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amides and a silicone oil filled with shear-thinning behaviour of the ma-
different fibre contents are studied trix is built. The predictions of the

in capillary rheometry. The viscositymodel are in correct agreement with
increase induced by the fibres is imthe measurements.

portant for the silicone oil, and neg-
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E&i%g‘?fngg’de Paris classification stands for the pressurehermoplastics — viscosity —

BP 207 loss in the convergent channel up- convergent channel — shear-thinning
06904 Sophia-Antipolis Cedex, France stream from the capillary. A con-  — fibre suspension

rate, and can reach the value 1 (Kitano and Kataoka,
1980; Crowson et al., 1980). The relative viscosity is
Short fibre reinforced thermoplastics present improvedh increasing function of the fibre aspect ratio (Kitano
mechanical properties, and they can be processed véatid Kataoka, 1980; Kitano et al., 1981, 1984; Laun,
the same equipment as neat materials. Nevertheld€84). The studies on the behaviour in elongational situ-
flow induced fibre orientation leads to anisotropic meations are of course less numerous, but it is admitted that
chanical properties, so that the moulded componehe increase of the elongational viscosity is much more
quality is not as high as expected. The effect of the fimportant than the shear viscosity (Laun, 1984; Mewis
bres on the flow velocity and stress fields is also impoand Metzner, 1974; Kamal et al., 1984).
tant. Therefore, the anisotropic rheological properties All these observations can be explained by the fibre
must be accurately described, both experimentally, asiducture. In shear flows, fibres are mainly oriented in
by means of constitutive equations taking into accoutite flow direction and their contribution to the stress is
the microstructure. small. The degree of orientation depends on the flow ge-
Numerous studies with various materials have showmetry (fibre-wall interactions), fibre concentration (fi-
that the shear viscosity is increased by the addition lofe-fibre interactions) and aspect ratio, and on the rheo-
fibres. The effect is more pronounced at low shear rdtgical properties of the matrix (viscosity, elasticity). In
(Kitano and Kataoka, 1980; Crowson et al., 1980; Crowelongational flows, fibres get oriented in a stable position
son and Folkes, 1980; Becraft and Metzner, 1992; Kanialthe direction of extension, so that they have a large in-
and Mutel, 1985). The Newtonian plateau tends to disdp#ence on the elongational viscosity.
pear when the fibre content increases (Crowson et al.,Behaviour laws consist of two equations. The first
1980; Czarnecki and White, 1980), especially with largene concerns fibre orientation. The equations describing
aspect ratio fibres or at high concentration. The relatitlee motion of a single particle in a Newtonian fluid
viscosity, ratio of the viscosity of the suspension to theere introduced by Jeffery (1922). This work has be&n
viscosity of the matrix, usually decreases with the shesxtended to account for fibre interactions using &n
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analogy with rotary Brownian diffusion (Folgar and- a high density polyethylene provided by Solvay,
Tucker, 1984; Ranganathan and Advanti, 1991; Kamalwithout fibres, and reinforced with 20 wt.% glass fi-
and Mutel, 1989). The second one is the expression ofbre. By mixing in a capillary rheometer at 220 the
the stress. In most works, the fluid is Newtonian. Follow- reinforced polymer with the matrix, three intermedi-
ing the work of Hand (1962) on the general form of the ate fibre contents were obtained;

extra stress tensor, and using Jeffery’s solution (1922)a polyamide 66, provided by BASF, reinforced with
for the stress field around a single particle, Lispcomb et 30 wt.% (Ultramid A3G6) and 50 wt.% (Ultramid
al. (1988) obtained a continuum theory for dilute suspen-A3G10) fibre, as well as the unifilled matrix.

sions of large aspect ratio particles. Phan-Thien and Gra-a polyamide 66 provided by Nyltech, reinforced with
ham (1991) modified the general form of the stress tensor35 wt.% (A216V35) and 50 wt.% (A216V50), as
to extend the theory to the semi-dilute regime. Dinh and well as the unfilled matrix.

Armstrong (1984) developed an equation for semi-co
centrated fibre suspensions, using a cell model appro
(Batchelor, 1970) which has a similar general form. T
theoretical predictions agree reasonably well with rhe
logical experiments (Bibbo et al., 1985; Ganani and P
wel, 1986; Ausias et al., 1992). Extensions to an Ellis b
haviour law have been proposed by Wang and Ch
(1991). Shagfeh and Fredrickson (1990) used slen
body theory and a multiple scattering expansion to rep
sent the hydrodynamic interactions between the fibr .eéegl 1 . the ch teristi f th teri
Ranganathan and Advani (1991) extended the previq aole 1 summarises the charactersucs ot the materi-

. " aHg, and Fig. 1 shows the fibre length distribution, mea-
work to account for finite length fibres. Becraftand Metz. "4 oqer burning the thermoplastic matrix. The mix-

. r
ner (1992) started from a different background. They us%% operation of the reinforced and neat polyethylenes

addition, a silicone oll filled with 1, 4 and 8 vol.%
rIglamide fibres with narrow length distribution has
een tested. Unlike thermoplastic polymers, the silicone
il is nearly Newtonian: under 1007 sits viscosity at
oom temperature is constant equal to 9.5 Pas, and
ove it becomes slightly shear-thinning, with a power-
t%/ index of 0.82 at 10007S. Moreover, no elasticity
s been detected with a cone and plate rheogonio-

the molecular theory of Doi (1981) for concentrated su id not affect the fibre length distribution.
pensions of rodlike molecules, modified by Doraiswam The 2 vol % reinforced polvethviene and the 1 vol.%
and Metzner (1986). AdKadi and Grmela (1994) built a 72 polyethy 70

; - - S sjlicone oil are in the semiconcentrated reginde<@R/
mg(cj)ilgglcal model for fibre suspensions in viscoelas é,With @ the fibre concentratiorR the fibre radius and

The objectives of this work are first to obtain rheo'—‘ the average length). The other materials are concen-

; . . ... :frated suspensions.
logical data for different reinforced thermoplastics |ﬁ : .
capillary rheometry, with a special attention to the con- We used a Rheoplast capillary rheometer (Villemaire

. d Agassant, 1984) where the material is pre-sheared
vergent channel upstream the capillary where both el "3 Cgouette geome)try before capillary mea%urements
gational and shear deformations take place. Secon & capillary diameters are 0.93. 1.39 and 3 mm and-
constitutive equation for fibre suspensions is present priary . T '

In order to make it suitable for process modelling, t rgslgﬂrgetk} o()s\ée{nd;ﬁ?ifr:\/r:ru%zsg gﬁn4éI8ua§t?e;% ]];2;
shear-thinning behaviour of the matrix is taken into a 9 P

- he capillary is determined by the classical Bagley cor-
count. The predictions of the model are compared . : :
the measurements. ctions. This convergent channel has & @@gle, its

diameter is 16 mm at the entrance.
Experiments were carried out at 22D for the poly-

Experiments ethylenes, at 29CC for the polyamides (after drying in
a vacuum oven for 16 h at 10Q), and at 20C for the
Materials and experimental conditions silicone oil.

No inhomogeneity of fibre concentration in the
Three different glass fibre reinforced thermoplastitross-section of the extrudates at the exit of the capil-
polymers have been used (Table 1): lary has been observed for the thermoplastic polymers.

Table 1 Description of the ma-

; : Fibre content Fibre content Fibre diameter Mean fibre  Fibre aspect
terials (for the polyamides, the . .
two fibSe Iengtt?s gorrespond to (weight %) (volume %) Hm) length im)  ratio
the two fibre contents) Polyethylene 0-6-11-16-20  0-2-4-6-8 15 500 33
Polyamide BASF 0-30-50 0-16-31 7 163-194 23-28
Polyamide Nyltech 0-35-50 0-20-31 7 141-128 20-18

Silicone oil 0-1-4-8 18 660 37
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Viscosity still exist (Folgar and Tucker, 1984). In a viscoelastic

fluid, the elasticity tends to stabilise the fibres in the

For all the materials, the Bagley plots are linear. Floflow direction (de Bonhome et al., 1990). In the highly
curves obtained with different capillary diameters amdastic polyethylene, fibres may be well oriented, and
identical, which is an indication that there is no watheir contribution to the pressure is low. On the con-
slippage. trary, the silicone oil is almost inelastic, and the degree

All thermoplastic polymers have a shear-thinning bef orientation is certainly lower. Polyamides are in the
haviour. Figure 2 shows the viscosity curves of the martermediate range.
trix materials, and Table 2 gives the consistency and
average power-law indexes. This index does not change
significantly with the addition of fibres. Figure 3aPressure loss in the convergent channel
shows the relative viscosity (ratio of the viscosity of the
filled and unfilled polymer at the same shear rate) falle assume that the end pressure losses determined
the Nyltech polyamides. Viscosity increases with thfeom the Bagley plots are mostly associated to entrance
fibre content. The relative viscosity is nearly constaeffects. Figure 5 shows the evolution of the pressure
under 2000 §, and above it decreases. The BASIoss with the flow rate. The pressure loss increases with
polyamide (not shown) and the filled silicone oil (Figthe fibre content. This is due to the fact that the rigid
3b) have similar behaviours. On the contrary, the polfibres, which are well oriented in the flow direction, re-
ethylene viscosity is nearly constant, whatever the fibsést the elongational deformations (“hardening effect”).
content. Figure 4 summarises the evolution of the re- Next results are shown in terms of relative pressure
duced viscosity (taken at the plateau around 500-1008s in the convergent channel, defined as the ratio of
s see Fig. 3) with the volume fibre content. The setthe pressure loss for the reinforced material, to the pres-
sitivity to the fibre content depends strongly on the maure loss for the unreinforced one at the same flow rate.
trix. Figure 6 shows that when the apparent shear rate in the

These results can be related to the fibre orientatiarapillary (4/zRS, with Q the flow rate andR; the
In a Newtonian fluid, a single fibre rotates, but spendspillary radius) decreases, the relative pressure loss in-
most of the time nearly oriented in the flow directioncreases: the contribution of the fibres increases. This
When fibres interact, the rotations are perturbed, beould be the effect of the shear-thinning behaviour of



292 Rheologica Acta, Vol. 37, No. 3 (1998)
© Steinkopff Verlag 1998

100000 Figure 7 shows that the relative pressure loss in-
o— PA BASF‘ creases with the fibre content. This shows again clearly

10000 0006 o PA Nyltech the “hardening” effect of the fibres in elongational situ-

n "606 ::Z:_’: ;Enconeou ations. The contribution of the fibres to the pressure
g 10004 o, loss is small, but not negligible for the polyethylene

= (Fig. 7a), high for the silicone oil (Fig. 7c), and inter-
Z 1004 mediate for the polyamide (Fig. 7b). So the classifica-
g - tion is the same as for the relative viscosity, but the
> 104 AAApApp effect is much more important: the relative viscosity
a was always below 2 (Fig. 4), whereas the relative pres-

! | T . . sure loss exceeds 6 for the silicone oil.
I 10 100 1000 10000 100000
Shear rate (s'l)
Fig. 2 Viscosity of the matrix materials Behaviour law

The objective is to build a stress expression which

Table 2 Rheological characteristics of the matrices h TEOs )
takes into account the shear-thinning behaviour of the

Material Power-law index Consistency matrix, represented by a power-law. We will determine

(Pa s) the contribution of the fibres to the stress field using a
Polyethylene 220C 034 27000 cell model. The development assumes that hydrody-
Polyamide BASF 296C 0.58 900 namic interactions between the fibres are weak, which
Polyamide Nyltech 290C 0.56 1480 is of course an important assumption for the suspen-
Silicone oil 20°C 0.82 24 sions mentioned before.

The fibre of radiusR is in a cell of radiush (Fig. 8).
Along the boundary of the cell €h), the relative velo-
city of the fluid with respect to the fibrajV(s), is sup-
the polymer: even in elongational situations, the polposed to be undisturbed by the partictels a coordi-
mer is submitted to local shear deformations betwebate with reference to the centre of the fibre. Assuming
the fibres. At high apparent shear rate in the capillatjjat the velocity gradienVu is constant along a fibre,
the local viscosity in the suspension is lower than th&/(s) is given by:
viscosity of the polymer without fibres in the same situ- _ _ )
ation. The “hardening” effect of the fibres is partly W(S)_ W(S)_p Swl_J'[p_pr. _ (L)
counteracted by the shear-thinning behaviour of the mherep is a unit vector in direction of the fibre, angp
trix. At low apparent shear rate, the polymer is neari§ the tensor product (componergpf; =pip;). Assum-
Newtonian, the local viscosity in the suspension is #1g a sticking contact at the surface of the fibre, the
the same order as the viscosity without fibres, and tAeid velocity in the cell is:

“hardening” effect of the fibre is maximum. This expla- pm=1)/m _ p(m=1)/m

nation is supported by the fact that at high fibre content w(r) = W (s)
the pressure loss vs. flow rate curves (Fig. 5) are well

fitted by a line with a slope equal to the power-law inwhere m is the power-law index of the matrix. The
dex of the matrix (in a logarithmic plot). shear stress at the fibre surfage is therefore:

J(m=1)/m _ R(m-1)/m (2)

[

Fig. 3 Relative viscosity vs. 2
shear rate measured in capillary PA o 20 vol. % Silicon oil
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L2
s 0= [ o (5)
g s
= and the force vector i§(s)= f(s)p The stress tensor on
=z the surface of the fibre a is:- R7 pp, and the average
= wenrr A Nyliech along the fibre length is:
& O PE
-===A--==  silicone L/2
0.5 T T T T T T (67) = 2_ / f(s)p; p; ds (6)
0 5 10 15 20 25 30 W= Tare | P: P;

Volume concentration %

Fig. 4 Influence of the fibre concentration on the relative viscosity Where the subscript has been added to refer to the
number of the considered fibre. In a given voluide

m containing a large numbe\ of fibres, each one having
1 —m a volumeV,, the contribution of the fibres to the stress
o — K R\ (1=m)/m tensor is the sum of the contribution of each fibre,
. 1_(_) } o>
g V.
— (o) (7)
< | W ()| "V W (s) ds (3) ; 4
whereK is the matrix consistency. The force exerted by
the fluid on a lengtrds of fibre is: #(p.1) (a7)d (8)
df(s) = 2nRo;. (4) where® is the fibre concentration, an# the fibre ori-
The force exerted by the fluid on the fibre betwe®n entation distribution function. Finally, after integration
and the tip §=L/2, whereL is the fibre length) is: of Eq. (6), we obtain:

Fig. 5 Pressure loss in the con-
vergent channel vs. flow rate for
(a) polyethylene (capillary diam-
eter: 1.39 mm), (b) polyamide
BASF (capillary diameter 0.93
mm), (c) silicone oil (capillary
diameter 1.39 mm). Symbols:
measurements. Lines: calculation.
—, A: unfilled (PE, PA), 1%
(silicone oil).- - - -, O: 4%
(polyethylene, silicone oil) or
16% (polyamide). — — —41: 8%
(polyethylene, silicone oil), 31% 0.1 —
(polyamide) 109 0% 107 100 10 0 10’ a0
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Fig. 6 Relative pressure loss vs.

apparent shear rate in the capil-
lary. (a) Polyethylene, capillary
diameters 1.39 (open symbols)
and 3 mm (black symbols). (b)
Polyamide (Ultramid), capillary
diameter 0.93 mm. (c) Silicone
oil, capillary diameter 1.39 mm

Fig. 7 Relative pressure loss vs.

volume concentration for: (a) the
polyethylene (capillary

1.39 mm), (b) the polyamide
BASF (capillary 0.93 mm),

(c) the silicone oil (capillary

1.39 mm)
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Fig. 8 Geometry of the cell surrounding a fibre

R/h

Fig. 9 Influence of the cell dimensioh on the functionf as defined

2¢Kﬁm+l < 1 —m >m in Eq. (13)
S w1 R

(ar)

x [ w(p,0)|Vu:pp™ " (Vu:pp) ppdp (9
/ L .

The total stress field 6> is the sum of the contributionh ., has the same scaling witlb than the average
of the fibres, %>, and of the matrix (Batchelor, 1970)interfiore spacing. For instance, for fibres of length
The homogenisation of the matrix contribution with =100 pm and diameter R=10pm, and a fibre con-
non-linear power-law is not straightforward, and weentration of 8%h is included between 5 and 3.
assume the same power-law as for unreinforced poly-Let us define the coupling coefficient,, appearing
mers: in Eq. (9) as:

(@) = —P1 +2K (25)T &+ (o) (1o)

) 20Kp"! 1—m
wherel is the identity tensor, ant}, is the second in- m = D) (1=m)/m
variant of the rate of strain tensardefined as) _, ; 85 me m (1= (R/h) )

If mtends to 1, Eq. (10) reduces to the expression 2PKp"! R
found by Dinh and Armstrong (1984). This result is in = S <l_>
agreement with the work of Goddard (1976), who !

found that for aligned fibres in a uniaxial extension of a. . .
power-law fluid, the stress is proportional &L, Elgure 9 shows the evolution of the functidnfor

An important unknown parameter is the radius of tH@‘IO'57 ?rlﬂm—o.34,_(I:orrgszondlr}gt{]espe?tlvelydto th%
cell h. Different choices have been made, the avera}y@yes o' th€ power-law index ol ne polyamide an
interfibre spacing (Batchelor, 1971) or the average cidiolyethylene. The curve corresponding te=1 is the
est approach distance between a fibre and its neatSft Whenmtends to 1:
neighbour (Dinh and Armstrong, 1984). Hydrodynamic .
screening lengths have been discussed by Shagfeh an};i (R> _ (ln (h ))

(13)

 om+2

Fredrickson (1990) and Mackaplow and Shaqgfeh h R (19)

R
(1996), for semi-dilute suspensions in Newtonian fluids.

Here, we will test the sensitivity of our results to The dependence gfy, to the cell dimension decreases
The minimum value oh is R, when two fibres are in when the power-law index decreases. This can be ex-
contact (the previous analysis is of course no longgfained by the fact that the velocity gradient is more
valid). The maximum of the average value fof hmay,  and more concentrated near the fibre, so that the vol-

is reached when all the fibres are aligned. Supposigghe of fluid perturbed by the fibre is less important.
for instance a square arrangement, the number of fibmgerefore, it is reasonable to take= R, /Z.

n per unit volume is: Figure 10a shows that the rate of chdénge of the cou-
1 pling coefficient with the fibre aspect ratio decreases

n=i—7 (11)  with the power-law indexm. This is a favourable result
max for actual reinforced thermoplastics with non constant

Introducing the fibre concentratioft=nzRPL, hmay be- fibre length (see Fig. 1). Figure 10b shows the same
comes: trend for the volume concentration.



296 Rheologica Acta, Vol. 37, No. 3 (1998)
© Steinkopff Verlag 1998

Fig. 10 Influence of: (a) the fi- 200 200
bre aspect ratio (for a volume m=l O=02 m=1 p=30
fraction of 0.2); (b) the fibre con- - _ - -
. R o m=0.57 o m=0.57
centration (for an aspect ratio of ‘S 150 S 150 -
30), on the coupling coefficient = =S R m=0.34
for different values of the power- 2 2
law indexm ° 004 ° 100 <
o0 o0
= = .
= = J
2 504 2 504 e
&) & e
0 T T 0 4= 222 T T
10 20 30 40 0 0.1 0.2 0.3
Fiber aspect ratio Fiber concentration
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(Ranganathan and Advani, 1991; Papanastasiou and
Alexandrou, 1987; Ausias et al., 1994; Tang and Altan,
1995). The largest error is at the entrance of the chan-
nel, where fibres can arrive with completely different
orientations, but this is not very important because the
pressure loss mainly takes place at the end of the geom-
etry. A fully coupled finite element simulation has
shown the validity of this hypothesis (Souloumiac,
1996). The material is assumed to be incompressible.
The equilibrium equation, neglecting gravity and iner-
tia, applied to Eqg. (10), leads to a third order differen-
tial equation with the velocity as unknown. After nu-
merical resolution, the pressure loss is determined.
Comparison between experiments and computation Figure 5 compares the predicted and measured pres-
sure losses for the different materials. For the unfilled
We will focus on the pressure losses in the converggmilyamide and polyethylene, the difference between cal-
channel. It should have been possible to study also #hdation and measurement is quite large. The power-law
shear viscosity, but this is very sensitive to the fibre oris unable to predict the pressure loss in a convergent
entation description: the viscosity increase is directly rehannel where viscoelasticity plays an important role.
lated to the degree of alignment of the fibres in thieor all the materials, when the fibre content increases,
flow direction. The comparison should have ended withe difference decreases, and the agreement becomes
a check of the validity of orientation equations. very good at the highest concentrations. This means
Figure 11 shows the geometry of the convergetitat the “hardening” effect of the fibres, and the shear
channel. In spherical coordinates, we assume that ttmminated flow around a test fibre in a situation where
velocity vector has only one component along the radelbngation is important overcomes the viscoelastic na-
axis u(r,0). Fibres are supposed to be oriented paralkeire of the polymer. The agreement for the inelastic sili-
to the velocity field. This assumption is justified, beeone oil is always correct, except at low flow rate for
cause experimental observations have shown that, itha 1% suspension. In this case, the measured pressures
convergent channel, extensional deformations orieare very low, and the precision of the measurement is
fibres in the flow direction (Vincent and Agassantot so good.
1991). It has been used by Lipscomb et al. (1988), who Finally, the model permits to find the correct depen-
obtained an excellent agreement between experimemt@hce of the pressure loss with the flow rate, that is a
data for a dilute suspension in a Newtonian fluid arglope close to the power-law index in a logarithmic
the calculation based on the behaviour law described jpipt. The quality of the agreement between experiments
the authors. Moreover, Harlen and Koch (1992) showedd computations using a behaviour law which neglects
that increasing extensional viscosity of non shear-thinydrodynamic interactions could seem surprising. This
ning fluid subjected to purely elongational flow reducesould be due to the flow situation with well oriented fi-
hydrodynamic dispersion. The fully coupled problerares, in which the “hydrodynamic screening” (fibres
requires much more complex numerical resolutiariose to the test fibre reduce the effect of farther fibres)

Fig. 11 Geometry of the convergent channel
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is effective (Batchelor, 1971; Shaqgfeh and Koch, 199@ehaviour law shows that the sensitivity to the cell
Other flow geometries with more important contribudimension and to the fibre aspect ratio decreases when
tions of shear deformation could lead to lower qualitthe power-law index decreases. This is a favourable
results. point because these two parameters are variable in a
fibre suspension. The predictions of the model agree
well with the measured pressure losses in the conver-
Conclusions gent channel, even for concentrated suspensions.

The viscosity enhancement caused by the fibres de- .

pends on the marix. The elastiity level, a5 well as teicangerens T wor wes bty sppcned by e So
shear-thinning behaviour are partly responsible for thegﬁ broject (BES081), and by Institut Fratis du Paole, Gaz de
differences. The same result stands for the pressure I8g$ce and Solvay. We would like to thank M. Muncker and M.-Ph.

in a convergent channel. The shear-thinning anisotropigtgans for their help in rheological measurements.
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