat is then converted o
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Fig. 18, Case 3: Experimerual fiberurentation distribuiion ot
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a TIFF format by using Irmage Analyst software. The
soltware allows the integration of video images with
computer based apptications by exporting the image
inta a TIFF format. The image must be maodified to
compensate {or the fact that the fiber and the resin
ruatrlx have similar gray tones. with the fibers appear-
mg transtucent, The translucent fibers are not easily
measured by the fiber-oricntation equipment, and
were therefore darkened by using the line draw fune-
tion of the software while using the image from the
video camera as a guide. The cutput files of the en-
hanced pictures are given in the Appendix.

Step S: Fiber Orientation Measurements

The last stage is the actual measurcments of the
ilizer orientation [rom the output files by using the
Quantimet 570 [rom Leica (18] The Quantinel 570
embodies image processing and morphotogical tech-
nlgues, built inte a programmable gray-tonc image
Processur, Actually. two 388 processors are used for
the image analysis. numerical computation. and color
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Fig. 19, Case 3. Preudicied fiber-onentarion disribution al the
geater locarion,

Froepoeney

Hanple, degrech

Fig. 20. Case 3: Experimenial fiber orientation disoiburion at
the midstream looation.

disptays. The Juantimet 570 incorporates a new gen-
gration of gray-scale image processing software, based
upon the mathematical morphology techniques devel-
oped by (he Centre de Morpholegie Mathématique at
the Ecoles des Mines. Parts. in close conjuncrion withs
Cambridge Instuments (200

According wo Serra (21). image analysis based upon
mathematical . morphology simplifics the image for
segmentation uand measurement, and s achieved by
rapid modification of the image pixels according (o the
gray values of their neighbors. The rransformation, as
presented by Beucher and Serra 122] and Beucher and
Vireent 123). 18 controlied by ihe action of a structur-
ing element eentered on cach pixel. Juantimet 570
begins the analysis process by appiving matrix shad-
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Ftg. 22, Case 3; Experimental fiber-wrienelion distribution ot
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- Ing correction and digitizing the image into 256 gray
levels. Fach {rame is cleaned up by successively aver-
aging™ series of video images to fliter out background
notse and then saved.

The saved image is then manipulated by o gray-tone
image processor, based upon Programmable Logle
Cell Array technology, and oplimized {o handle mor-
phological fransformations. Some examples of the
morphological wanslormations are top hat, delineate,
gradienr, gray build, maxima/minima, hit or miss.
amend. watershed, prune, skiz. {dentify points. seg-
ment. label, and distance. In addition to the fiber ovi-
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the gate location.

entation, the sollware calculaces the fiber length dis-
tributons. The output s sent to a Lotus file.

The [iber orientaion was measured for the 10 and
2G wi% short fiber at slow and fast injection speeds,
Sample slices were (aken at the gare, midstream. and
flow front locations for the perpendicular direclion. As
a comparisen. the sample slices for the parallel direc-
tion were taken at the cenferline location (y = ) and
included rhe gate location at one end and the flow-
fremt location at the other end of the same sampte. The
fiber-orientation results are presented and compared
to numerical predictions. The fiber orlentation for the
direction perpendicular to How is given for three areas,
namely the gate, the midsection. and the flow Ironl.
The gate location in the perpendicular direclion is
lovaled ~5 mm from the edge of the sample. in order to
reduce any effects from the sample vut, Similarly. the
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Fu. 26, Case 4: Experimental fiber-origsitation distribution at
the midsiream location.

Now -front loeation is ~2 mm from the edge. in vrder o
Rl & erisp image. The midstream locaton is approxi-
Marehy hall-way from the gate to the flow front. The
Measuremwent rechnigue was Hmited by the assump-
Uon that the 3-D image can he represented with a 2-D
"deo image. Some of the fibers. especially at the flow
fromy, were ont of the forus plane ipointing at the
“amera) and thus were nol measured. Thus, some of
[rlt‘ How-fromn orientation results appear to be more
Mdom (han they are. The software commpany is con-
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Fig. 28. Case 4 Experimenial fiber oreniation distribution at
the flon-front location.

timuing to work on this probiem, The dala presented in
the foliowing figures are from one sample that gave the
most crisp image. and typically had over 100 fibers per
sample. The number of fibers at a ceriain orientation
are called the frequency. The frequency divided by the
otal number of fibers and rimes 100 is difined as the
percentage of fibers at (that orientation angie. & The
har in the following figures denntes the frequency and
the ling dengies the percentage. The orientation 18
with respect 0 the perpendicular-to-flow direction
and represenied by the angle 8, (refer 10 Fig. 21
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COMPARISON OF EXPERIMENTAL TO
PREDICTED FIBER ORIENTATION

The definition of Lhe orientation angle ts different for
the two procedures. The numerieal calculations pre-
dict the angle, 8. with reference to the normal-to-flow
direction as explained in Fig. 8 The experimental pro-
cedure measures the orientation with respect to the
flowe direction, and henee is at an angle 90° relative to
the numerical predictions. For comparison purpeses,
lhe experimentally measured orlentation angle was
translated o the same angle, &

Predicted Fiber Orientation for Simple-Shear
Flow

The predicied fiber orieniation for simple-shear flow
using the modified, FLOW-3D computer program. The
urigntation data frem the computer program. though.
is calculated at five sections in the thickness direc-
tion. To be consistent with (he experimental data
graphs. the orienration results from the different foca-
tlons in the rhickness direction are combined cnto one
distriburion graph for the x-location, c.g.. gae, mid-
stream, or flow-front location. The probabilily distri-
burion s converted to a frequency distribution by
computing {he sum of the proibabilities thal the fiber 15
at an angle. g, for sirains through the thickness. g at
thetenterline to g at the wall, and by computing the
surn of probahilities for all angles of orientatlen, § = 07
to 180°. The Dinh-Armstrong theory denotes that the
sum of the prebabilities lor all of the orlentation an-
gles (8 = 07 to 1807} is equal to 1 for a given time (or
strain). Note, that in our case. the sum of probabiiities
Is not equal to unity since it 1s computed by summing
the siraing at varlous thickness locations, hence dil-
fereni times. For both the measured and predicied
wechnigues, the sum of 2l fraction of fibers udds up ta
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1. The {formula for computing the fraction of fibers
gl lor the measured orientation is given in Eq 5. and
for the predicted fraction of fibers is given in Egq 6.
These fractions are multiplied by 100 Lo give the per-
centage of fibers at the orientation angle.

N,
gl = e 51
E,"_IN,

Herc, & is the qumber of fibers. or frequency, at the
oricntatiozn angle 6. The denominatoer is the total num-
ber of fibers.

Tt v
g = g Z%‘ W, 7 {6)

=1 =1

Here, the numeralor is the number of fibers at the five
strain locations with an orienration 2. and the denom-
mator is the total number of fibers at the five strain
locations with all orientation angles [ = O to 1EO°),

The comparisons between the experimental and nu-
merical work of fiber arientarion in the parallel direc-
tion are given at the gate, midstream, and flow-front
locations for four different conditions. Case 1, Figs. 6
through 11, is polypropylens withh 10 wt% Abers at
slow injection speed. Case 2, Figs. 12 throngh 17, s
polypropylens with 10 wt% f{ibers at fast injection
speed. {fase 3. Figs. 18 through 23, 1s polyvpropylene
with 20 wi% fbers at slow injection speed. Case 4.
Figs. 24 through 22 is polypropylene with 20 wt%
fibers at fast injection specd. The experimenial work s
given first followed by the numerical predictions.

The orentation results from the previous graphs
generally demonsirate thal the fibers become more
aligned as the flow progresses from the gate 10 the
midstream and until the flow front is reached. At the
flow front rhe fibers become more random because af
the fountain effect, The oricntation at the slow injec-
tion speed, Case 1 and Case 2, have better agreement
of experimenial to predicted results than the fasi in-
Jecuon speed cases, In all four cases the measured
orienlation at the gare location is not random bul has
sume orientation. Obvieusty. the fibers are somewhat
aligned in the runner system. il contrasl 0 an as-
sumption of the Dinh-Armstrong theory and the no-
merical analysis. To correct this, the analysis would
have 1o model the flow i1 the runner in addition 1o the
gate and the cavity, This would be difffenlt with (he
FLOW-3D software since the runner is modeled in
eylindrical coordinates and the gate and the cavity are
medeled in rectangniar coordimates. Another possible
solution would be to pur in an initial orientalion vec-
tor, p,. &l Lhe gate location. This would reguire a new
solution to the Fokker-Planck equation for an initial
orientation state using the method of characteristtes.
Again this would be betier left for future rescarchers.

The disagreement al the flow-front location between
the experimental and numerical predictions is most
pronouneed for the fast injection speed cases. For the
fast-speed cuse. Fig. 16 and Fig. 28, the flow-front
appears (o have equal orientation to the midstream
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Iocation. Poastbly, the fihers that were displayed from
the camera were moare onented just behind the Hlow
frant {due to the fast injection apeed] than the slaw-Ail
case. Thus, the sample area was too wide and in-
cluded more than (he flow-front Jocation. Another pas-
sible explanation for the discrepancies is that the flow
i3 assumed simple shear when injection melding is
known to be pressure-driven flow.

CONCLUSIONS

Numercal predictlens of fiber orientation during
tnjection molding of fiber-filled thermaoplastics are
compared to experimental measurements. Addivion-
ally, experimental methods and equipment used for
fiber orientation measurentents are presented. The
fiber orientation is calentated based upon soiulion to
the Fokker-Planke equation. The simplified mode] al-
lows [or quick calculation of the fiber orientation as a
function of total sirain. The comparison demonstrates
fair agreement between predicted fiber orientation and
experimental results for slow and fast mjéction
speeds. For the slow speed case at 10 and 20 wt%
fibers, the numecrical and experimental works show
that the fibers are more random ai the flow front than
at the centerline, and that the fibers become more
aligned as they flow from the gate regdion to the mid-
stream region. At fast injection speeds. the agreement
between the numerical and experimental works is not
as pood as at slow speeds. Possible explanations for
the discrepancies are that the flow is essumed simple
shear when injection molding is known io be pres-
sure-driven flow. the fibers have an initiat oricntation
{or the runner rather than the assumed random oti-
entation. the fibers that were displayed lrom the cam-
era were more orlented just behind the flow front (ow-
ing to the [ast injection speed), and the crientation
requires more than a 2-13 video image o represent
3-D fiber orieniation.

APPENDIX
Fiber Orientation Resnlts: TIFF Files

The graphic images given in the following pages are
the files that were measured for [iber orientation. The
material tvpe, Aow location. and flow orienialion are
fiven at (he top of each image. The flow inn all cases is
from the right to the left. The tap of the image is the
mold wall and the bottom of the image is the mold
wall.
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Polypro 20% abort fiber slow fill af the flow front and paraliel to flow

Polypro 20% short fiber faxl fill at the flow froar and parallel to flow

[ Bl

18.

21

POLYMER ENGINEERING AND SCIENCE, JUNE 1897, Vol. 37, No. &

1.

g W

@

18.

20.

22.

REFERENCES

G. Williams and H. Lord, Polym. Eng. Sci.. 18, 569
(1975

. C. Gogos, C. Huang, and L. Schmidt. Polym. Eng. Sci.,

26, 1457 (1986).

D. Harry and R. Parrott, Polym. Eng. Sci. 10, 209
(1970).

J. Berger and C. Gogos, Polym. Eng. 5ci., 13, 102 [1972).

. C. Austin. Technical Report. Moldflow pty.. Ltd.. Kilsyth.

Victoria, Australia (1987).
C-Flow is a flow package from AC Technology Inc. Ithaca,
New York.

. M. Kamal and A. Mutel, Polym. Compos., 10, 343 (1983).
. F. Folgar and C. Tucker. J. Rheol., 2B, 207 (1984)].

. C. Tucker, Proc. Manuf. Int. '88, IV, 85 [1988].

. 5. Advani and C. Tucker, J. Rheol.. 31, 751 (1987).

. S. Bay and C. Tucker, Polym. Compos.. 13, 332 (1992).
. G. Ausias, J. Agassant, and J. Vincent. J. Rheol.. 38, 4

(1992).

. G. Jefferv, Proc. R. Soc., A102, 161 (1922),
. G. Libscomb, M. Denn, D. Hur, and D. Boger, J. Noen-

Newt, Fluid Mech., 28, 297 (1988).

. M. Becraft and A. Metzner. J. Rheol., 38, 1 (1992).
. J. Greene, PhD thesis, The University of Michigan

(1993).

. J. Greene and J, Wilkes, Polym. Eng. 5ci.. 35, 1679

[ 1995).

J. Greene and J. Wilkes, Polym. Eng. Sct., accepted for
publication.

Leica Inc., 111 Deer Lake Road. Deerfield. [llinois 60015;
(708) 405-0123.

G. Matheron, Elements pour une Thorie des Milieux
Poreux. Masson, Paris (1967).

. J. Serra, Image Analysts and Mathematical Morphology.

Vol. 2. Theoretical Advances, Academic Press, London
[1988].

5, Beucher and J. Serra, European Symposium on Stere-
ology. Liubljana, Yugoslavia (1981).

3. 5. Beucher and L. Vincent, Journal de Microscopie et de

Spectroscopie Electronique, April 19889,

Reuvised December 1996

1035



