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Gilles Ausias

LG2M, Université de Bretagne Sud, Rue de S' Maudé, BP 92116, 56321 Lorient Cedex, France

Shear and extensional properties of a commercial short
glass fiber reinforced polypropylene were carefully in-
vestigated using commercial rheometers and a novel
on-line rheometer. This on-line slit rheometer, installed
on an injection molding press, has been designed to
measure the steady shear viscosity, the first normal
stress difference, and the apparent extensional viscosity
of polymer melts and composites for high strain rates
up to 10° s in shear and 200 s~ in extension. Our
results show that the steady-state viscosity measure-
ments using the on-line rheometer are in excellent
agreement with those obtained using commercial
rheometers. The steady-state and the complex viscos-
ities of the composites were found to be fairly close to
that of the matrix, but the Cox-Merz rule was not
verified for the composites at high rates. The elasticity
of the composites was found to be equal to that of the
polypropylene matrix. The apparent extensional vis-
cosity was obtained from the pressure drop in the
planar converging die of the slit rheometer using the
analyses proposed by Cogswell [1] and Binding [2].
The extensional viscosity of the polypropylene was
found to be much larger than the shear viscosity at low
strain rates with a Trouton ratio of about 40 that de-
creased rapidly with increasing strain rate down to the
value of 4 at 200 s'. The extensional viscosity of the
composites was also found to be close to that of the
matrix, with values 35 and 5% larger for the 30 and 10
wt% reinforced polypropylenes, respectively. These
results are compared with the predictions of the God-
dard model [3], which are shown to overpredict our
experimental results. POLYM. COMPOS., 26:247-264,
2005. © 2005 Society of Plastics Engineers
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INTRODUCTION

Composite materials such as polypropylene reinforced
with glass fibers are used more and more in the automotive
and other manufacturing industries. Glass fiber reinforce-
ment is often an attractive way to improve the mechanical
properties of thermoplastics, the improvement being attrib-
uted to the excellent mechanical properties of the fibers and
to the better adhesion between the fibers and the polymer
matrix when surface treated fibers are used [4]. The en-
hancement of the mechanical properties depends on the
fiber lengths and the fiber macro-structure, i.e., the fiber
orientation and distribution induced during processing [5].
The nucleating ability of the fibers inducing a transcrystal-
lization of the matrix plays also a key role [6, 7]. The correct
prediction of any macro-structure development during flow
using a simulation software requires an accurate rheological
description of these reinforced polymers. Although numer-
ous studies have been done, as shown below, on the rheo-
logical behavior of these materials, the literature lacks of a
comprehensive understanding of the rheological properties
of fiber composites, mainly transient and extensional prop-
erties. Moreover, there are many contradictions in the liter-
ature on the rheological properties of fiber composites.

RHEOLOGICAL OBSERVATIONS

The steady shear properties at low shear rates of short
glass fiber suspensions in Newtonian media have been stud-
ied by Goto et al. [8]. They found that the volume fraction,
the aspect ratio, and the flexibility of the fibers increased the
shear viscosity, especially at low shear rates. Kitano and
Kataoka [9] outlined that this shear rate dependence was
more pronounced for larger fiber concentrations and larger
fiber aspect ratios whereas Gananie and Powell [10] did not
observe more shear-thinning effects for fiber suspensions,
but their data have been obtained for lower shear rates and
for smaller fiber aspect ratios. The same tendencies as noted



by Goto et al. [8] for Newtonian suspensions have been
reported for short fiber suspensions in viscoelastic media
[10-14]. Most of the authors cited above did not examine or
mention the state of the fiber macro-structure. Milliken et al.
[15] and Mondy et al. [16] using falling ball rheometry have
shown that shear viscosity decreased as the fibers aligned in
the flow direction. High-shear-rate capillary data [13, 17—
19] have indicated also that the fiber orientation depended
on the shear rate and, in particular, fiber alignment in the
flow direction increased with residence time and the flow
rate and decreased with fiber concentration [18, 19]. The
evolution of the fibers macro-structure at low frequencies
during the dynamic shear measurements is cited by Kitano
et al. [13] to explain the failure of the Cox-Merz rule. They
found that the storage and loss moduli increased with fiber
content and observed for the moduli at high frequencies
short plateaus, which they explained by an evolution of the
fiber macro-structure. The study of Kim and Song [20]
supports this assumption of evolution of the macro-structure
during a frequency sweep test. They observed that the
complex viscosity decreased with increasing strain ampli-
tude, frequency, and time. From a theoretical point of view,
Harlen and Koch [21] justified the observations of Kim and
Song [20]. Their simulations based on an Oldroyd-B fluid,
confirmed by the experimental study of Petrich et al. [22],
showed that fibers could be aligned by an oscillatory shear
flow. Goto et al. [8] and Kitano and Kataoka [9] measured
non zero steady-shear first normal stress differences for
fiber suspensions in inelastic Newtonian fluids. Zirnsak et
al. [23] verified that the loss angle was not affected by the
fiber content and they concluded that the measured normal
stress differences did not reflect the elastic behavior of those
suspensions but the fiber-fiber interactions. Chan et al. [11],
Czarnecki and White [12], Greene and Wilkes [14], Kitano
et al. [13], Barbosa and Kataoka [24], and Sepehr et al. [25]
concluded in the same manner. Sepehr et al. [25] have also
shown that the relaxation of the shear and normal stresses of
glass fiber suspensions in a Newtonian and elastic matrices
following steady-shear flow was not affected by fiber con-
tent, indicating that the elasticity of the suspensions is that
of the matrix.

Finally, the apparent extensional viscosity of fiber rein-
forced polymers was measured at low strain rates, from 10~
s to 10 s [11, 26-28], using fiber spinning instruments
[29, 30]. Values for the extensional viscosity 1 to 20 times
greater than the neat polymer were obtained depending on
the volume fraction of the fibers and the extensional strain
rate. Moreover, Chan et al. [11] observed a decreasing
extensional viscosity of the reinforced polymers with exten-
sional rate although the extensional viscosity of their neat
polymer was constant over the same range of extensional
rate.

Extensional Stress Predictions
Several constitutive models for fiber reinforced systems

have been developed for semi concentrated systems [31—
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33]. For an extensional flow of a diluted or semi-concen-
trated suspension of aligned fibers in a Newtonian fluid,
Batchelor [33] applied his body slender theory and obtained
the following expression for the intrinsic particle stress:

_ 2 |
where [o], the intrinsic particle stress, is defined by:
o(&) — ay(&)
[o(&)] =" )

oy(8)d,

with B = V /¢, 0, the tensile stress in the pure polymer,
o the tensile stress in the suspension, r the fiber aspect ratio,
¢, the volume fraction of fibers, and & the extensional rate.

Shaqfeh and Fredrickson [32] improved this analysis,
which was afterwards extended for a power-law fluid by
Goddard [3]:

1 n
2 P
[o] = §r1+n ; _731_(”’1) B 3)

where B = (9/2 + n)n,(&)/m(&) only if r = B> 1,nis
the power-law index, n and 7, are the shear and the exten-
sional viscosity, respectively, of the matrix.

Objective

The overall objective of this paper is to report shear and
extensional rheological properties of short glass fiber rein-
forced polypropylene from low to large strain rates. Various
commercial rheometers and a novel on-line rheometer
mounted on an injection molding machine have been used
to obtain the data. Furthermore, the extensional viscosity
measurements are compared with the predictions of the
Goddard model [3].

EXPERIMENTAL

Materials

A 10 and a 30 wt% short glass fiber reinforced polypro-
pylene and the neat polypropylene used were supplied in
pellet form by Basell (Hostacom G3 NOIL). The 10 wt%
composite corresponded to the semi-concentrated regime
whereas the 30% composite was in the concentrated regime.
For all the samples used in rotational rheometry, a thermal
stabilizer (Irganox B225, 1 wt%) was added to the material
using a Brabender internal mixer (40 RPM for 4 min at
200°C). The test samples were obtained by compression
molding at 200°C. This processing method resulted in a
planar random fiber orientation in the sample plane [34]. For
the capillary and the on-line rheometry, the pellets were



TABLE 1.

Fiber characteristics.

L, pm L,, pm
Reference b, (%) b, (%) Mixing method (=10 wm) (=10 wm) L,/L,
PP10 10 3.8 As supplied 790 610 1.3
Injection machine 660 530 1.24
Brabender internal mixer 520 440 1.18
PP30 30 132 As supplied 520 430 1.2
Injection machine 400 330 1.22
Brabender internal mixer 350 300 1.15

used as received. A test was also carried out using the
capillary rheometer with a stabilized sample blended in the
internal mixer. No significant differences were observed
between the stabilized and nonstabilized samples. The fiber
diameter was 14 um and the fiber lengths are reported in
Table 1 in terms of L, and L, the number average and
weight average lengths, respectively, defined by:

Ei n,-L,-

Ln = 2 n. (4)
2 ”iL?

Lo=50 )

The length values of Table 1 are based on the manual
measurement of 400 fibers using optical microscopy and
image analyzer (Visilog) after pyrolysis of the polymer. The
lengths of fibers measured after blending using the internal
mixer are the characteristics for the samples used in rota-
tional theometry, while the lengths measured after injection
molding are those of the samples for the on-line measure-
ments. We note from Table 1 that the fiber length was
considerably reduced by the processing and depended on
the fiber content of the composite. From the samples as
received from the supplier, the number average length L,
was 610 and 430 um for the 10 and 30 wt% composite,
respectively. After processing through the injection molding
machine, the number average length was reduced to 530 and
330 wm, respectively. The fiber damage was more severe in
the internal mixer and the number average length was
reduced to 440 and 300 um for the 10 and 30 wt% com-
posite, respectively. As expected, longer fibers were more
easily broken down in processing as indicated by the de-
creasing ratio of L,/L,. The aspect ratio of the fibers was
larger than 20 in all cases and we assumed that the differ-
ences in length were not sufficient to affect the rheological
properties of the fiber reinforced polypropylene composites
at high shear rates. However, the observed differences be-
tween the average fiber lengths of the 10 and 30 wt%
composites cannot be ignored when examining the effect of
fiber content on the properties at low shear rates or in the
dynamic mode.

Rotational Rheometry

Measurements of the linear viscoelastic properties were
carried out using three stress controlled rheometers (AR
2000, TA Instruments; CSM, Bohlin Instruments; SR 5000,
Rheometric Scientific). The parallel-plate geometry was
used instead of the cone-and-plate geometry to avoid wall
effects. According to Bibbo et al. [35], wall effects are not
significant only when the gap between the parallel plates is
much greater than the fiber length, a condition that the
cone-and-plate geometry cannot guarantee. The downside
of the parallel-plate geometry is that the shear rate is non-
homogeneous but varies linearly with the radial position,
and consequently so does the deformation. For all experi-
ments, the gap was set between 1.2 and 1.6 mm with a plate
diameter of 25 mm. To reduce thermal degradation, all
measurements were performed under nitrogen. The standard
deviations reported (vertical error bars) are based upon three
measurements done with fresh samples. Frequency sweep
tests were performed from the highest to the lowest fre-
quency in the linear domain. For steady-state measurements
we proceeded from low to high shear rates and the torque
was averaged during 60 s for low shear rates and 40 s for
higher values until a constant value within 2% was obtained.
The Rabinowitsch analysis was applied to the parallel plate
viscosity data to account for shear-thinning effects [36].

Capillary Rheometry

High shear rate data were obtained using an Instron
rheometer with capillaries of aspect ratios (length to diam-
eter) of 24.6, 35.5, 40, and 80.1 with 1.26 mm diameter and
90° entrance angle. The Bagley corrections were found to
be negligible, but the Rabinowitsch analysis [36] was ap-
plied to the capillary data.

On-Line Rheometry

To extend the previous data to injection molding condi-
tions, a high strain rate rheometer was constructed and
mounted in place of the mold in an all electric injection-
molding machine (Sumitomo SES50S). The injection speed
of the Sumitomo SES50S electric injection molding machine
ranges from 0.1 to 200 mm/s. The diameter of its screw is
16 mm and its rotation speed was set at 100 RPM.
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The on-line rheometer (Fig. 1) consists of a converging
die, a slit die, and a diverging die made of steel (dimensions
listed in Table 2 for converging and slit dies). The slit die
with different gaps is suitable for measuring the shear
viscosity, while the converging die is used to obtain the
extensional flow behavior. Details about the converging die
geometry are given in the following sections. The pressure
profile along the rheometer was measured by five flush-
mounted pressure transducers (Grefan ISI 0101 and Dy-
nisco TPT). The first and the last pressure transducers are
located at the entrance of the hyperbolic converging section
and of the entrance of the hyperbolic diverging section,
respectively. The distance between the pressure transducers
mounted on the slit die is equal to 35 mm. The two ther-
mocouples located upstream and downstream of the slit die
are used to measure the temperature of the fluid and to
control the melt temperature within 2°C using two Omega
CN491 temperature controllers. All data are sampled at a
frequency of 40 Hz using a data acquisition card (PCI
6034E of National Instruments) with a software developed
by Labview.

Two different converging dies have been designed fol-
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Schematic of the on-line rheometer.

lowing suggestions of Kim et al. [37] and James et al. [38].
If the shape of the converging section is hyperbolic (Fig. 2)
a constant extensional rate is obtained. For a planar geom-

etry along the z-axis, the average extensional rate, (&), is
defined by:

(&)

d{V(y, d 1
_d(V(y,2)_ 0 ( ) ©

dz " 4W dz \h(z)
where (V_(y,z)) is the average velocity at a given z, O the
volumetric flow rate, 2/ the height and 2W the width of the
converging die. Imposing a constant average extensional

rate results in the following equation, representing a hyper-
bolic shape:

Qmax hi

) me 1\

h(z) = <4

where (&) is the maximum average extensional rate obtain-
able corresponding to the maximum flow rate Q,,,,, sup-

TABLE 2. Dimensions of the on-line rheometer.

Inlet Outlet
thickness, thickness, Width, 2W, Length, L, Strain rate range,
Geometry 2hy, mm 2hf, mm mm mm g !
Slit die 2 & 3.04 2 & 3.04 25 70 10'-10°
Converging die a 8 2 25 12 0.2-200
Converging die b 8 2 25 24.1 0.1-100

250 POLYMER COMPOSITES—2005



FIG. 2. View of the side cross-section of the two converging dies “a” and “b”.

plied by the injection machine. The resulting average ex-
tensional rate is then:

-2 (-] .
@0 = gz L= e ®)

where A, is the initial height, h, the final height, and L the
length of the converging die.

Interpretation of Data From the On-Line Rheometry

Assuming that the side walls of the slit die are of negli-
gible flow resistance, for 2W >> 2k, the power-law param-
eters, n and m, can be easily obtained using the following
expression for the flow rate as a function of the pressure
drop across the slit, P, — P, [36]:

&)

The analyses proposed by Cogswell [1] and Binding [2]
have been used to estimate the extensional properties. These
approximate methods correlate the flow rate and pressure
drop for the flow through a contraction to an apparent
extensional viscosity. Except in the case of lubricated flows
[37], the flow in a contraction is complex with shear and
extensional components. In the Cogswell and Binding
methods, the entry flow is separated into shear and exten-
sional components. To measure a meaningful extensional
viscosity, the shape of the converging section must be
carefully designed. Four interrelated factors need to be
examined: the contraction ratio, the homogeneity of the
extensional strain rate, the shear and extensional contribu-
tions of the total pressure drop, and the residence time.
These are discussed in the next three sub-sections.

Cogswell Analysis

In the Cogswell [1] analysis, the total pressure drop, AP,
is divided into a shear, AP, and an extensional, AP,, term:

AP = AP, + AP, (10)

To estimate the pressure drop due to shear, Cogswell
assumed that:

1) the viscosity under simple shear, 7, can be described by
a power-law expression:

n=m|y|""! (11)

where ¥ is the shear rate;

2) the extensional viscosity, m,, is independent of the ap-
plied stress;

3) the flow is laminar, locally fully-developed and under
steady state.

The shear contribution for the converging die with ge-
ometry defined by Egq. 7 is therefore expressed as:

AP, = (Q(2n + l))” mL

4Wn 5 l1 1
(n + )E hy

1 2(n+1) 1 2(n+1)
<) -G ]

For the contribution of the extensional flow component,
Cogswell considered an average extensional stress yielding
the following expression for the pressure drop:

dP,= (o.)de = n,&)de (13)
where de is the extensional strain taken as dh/h. Hence,

POLYMER COMPOSITES—2005 251



y dh y dh
sr= - [0 55 = [ niw

ho ho
b dh
=—m<8'>f h((;)) (14)

h

Finally, for a hyperbolic-shaped die the pressure drop
due to the extensional flow component is given by:

A o (1 : 1<h> 1
Pe=me gwr " i)™\ ) (15)

The apparent extensional viscosity can be easily calcu-
lated from the experimental pressure drop once the power-
law parameters for the shear viscosity are known.

Binding Analysis

Unlike Cogswell, Binding [2] used an energy balance
and expressed the extensional viscosity as a power-law
function of the extensional rate (1), = l&'~ ). He derived the
following expression for the power consumption, E, for the
flow in a converging planar die:

. o@2n+1)]" (- 1
E = mQ[ 4AWn } J h(z)2n+1 dz
0

+4wu,,,[Q(2"+l)]l Jh(z)

4W(n + 1)

1 ( dh(Z)) +1
X [/’1(2)2 _TZ :| dz

p(2n + 1)°Q° Lo dn(z)
6(3n + 2)(dn + )W | h(z)? <_ dz )dz

(16)

with:

1 2 1 1+t
szf [abs{l—(n’:— )¢>”“’">H dé. (17)
0

The first and last terms of the power consumption ex-
pression (Eq. 16) are the contributions from the shear com-
ponent, ES, and from inertia, respectively. They can be
easily estimated if the shear behavior of the fluid and the
profile of the converging section are known. The exten-
sional parameters, / and ¢, are then obtained from the plot of
the extensional contribution, E, = QAP,, as a function of
the flow rate. The extensional rate in the analysis of Binding
[2] is a variable given by the following expression:
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._Q(2n+1) 2n 4 1) [y
8_4W(n+]){( n )(h) —1}
1 ( dh(z))
e\ ) 18

In our case of a constrained convergence in a hyperbolic
die, the maximum extensional rate (at the center line) is
related to the average extensional rate used in the Cogswell
analysis (Eg. 6) by the following:

_ 2n+1)
Emax — m ). (19)

Since the effect of the extensional flow is confined to the
central region of the converging die, &,,, will be used to
report the extensional viscosity calculated using the Binding
analysis.

As pointed out by Binding [2], his analysis is based on
the assumptions that the transverse velocity components are
negligible and that the fluid elasticity will not significantly
contribute to the pressure drop in the converging section.
Finally, the analysis is applicable to constrained converging
flows using the die profile, h(z), provided that the conver-
gence angle of the hyperbolic die is not larger than that of
the vortex generated in free convergence (case of a sudden
contraction).

Residence Time in a Hyperbolic Converging Die

The residence time, tz, can be defined by the following
equation:

Lo aw [t
th = jo W)dZ:QL h(z) dz (20)

with:

0
(V) = AWh(2) 1)

So, for hyperbolic converging dies, defined by Eg. 7, the
residence time is:

_ Qmax W(‘é)mathO)
tr B <é>muxQ 1n<1 + 4 Qmax
1 W<s‘>Lh0)
=® ln( 47Q . (2

Design of the Two Converging Dies Used in This Study

For the purpose of this study two hyperbolic converging
dies were designed with two different lengths as reported in
Table 2. The range for the extensional rate is 0.2-200 s~ for
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FIG. 3.
and “b” according to the Binding analysis with n = t.

the shorter die and 0.1-100 s~ for the longest one. How-
ever, the residence time (Eg. 22) for a specific extensional
rate is the same for both dies. For a shear-thinning fluid,
Egs. 12 and 15 of the Cosgwell analysis can be used to
calculate the ratio of the pressure drop for the two dies due
to the shear and extensional contributions, respectively:

AP

s converging die b|é

= ! (23)
AP: converging die u|s’
and
APe converging die blg
APecomaingtesls _ 1 (24)

AP

e converging die a|é

The two converging dies give rise to the same exten-
sional contribution but differ in their shear pressure drop
contribution, which is more than double for the long con-
verging die (b) compared to the shorter one (a).

The ratio of the extensional contribution, E'e, and the
shear contribution, ES, has been calculated using the Bind-
ing analysis (Eg. 16) for the two converging dies, and the
results are reported in Fig. 3 in terms of pressure drop ratio
as a function of the power-law index, assuming n = t. Two
different Trouton ratios were considered, I/m = 4 and l/m
= 12. As expected, the extensional contribution is more
important for the shorter die and for the larger Trouton ratio.
It is interesting to note that the extensional contribution with
respect to the shear contribution increases markedly as the

Ratio of extensional flow and shear flow contributions to the pressure drop for the converging dies “a”

shear-thinning character of the fluid becomes more pro-
nounced (smaller power-law index).

RESULTS AND DISCUSSION

First, we verified that the wall slip effects were not
significant for the parallel-plate and the on-line measure-
ments. For both geometries we applied the Yoshimura and
Prud’homme method [39] and no significant effects of the
gap could be observed. Similar measurements were carried
out with reinforced systems to investigate possible wall
fiber interactions. It appeared that a ratio of the gap and fiber
length close to 3 was sufficient to avoid significant wall
effects. This ratio is greater than the limiting ratio of 1
suggested by Bibbo et al. [35].

The contribution of the lateral walls to the total pres-
sure drop for the on-line rheometer was quantified nu-
merically. The analytical expressions presented in the
previous section, from which are obtained the shear and
extensional viscosities, are 1D analyses that do not take
into account the effect of the lateral walls. These walls
represent 7.4% and 12.5% of the total surface areas for
the slit and the converging dies, respectively. Hence, the
lateral walls could contribute significantly to the total
pressure drop, at least for the two converging dies. Flows
(2D and 3D) for the on-line rheometer were computed
using the finite element software packages Poly2D™ and
Poly3D™ to assess the contribution of the lateral walls.
The fluid was assumed to be inelastic and its viscosity
described by the Carreau three-parameter model [36]; the
simulations were carried out for a flow rate of 100 mL/s
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with the model parameters describing the polypropylene
used in this work. In all cases, the pressure drop induced
by the lateral walls of the slit die and of the converging
section compared with the main walls represents less than
7%, confirming the previous results of Mourniac et al.
[40]. The assumption of negligible lateral wall effects for
the on-line rheometer is therefore justified.

Linear Viscoelastic Properties

As expected, the reinforced systems exhibited a non-
linear viscoelastic behavior down to very low strain ampli-
tudes. However, we determined the linear region, which
extended as far as the variation of the complex viscosity was
less than 5% for a frequency of 0.628 rad/s. Consequently,
for the frequency sweep tests, a strain amplitude of 0.05 was
used for the neat polypropylene and the 10 wt% reinforced
polypropylene, whereas a lower strain amplitude of 0.005
was used for the 30 wt% composite.

The effects of fiber concentration on the complex
viscosity, n*, and on the dynamic storage modulus, G’,
are shown in Fig. 4 for samples that had not been pre-
sheared before the test. We note that the behavior of n*
(Fig. 4a) and G’ (Fig. 4b) is typical of homogeneous
polymer melts. The properties of the 10 wt% (semi-
dilute) composite are close to those of the neat polymer,
but significant enhancements of both dynamic properties
are observed for the concentrated fiber suspension (30
wt%). The increases of n* and G’ are independent of the
frequency and the out-of-phase angle, & (tan[d] = G”/G”)
is shown in Fig. 5 to be independent of the fiber content.
This indicates that the elasticity of the suspensions is that
of the matrix. A similar observation was recently re-
ported by Hashemi et al. [41] for a Kraft (paper) fiber
reinforced polypropylene. However, our G’ data do not
depict the plateau behavior at intermediate frequencies
observed by Kitano et al. [42].

The previous results were obtained with tests samples
prepared by compression molding. This process leads to an
isotropic fiber orientation in the plane perpendicular to the
disk axis (orthotropic orientation). As shown by Laun and
Schuch [43] and Ausias et al. [34], the orientation state of
the fibers macro-structure can be modified by a creep test.
Figure 6 shows how a creep test, carried out until steady
state was reached and applied before the frequency sweep
test, affected the complex viscosity of the 30 wt% rein-
forced polypropylene. The relative complex viscosity, An®*
defined by

% _ ok
Ui suspension M matrix

Anflw) = (25)

W omari
martrix @

decreased with pre-shearing independently of the fre-
quency. We note from Fig. 6 that the complex viscosity
of the non-sheared sample is approximately twice that of
the matrix. The complex viscosity of the 30 wt% com-
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posite dropped to 1.68 and 1.43 of that of the matrix after
pre-shearing at a stress of 500 and 1000 Pa, respectively.
Finally, the out-of-phase angle is shown in Fig. 5 to be
independent of the fiber content and pre-shearing. This
indicates that the characteristic elastic time of the com-
posites, defined by Ref. 36:

G' 1

A= G'w (tan 8)w

(26)

is independent of fiber content and is equal to that of the
matrix, confirming the findings of Hashemi et al. [41] for a
different composite and Sepehr et al. [25] for the same
composite.

Steady Shear Data

The steady state viscosity, m, obtained from rotational
rheometry as a function of the shear rate for different fiber
contents is shown in Fig. 7. The viscosity behavior of the
composites is similar to that of the matrix, but the increase
with fiber content was more important at low shear rates, in
contrast to the complex viscosity, for which the increases
was about independent of the frequency (Fig. 6). However,
the steady shear viscosity data were obtained for shear rates
down to 10~ s that is about a decade lower than the
frequency range investigated. We note also that the zero-
shear plateau was not reached yet at 10~ s™' for the 30 wt%
composite.

On-Line Viscosity Data

The temperature shift factor was applied for the shear
viscosities measured with the on-line rheometer to verify
how good the temperature control was. The temperature
shift factor, a, is defined by the following expression [36]:

~ *(1)Topy

= R TTp @7

where 7T, T,, p and p, are the temperature, the reference
temperature, the density, and the density at the reference
temperature, respectively. The temperature shift factors
used were determined thanks to the Arrhenius relationship:

E /1 1
ar=exp 5 (T - To) (28)

where R is the universal gas constant and E the flow acti-
vation energy. From dynamic data, E was found to be equal
to 36.82 kJ/mol for the polypropylene for temperatures
ranging from 180 to 220°C and T, equal to 200°C. This
result is comparable to published values, which range from
36 to 50 kJ/mol for polypropylene.

The master curve for the polypropylene is shown in Fig.
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FIG. 4. Complex viscosity m* (a) and dynamic storage modulus G’ (b) vs. frequency w for reinforced
polypropylene with various fiber contents; T = 200°C. The samples had not been pre-sheared before the dynamic

measurements.
8. After corrections for the temperature, the viscosity data We are also showing in this figure the data for the 30
line up in a smooth curve, indicating that the shift factors wt% composite obtained at the same three temperatures.
used are accurate, i.e., the temperatures assumed to calcu- The shift factors used were calculated using the same flow
late them are accurate, and so that the temperature control activation energy than the neat polypropylene. This is rea-
during measurements is acceptable. sonable since the properties of the glass fibers and their
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adhesion to polypropylene are not expected to change within the 30 wt% composite confirms that the flow activation energy
the experimental temperature range. Moreover, the good su- is not significantly affected by the fiber content. These data
perposition of the data obtained at different temperatures for superpose completely on the viscosity data of the matrix,

1.6_"'| T T T T T T L B R v T T T T T ]
i A 30 wt% - Non pre-sheared sample ]
14 A 30 wt% - Pre-sheared sample at ¢ = 1000 Pa .
I A 30 wt% - Pre-sheared sample at o =500 Pa ]
12 .
- 099 ]
- A
y A
1.0 3 AAA, A A A Ay A
L x " LY 7Y AA 4, ]
9;__ I A A A A A 4
< ogl 068 ]
A A A A A A A N R
A A
06 L A A ]
- 043 A& N
! Ap AL 6 ab A4 ]
0.4Lﬁ N ~ :
[ ]
02 .: L] 1 1 TR SR S | 1 ) T W S W 1 2 1 T T R S ]
0.1 1 10 100
, rad/s

FIG. 6. Effect of pre-shearing on the relative difference of the complex viscosity An*, of 30 wt% fiber
reinforced polypropylene; T = 200°C.

256 POLYMER COMPOSITES—2005



55 1 ————— | ' 7 | "
[ o  Owt%
0 v 10wit% ;
I % A 30 wt% ]
45+ % } ]
U)_ 40 C % ]
g, ;
X 35} ]
= 0 %
oFf 1
3;Www‘yv‘?vvvv %
vV g J
- v
25 -0 o o) Vv % .
o 0 o Vv
i o Vv i
20 | oV A
i 8y ]
i v
15 e e e
102 10
o o1
Y, 8
FIG. 7. Viscosity m vs. shear rate ¥ for reinforced polypropylene with various fiber contents; T = 200°C.

indicating that the fiber content has no effect on the shear
viscosity at high shear rates. This confirms the findings of
Barbosa and Kenny [19] for similar composites. They found
that the fibers near the die walls were at a lower concentration
and totally oriented in the flow direction.

Cox-Merz Analogy

The shear and complex viscosities measured with the
different devices are compared in Fig. 9 for the neat
polypropylene (data multiplied by 0.1 to facilitate the com-
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FIG. 8. Master shear viscosity curve for the neat polypropylene and the 30 wt% composite; slit die, T,

= 200°C.
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FIG. 9. Shear viscosity and complex viscosity curves of neat polypropylene (unfilled symbols) and 30 wt%
fiber reinforced polypropylene (grey symbols); T = 200°C. The data for the neat polypropylene have been

multiplied by 0.1 for convenience.

parison) and the 30 wt% reinforced polypropylene. The
Cox-Merz rule is well verified for the neat polypropylene
and we note an excellent agreement between the capillary
and parallel plate data. The on-line data are slightly lower
than the data obtained with the other two rheometers, but the
differences are acceptable. For the 30 wt% PP composite,
the Cox-Merz rule is verified for the low frequencies or
shear rates, but fails for rates larger than 10 s~'. We should
mention that the complex viscosity data presented for the
reinforced system have been obtained after pre-shearing at
1000 Pa up to equilibrium. Consequently, the fiber macro-
structure for this measurement was similar to that of the
sample at the beginning of the simple shear viscosity mea-
surement with the parallel-plate geometry. The similarity in
the fiber macro-structures at low rates explains the super-
position of the steady state and dynamic data. Conversely,
the divergence at high rates are explained by the more
pronounced orientation of the fibers under steady shear flow
[18, 19]. The differences between dynamic and steady shear
measurements can also be explained by the presence of a
dilute layer induced by the steady shear flow near the wall
as outlined by Charrier and Rieger [44] and clearly illus-
trated by the modeling of Thomasset et al. [45].

First Normal Stress Difference

The first normal-stress difference, N,, was measured at
low shear rates (1072 — 1 s™') with the parallel-plate geom-
etry in steady state assuming that the secondary normal
stress difference, N,, was negligible. Higher shear rate (10
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—10° s™") have been obtained with the on-line rheometer slit
die using the Forgacs and Manson correlation [46]:

NI(TW) = Pexit (29)

that is, N, is equal to the pressure at the exit of a slit die
referred as P, ;. The exit pressure is obtained by extrapo-
lating the measured pressure profile to the exit. We used
also the Han correlation [47] given by:

d ln Pexil) (30)

N, = sz<1 + dint,

which adds a correction for the variation of the exit pressure
as a function of the wall stress, 7y, The results are presented
in Fig. 10 for the neat polypropylene. We observe that the
data obtained from the parallel plate measurements do not
extrapolate to the exit pressure data and to the values of the
Han correlation. As shown by Choplin and Carreau [48],
using a macroscopic mechanical energy balance, the exit
viscous dissipation is not negligible as assumed by Forgacs
and Manson [46] and Han [47]. Hence, Egs. 29 and 30 could
considerably overpredict the primary normal stress differ-
ence.

Laun [49] proposed the following expression to estimate
the primary normal stress coefficient, iy, from dynamic data
obtained in the range of 107 to 10° s™":
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The parallel plate normal stress data and the values of i,
obtained using Egs. 29—31 are plotted in Fig. 11 for the neat
polypropylene and the 30 wt% composite. The behavior
depicted is similar to that of the shear and complex viscos-
ities. The Laun relation [49] appears to be valid for both the
neat polypropylene and the 30 wt% composite. For very
small rates, Eq. 31 reduces to the prediction of an upper-
convected Maxwell model [36] with a constant is; (zero-
shear plateau). The trend of further increases of s, for the
30% composite as the shear rate goes down to very small
values is probably due to fiber-fiber interactions that be-
come dominant, as observed by Sepehr et al. [25] for
suspensions of the same glass fibers in a Newtonian matrix.
The primary normal coefficient is somewhat larger for the
30 wt% composite than for the neat polypropylene, but as
observed for the steady-shear viscosity (Fig. 7) the differ-
ences decrease at high shear rates. If we recall that the fiber
orientation increases with shear rate [18] and consequently
fiber-fiber interactions decrease, this observation supports
the assertion of Zirnsak et al. [23] and Sepehr et al. [25] who
claim that the increase of the primary normal stresses reflect
the fiber-fiber interactions. The two correlations based on
the exit pressure (Egs. 29 and 30) overpredict the primary
normal stress coefficient, in the range covered by the Laun
relation [49], but the Forgacs and Manson correlation [46]
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appears to be reasonable at large rates. However, we need to
obtain normal stress data at high rates using a more reliable
method to verify the Laun empirical relation.

Transient Behavior

The complex transient behavior for creep and stress
growth measurements of the same reinforced polypro-
pylene samples has been presented and discussed in
Sepehr et al. [50]. Here, we illustrate in Fig. 12 the effect
of a dynamic pre-conditioning on the creep data in terms
of the instantaneous viscosity as a function of strain, 7y
for the 30 wt% reinforced polypropylene. For the pre-
conditioning, various frequency and strain amplitude
conditions were applied during one hour. Immediately
after the pre-conditioning, creep experiments were con-
ducted for an applied shear stress of 600 Pa. Without
pre-conditioning, the creep viscosity of the fiber rein-
forced suspension exhibited a large overshoot, due to the
fiber macro-structure evolution [10, 34, 35, 51, 52]. The
amplitude of this overshoot was reduced by the pre-
conditioning, especially at large strain amplitude and
high frequency. The overshoot almost vanished for a
strain amplitude of 0.1 and frequency of 6.28 rad/s. The
observations of Fig. 12 are explained by the fact that a
large amplitude oscillatory shear affects the fiber-fiber
interactions and leads to a shear aligned fiber macro-
structure, as previously shown by Kim and Song [20].
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Apparent Extensional Viscosity

Figure 13 reports the total pressure drop and calculated
shear and extensional contributions for the neat polypro-
pylene as functions of the flow rate for hyperbolic die (a).
The extensional contributions were calculated using the
experimentally determined pressure drops and the calcu-
lated shear contributions using Eg. 12 or the first term of Egq.
16. For the shear rate range experimentally covered in the
converging dies, the polymer does not obey a simple power-
law expression. Three zones were then defined for which we
used the following power-law parameters:

v=100s'=>n=022 and m=3.04 X 10*Pa-s"
10s'=9y<100s'=>n=040 and
(32)

m=1.516 X 10* Pa-s"
'}'/<10571$n=0.60 and m=1.014 X 10* Pa-s".

For each flow rate, the converging die was separated in
different zones for which the appropriate power-law expres-
sion was used, based on the calculated shear rate at the wall.
The extensional flow contribution is shown in Fig. 13 to be
significant, representing about 40% of the total pressure
drop for the shorter converging die (a). If the total pressure
drop is believed to be accurate within a few percents, the
accuracy of the extensional contribution is, however, not
better than * 15%. The extensional contributions have been
described by three different power-law expressions for cal-

culating the apparent extensional viscosity using the Bind-
ing method.

The apparent extensional viscosity, m,, of the neat
polypropylene estimated for the shorter converging die (a)
using the Cogswell and the Binding analyses are presented
in Fig. 14 (error bars indicating estimated errors). The
complex and shear viscosity data are shown to illustrate
some differences in the behavior. The Binding analysis (Egq.
16) takes into account the strain dependence of the exten-
sional viscosity as well as that of the shear viscosity. As
mentioned above, the parameter + was obtained from the
log-log plot of the extensional contribution to the pressure
drop vs. flow rate in three zones as shown in Fig. 13. We
took into account the variations of the power-law parame-
ters for the shear viscosity, as we did for calculating the
contributions of the shear viscosity to the pressure drop. The
apparent extensional viscosity values calculated using the
Binding method are presented in Fig. 14 as a function of the
extensional rate at the centerline of the converging die
compared to the average extensional rate for the calcula-
tions based on the Cogswell method. The apparent exten-
sional viscosity for the Binding analysis is probably more
meaningful, but the overall trend in both sets of calculated
values is the same, although the values based on the Binding
method are somewhat smaller. For simplicity reasons, we
chose to present only the extensional data for the 30%
composite based on the Cogswell method.

For the data presented in Fig. 14, based on the Cogswell
method, the Trouton ratio, T}, defined as m, /7, was evalu-
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ated at the same value of the second invariant of the rate-
of-deformation tensor, i.e., at y=+4 = 2&. The ratio was
found to be around 40 at low strain rates, and decreased
rapidly as the extensional rate increases from 0.2 to 200 s~
to reach a value of 4, which is the theoretical Trouton ratio
for a Newtonian fluid in planar extension. Our results at low
strain rates are in agreement with those of Binding et al. [53]
for another polypropylene. However, the value of the Trou-
ton ratio of 4 at large strain rates is much smaller than that
reported by Binding et al.

The corresponding data for the reinforced polypro-
pylenes containing 10 and 30 wt% are compared to the neat
polypropylene data in Fig. 15. For these results, we use only
the simpler Cogswell method and data obtained using the
shorter converging die, which induces higher rates and for
which the extension flow contributions are the largest. The
complex viscosity data of the neat polypropylene are also
shown for comparison. We observe that the apparent exten-
sional viscosity of the composites increases slightly with
fiber content. The relative extensional viscosity increase is
defined by:

Me suspension MNe matrix

Am, () = (33)

ne matrix &

For the data presented in Fig. 15, Am,, was found to be
almost independent of the extensional rate. It is equal to 35
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and 5% for the 30 and 10 wt% reinforced polypropylenes,
respectively. The 5% increase for the 10 wt% composite is
not significant considering the experimental uncertainty.
The effect of fiber content on the extensional properties is
considerably less compared to that observed for dynamic
data (Fig. 6).

The Goddard model predicts a relative stress, Ao, (=
An,,), equal to 0.54 and 0.22 for the 30 and 10 wt%
reinforced systems, respectively. These results are 1.5 and
4.4 times larger than the values based on the experimental
data of Fig. 15. The same unsatisfactory agreement was
found by Goddard [54] between his non-Newtonian theory
and the experimental data of Chan et al. [11]. According to
Goddard, the lack of alignment of the fibers in the flow
direction and the lack of adhesion between the fibers and the
matrix were the most plausible causes of this discrepancy.
The lack of fiber orientation as observed from micrographs
of samples taken at the exit of the converging section
appears to be the reason for the difference between the
model prediction and our data.

CONCLUDING REMARKS

We have reported a rather complete rheological charac-
terization of a commercial glass fiber reinforced polypro-
pylene, using conventional rtheometers and a novel on-line
rheometer mounted on an injection molding machine. The
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experimental conditions were comparable to those encoun-
tered in polymer processing. The on-line rheometer con-
sisted of a slit die and planar hyperbolic converging and
diverging dies. The apparent extensional properties were
obtained from the pressure drop in the converging die using
the Cogswell [1] and Binding [2] analyses. The steady-shear
viscosity could be obtained from the pressure profile along
the slit die measured by three flushed-mounted transducers.

All the dynamic properties as well as the steady shear
viscosity were found to increase with fiber content. How-
ever, the loss angle was shown to be independent of fiber
content, indicating that the elasticity of the composites was
not affected by the presence of fibers. The enhancement of
the steady shear viscosity was more important at very low
strain rates, mainly for the 30 wt% composite. Moreover,
the rheological properties were affected by the fiber macro-
structure or fiber orientation. Pre-shearing was shown to
decrease the complex viscosity and the viscosity overshoot
during transient experiments, respectively. The Cox-Merz
rule was found to be valid for the neat polypropylene, but
important deviations were observed for the composites at
large rates, and these have been attributed to fiber orienta-
tion induced by large shear rates.

The primary normal stress difference was evaluated us-
ing the parallel plate geometry and empirical correlations
based on the dynamic data, as well as exit pressure data
from the slit die. The Laun relation [49] based on dynamic
data gave a satisfactory description of the primary normal
stress coefficient for the neat polypropylene, whereas the

T = 200°C. The complex viscosity n* data for neat polypropylene

correlations based on the exit pressure overestimated the
normal stresses, except possibly for very large shear rates.
The Laun relation appeared to well describe the normal
stress data for the 30% composite, except at very low shear
rates where the fiber-fiber interactions were dominant and
responsible for larger normal stresses.

The apparent extensional viscosity of the neat polypro-
pylene was found to exhibit a similar behavior as the shear
or complex viscosity, but the extensional viscosity of the
polypropylene was found to be much larger than the shear
viscosity at low strain rates. The Trouton ratio of about 40
decreased rapidly with increasing strain rate down to the
value of 4 at 200 s'. The extensional viscosity of the
composites was also found to be close to that of the matrix,
with values of 35 and 5% larger for the 30 and 10 wt%
reinforced polypropylenes, respectively. These values are
much lower than those predicted by the Goddard [3] model.
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