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Abstract

In the study reported here two experimental techniques have been employed to assess the extensional behaviour of
LGF reinforced thermoplastics : the Squeeze Load Test (SLT) and the Bubble Inflation Test (BIT). Both tests are
analogues of extensional flows in important full-scale processes : compression moulding (SLT), blow moulding
(BIT) and thermoforming (BIT) in particular. For comparison shear flow results obtained from rotational
viscometry are also reported, since such flows are invariably present at some point in all processes.

1. INTRODUCTION

Long glass fibre reinforced melts exhibit particular rheological characteristics which
differentiate them from unreinforced polymer melts and from their short fibre analogues. In
the design of manufacturing processes for LGF composites, it is highly desirable if not
indispensable to have a good description of the rheological behaviour of the material under
different flow conditions. It is well known that the presence of fibres in a polymer matrix
increases the viscosity of the unreinforced polymer in both shear and extensional flow (Bush,
1993, 1997, Torres, 1997). Short fibres (0.1-1.0mm), widely used as reinforcement for
thermoplastic matrices, tend to align themselves in the flow direction and the increase in melt
viscosity relative to the unreinforced polymer is less dramatic than in the case of long fibres.
When assisted by fibre management devices (Bush 1993,1995) long fibres form coherent mat
structures in the melt. This can be made to occur for all the conventional processing
techniques (Bush 1997) under different types of flow conditions. The formation of these fibre
mats depends on the average number of fibre touches N given by (Bush 19932)

N=Acld (D

where A is approximately 8/n° in the case of a 2D random distribution, ¢ is the fibre volume
fraction, 1 and d are the length and diameter of the fibres respectively.

In the following experiments ¢= 0.03 or 0.06, 1 is typically around 5Smm and d is 17um. Eq.
(1) for the random case then gives an average number of touches N, 7 or 14. 5 touches is
about the minimum for a coherent mat structure.

The following sections include a variety of rheological techniques used to assess the
rheological behaviour of LGF reinforced thermoplastics under different flow conditions.
Section 2 presents the Squeeze Load Test (SLT) which combines shear and extensional flow.
However as discussed later in this paper, this technique can be used to deduce extensional
properties on their own. Section 3 presents the Bubble Inflation Test (BIT) which simulates
the inflation of a membrane under controlled conditions and is used in the simulation of both
the thermoforming and blow moulding processes. In Section 4 for comparison we present
simple shear viscosity results obtained in a cone and plate viscometer.
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2. SQUEEZE LOAD TEST (SLT?
2.1 Background

The squeeze load test (SLT) has been used in recent years in the compression moulding
simulation of sheet moulding compounds (SMC), glass mat thermoplastics (GMT), and other
fibre reinforced materials (Kotsikos et al 1996),(Michaeli and Starke, 1993), (Oelgarth,
1997). The main advantages of the method are its similarity to the compression moulding
process and its operational simplicity. The main disadvantage is that both shear and
extensional flow take part in the deformation of the material under compression, and that it is
not easy to determine the relative importance of each type of flow. In the case of discrete LGF
polymer composites, this technique allows for a good and simple comparative measurement
of the rheological properties of the composite taking into account the macroscopic flow of the
reinforcing fibre mat structure (Torres 1997).

2.2 Experimental

The test has been designed as isothermal and axisymmetric. Circular plates of 100mm of
diameter have been used. The plates were heated with cartridge heaters (200W per plate) and
the temperature was controlled using independent self-tuning three phase controllers. The
time response of the controllers had to be matched accurately to the load of the system in
order to achieve stable temperature readings. Thermocouples were inserted into the plates. To
enhance the extensional flow characteristics release agent was sprayed on to the plates.
Insulation discs and supports were designed to mount the whole assembly on a Hounsfield
tensile testing machine. A load cell of 5kN was used in most of the tests. The assembly of the
rig including a detail of the plates used in the test is shown in Fig. 1.

LA
) LOAD FEAUE 4 g:we
e iy

G PIF DATS LORRING

AL
L METAL DRI ~——

T

M il MERA TEMPERATURE

e an | SONTROLER TRMRE — . \\
i e 183 TEMPERATIRE

i s M T RS LER

HEATERS

CRRTRGGE . H
HEAYERS \ i

E %:ns

oo 8 @

iy
® 8w

W B

(a) (b)

Fig. 1. Squeeze load test. (2) General arrangement. (b)Detail of the plates

The tests have been carried out at three temperatures : 180C, 200C, and 230C spanning the
typical PP processing range. The materials were polypropylene homo- and copolymer at two
different long fibre concentrations (3% , 6% v/v) which are known to provide very significant
increases in mechanical properties (Bush et al 1995). For each temperature and fibre
concentration (including the zero concentration case) four plate-closing velocities (u) were set
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on the crosshead (Fig. 1(a)). For each velocity (u), the squeezing force (F) was recorded for a
range of plate separations between 6 and 3mm (Fig. 1(b)).

2.3 Results and Discussion
The results have been arranged to display an apparent squeeze viscosity [n]s defined by

M = F/RY/s @)
where R is the radius of the plates (Fig 1(b)), and the squeeze strain rate is

€s = wh (2a)

The results at 230° C and a plate separation (h) of 4.8mm are shown in Fig. 2.
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Fig. 2. Experimental results of viscosity vs strain rate for LGF-PP (1100L) at 230C
Results at the other plate separations (h) show a sharp increase in [n]; as h decreases, and
consistent increases in {n]; of up to 3 times relative to the unreinforced polymer can be

observed at 6% v/v, fora givenh and T.

If it 1s assumed that shear stresses dominate the squeezing process, then [n]s can be found
theoretically for a power law fluid from the equation of Scott (1935) as

- (8

Tox = Ass (V) )

where

1s the power law relating 1., and Y, the shear stress and strain rate on the planes normal to a
radius (1) (Fig. 1(b)).

From Fig. 2 it may be calculated that on this basis m changes from 0.7 at 0% fibre to 0.35 at
6% v/v, indicating a very marked change in rheology over this concentration range. This
reduction in m is found consistently for all h and T values.
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It is found from eq. (3) and Fig. 2 that [n]ss depends on (R/h)l'7 to (R/h)l‘35 . The measured
squeeze viscosity [n]s defined by eq. (2) was found to increase as the gap h decreased
although the exponent of (R/h) could not be reliably determined. However, Ags in eq. (4) can
be evaluated from Fig.2 and gives a value of 150 at 0% and 200 at 6% v/v. If it is assumed
that extensional flow dominates the squeezing process, then it is easily shown that for the
power law fluid (eq. (4)), the squeezing viscosity is given by

[Mlse = 3As (Wh)™' &)
where T = A (Vo)™ (6)

Then A, in eq. (6) can be evaluated from Fig.2 and gives a value of 1000 at 0% and 1400 at
6%. Clearly the two models eq(3) and eq(5) give widely different results.

In section 4 below it is shown that extensional flow (eq. (5)) is a much closer model of the
results than shear flow (eq. (3)) in the squeeze test, though neither is exact.

To approach the problem of characterising the flow from another angle different colours have
been used to show the shape of the flow profile visually. Fig. 3 shows the colour interfaces in
two cases.

Fig.3. Flow visualisation in the SLT, left: predominant plug flow, right: predominant shear flow

In both cases the flow direction is from right to left. The figure on the left shows a typical
plug profile, as obtained at a compression of 25%. The figure on the right shows a typical
parabolic profile as obtained at a higher compression ratio (75%). This suggests that the flow
varies from extensional flow (eq. (5)) to shear flow (eq. (3)) as the compression ratio
increases. The results in Fig. 2 were obtained at h =4.8 mm — a 25% compression ratio i.e.
where plug flow is predominant.

3. BUBBLE INFLATION TEST (BIT)
3.1 Background

The inflation of membranes has been used in the past for comparative and quantitative
measurement of the biaxial elongational viscosity of polymers. Denson and Gallo (1971) and
Joye et al.(1972a,b) presented some of the earlier results on elongational viscosity of
polymers using this method. Earlier still Treloar (1944) used the bubble inflation method to
study the biaxial extension of elastic rubber sheets. More recently Schmidt and Carley
(1975) used the inflation method on heat softened plastic sheets made from amorphous
polymers, and they include a comparison between experimental results and numerical
calculations. Tonkin (1998) used the bubble inflation test to characterise the blow moulding
behaviour of LGF polymer composites at processing temperatures. This latter work was
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aimed at obtaining a qualitative understanding of the blowing characteristics of LGF polymer
composites for practical blow moulding processes but no quantitative data were obtained.

One of the main advantages of the BIT is its direct applicability in the simulation of free
surface processes such as extrusion film blowing, blow moulding and thermoforming. In the
case of thermoforming of LGF polymer composites, it is necessary to characterise the
elongational behaviour of the materials in conditions similar to the actual processing
conditions, i.e. 2D extensional flows in the vicinity of the polymer melting point. Viscosity
measurements obtained with capillary rheometers are useless for this purpose because they
represent one dimensional shear flows.

3.2 Experimental Set Up

Fig. 4 shows the experimental set up used for the inflation of the LGF composites. Heating is
achieved in the experiments presented here by putting the rig in a temperature controlled
oven. Inflation of the membrane is produced by a pressurised gas (Nitrogen). It is desirable
that the inflating gas enters the inflation cavity at a temperature close to the testing
temperature in order to avoid cooling effects on the membrane.
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Fig. 4. Experimental Set up used in the Bubble Inflation Test (BIT) (adapted from Neilson, 1999)

In principle experiments may be carried out at (a)constant stress in the membrane, (b)
constant strain rate, (c) constant inflation pressure and (d) constant gas flow rate. In practice,
constant inflation pressure is by far the easiest to manage experimentally. Two types of
samples were used in the experiments : (i) samples cut from extruded sheets with a thickness t
of approx. 1.5mm, and (ii) injection moulded samples (t = 3mm).The materials used in the
experiments were the same as for the SLT. (section 2.2)

3.3 Results of the BIT experiments

The variations of pressure and flowrate with time during a bursting test have been plotted in
Fig.5. In order to carry out the experiment at constant pressure, it can be seen that it is
necessary to reach a pressure plateau. From the same trace the bursting time can be
determined. It can be observed that the burst time (t,) for the 6% LGF reinforced material is
around five times that for the 3% case. At constant pressure inflation, the time to a given
strain is proportional to the extensional viscosity. The sharp increase in t,, with fibre
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concentration seen in Fig. 5 is thus consistent with increases in the squeeze viscosity found at
low strain rates (< .02 sec™) in Fig 2.
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Fig. 5. Pressure, flowrate and temperature plots in the BIT in a constant pressure experiment

Fig. 6. a) shows a bubble of an unreinforced PP sheet being inflated at constant pressure. Fig.
6.b) shows the detail of a LGF-PP sheet after bursting : the growth of a secondary bubble is
clearly visible. As it can be seen from the detail, bursting has occurred only after significant
drawing which confirms the excellent deformability of discrete LGF composites in stretching
processes, relative to other types of fibre reinforcement.

¢ 6. (2)Bubble blown in the BIT

4. PURE SHEAR EXPERIMENTS

Both transient and steady state shear viscosity measurements have been carried out using a
cone and plate Weissenberg Rheogoniometer Carri Med R20, the cone tip being truncated.
Discs of approximately 45mm were cut from extruded LGF reinforced sheets and placed on
the plate. The temperature was raised to 230C. The materials used were the same
compositions as those used for the SLT and BIT reported above.

The results for the different materials tested are presented in Figs. 7. a) and b). The viscosities

found for the unreinforced polymers are in agreement with standard viscosity data for the two
grades of PP. The increases in shear viscosity due to the presence of long glass fibres 1s
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approximately 60% at 3%(v/v) and 150%-180% at 6%(v/v) relative to the unreinforced
polymer.
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Fig. 7. Shear viscosity curves for PP (a) homo- and (b) copolymer with 3% and 6% glass fibres by volume

From Fig. 7(a) we obtain values A, in the viscosity power law (eq. (4)). These are compared
in Table 1 with the values A, and A, obtained above from the two different models (eq.(3)
and eq.(5)) of the measured squeeze viscosities.

c % viv A, Ag Ase
0 900 150 1000
6 2000 200 1400

Table 1. Comparison of power law constants A obtained from different models and experiments

Clearly the extensional flow model of the squeeze load test at 25% compression (Fig. 2)
indicated by A, is much closer to the truth than the shear flow model indicated by A;. This
result conforms well with the flow visualisation in Fig. 3 (left).
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Fig. 9. Reinforcing fibre mat structure obtained
after burn-off from a rotational viscometry sample

Fig. 8. Viscosity versus time for LGF-PP at 3% and 6%
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S. CONCLUSIONS

The three experimental techniques used to characterise the rheological behaviour of LGF
reinforced composites are consistent with each other in that they point to the very large effect
which quite small proportions (up to 6%) of LGF have. The squeeze load test (SLT) results
(which simulate a compression moulding process) are modelled more closely by an
extensional flow equation (eq. (5)) than by a shear flow equation (eq. (3)), though evidently
both regimes are present. If properly controlled, the bubble inflation test (BIT) can provide
quantitative data on the behaviour of the new LGF reinforced materials subjected to the
extensional flow found in the blow moulding and thermoforming processes. The steady state
results obtained from the cone and plate viscometer show that a power law expression is a
reasonable model for these materials in pure shear flow. The transient results show that
viscosity reduces with fibre alignment by about 40% but the characteristic long fibre mat
remains intact.
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