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Abstract

The rheological behavior of a short-polyester-fiber-filled polyure-
thane elastomer composite containing different bonding agents
has besn studied in the temperature range 120-160°C and in the
shear rate range 63-608 s~!. The composite with and without
bonding agents showed a pseudoplastic behavior which decreased
with the increase of temperature. Composites containing bonding
£ agents based on polypropyleneglycol and 4,4'-dirhenylmethane-
| e diisocyanate showed the lowest viscosity values at a particular
: shear rate, whereas composites containing a glycerol- (GL) based
bonding agent showed the highest viscosity. The viscosity of the
composite decreased sharply after a particular temperature
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(140°C) and the fall was less drastic in the composite containing
a GL-based bonding agent.

INTRODUCTION

Short-fiber-reinforced polymer composites are finding wide application
areas because of its good processing characteristics and anisotropic
mechanical properties [1-4]. As many of the processing steps, such as
mixing, extrusion, calandering, and molding, in the modern polymer
industry involve flow of the polymer, an understanding of the rheologi-
cal characteristics of the composites is essential. The rheological behav-
ior of polymer melts provides the choice of processing conditions and
influences the morphology and mechanical properties of the final prod-
uct. Brydson indicated the need for rheological studies and its impor-
tance in the selection of a processing condition and in the designing of
processing equipments [5]. White and Tokita [6] and White [7,8] have
reported the correlation between rheology and processing and the rheo-
logical properties and extrusion characteristics of polymer melts.
Crowson et al. [9,10] studied the rheology of short-glass-fiber-rein-
forced thermoplastics and reported that the fiber orientation resulting

from the convergent, divergent, and shear flows and the fiber alignment .

takes place only at a high rate of shear. Flow characteristics of the
thermoset compounds filled with polyethyleneterephthalate (PET) fiber
have been studied by Owen and Whybrew [11]. Several studies have
been reported on the rheological characteristics of short-fiber-rein-
forced polymer melts [12—16]. Murty et al. [17] studied the rheological
behavior of short-jute-fiber-filled natural rubber (NR) composites. The
dependence of die swell on the L/D (length to diameter) ratio of the
capillary has been studied by many workers and concluded that the die
swell decreases with the increase of L/D ratio [18-21]. Kutty et al. [22]
studied the rheological properties of a Kevlar fiber-filled thermoplastic

* _ polyurethane composite. Gupta and co-workers [23] have reported on

* the flow properties of the polypropylene—ethylene proprylene diene
monomer (PP-EPDM) blend filled with short glass fibers. Recently,
rheological behavior of a short-sisal-fiber-reinforced NR composite has
been studied by Varghese and co-workers who reported that the incor-
poration of a treated fiber increases the melt viscosity and decreases
the melt elasticity [24]. The dependence of rheological properties of
the staple polyester-fiber-filled polyurethane elastomer composite has
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Thi i ith the rheological properties
been reported [25]. This article deals Yvnth t rh ! ]
of a short-polyester-fiber-filled composite containing different bonding
agents (MD resins) based on polypropyleneglycol (PPG) and glycerol.
(GL) with 4,4'-diphenylmethanediisocyanate (MDI) at 20 phr fiber

loading.

EXPERIMENTAL :
Materials

i i ! lastomer. was pro-
Adiprene, an ether-based millable polyurethane e
curepd from Uniroyal Chemical Inc. Co. (USA),. and polyester staple
fiber, approximately 4 mm in length, was suppheddby Madura Coats

i i i ial grade.
(India). All other ingredients are of commercia :

The formulation of the mixes is given in Tgble 1. The mixes were
prepared in a Hake Rheomix, at a temperature, of 60°C apd at a rotor
speed of 30 rpm for 4.5 min. 5

- Rheological studies were carried out using the Monsanto Proces;-
ability tester. A capillary of diameter 1.5 mm and L/D = 30 was used.
The measurements were carried out at different shear rates ranging
from 63 to 608 s~ !. The experiments were carried out at different shear

TABLE 1
Formulation of the Mixes
Mix no.

C3
Ingredients® c cl 22
Adiprene 100 100 lgg 1(2)8
PET fiber 20 20 4 48
Zinc stearate 0.5 0.5 0.35 .
Caytur-4 0.35 0.35 4. 4.
MBTS 4 4 : s
MBT 1 1 e
PPG — 4.44 == 5
GL — — 0.99 0.07
MDI — 0.56 4.01 0.56

a MBTS = dibenzothiazyl disulfide; MBT = 2—mercaptobenzo.t.hiazole: PPG = poly-
propyleneglycol; GL = glycerol; MDI = 4,4'-diphenylmethanediisocyanate.
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rates obtained by moving the piston at different preselected speeds
(0.05-0.25 in./mm). The true shear stress was calculated as [5]

PR

2L

where 7, is the shear stress of the wall, P is the pressure drop, L is
the length of the capillary, and R is the radius of the capillary.

Apparent shear rate, shear rate at the wall, and viscosity were calcu-
lated using

i 02
” @Bn' + Dr,
= 4n’

Tw =

12 . OMIxc

OMIX C1
OMIX C2
OMIX C3

8

=~

Log (ac?parent viscosity) (k Pa.s)

00 1 X 1
15 19 23 27
Log(apparent shear rate) (s)

FIG. 1. Variation of apparent viscosity with apparent sh i
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FIG. 2. Variation of apparent viscosity with apparent shear stress for
Mixes C and C1-C3.

where 7, is the apparent shear rate (s~'), Q is the volume flow rate
(mm?/s), d. is the diameter of the capillary (mm), #,, is the shear rate
at the wall (s™!), n' is the flow behavior index, and m is the shear
viscosity (kPa s). n' was calculated by linear regression from log 7.
and log #,.

RESULTS AND DISCUSSION

Figure 1 represents plot of log(viscosity) versus log(shear) rate at
120°C of the composites with and without bonding agents. It is evident
from the figure that for all mixes, viscosity decreases with the increase

=t
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s perature on the variation of a i i i
apparent; shear rate for Mix C. s

of sheéar rate indicating a i imi
s ! pseudoplastic nature. Similar results have
bgen rgported earl}er [22]. Over the whole shear rate range studied, the
viscosity of the Mix Cl, containing a bonding agent based on PPG’and

. ~~MDI, shows a lower viscosity than that of Mix C, with no bonding

ﬁzgt.'l"l;‘his iéxdicatgs a probable plasticizing effect of the bonding agent
. The observed mechanical properties of th i

e prop e composites also sup-
: a'!‘he.vmcmity values of Mix C2 suggest a more restrained matrix
indicating a better fiber—matrix interaction in the presence of a glycerol-
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FIG. 4. Effect of temperature on the variation of apparent viscosity with
apparent shear rate for Mix CI.

based bonding agent. With this bonding agent, the resin forms a three-
dimensional network structure in the matrix and the flow becomes more
restricted and the molecular alignment in the flow direction under shear

" becomes less probable, resulting in higher viscosity values. The re-

ported mechanical properties [26] also suggested better fiber—matrix
interaction in the presence of a glycerol-based bonding agent. As ex-
pected, Mix C3, containing both PPG and GL, shows viscosity values
in between that of Mix Cl1 and C2. The presence of PPG seems 1o
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FIG. 5. Effect of temperature on the variation of apparent viscosity with
apparent shear rate for Mix C2.

compensate for any restriction to flow due to glycerol; hence, Mix C3
shows the viscosity values almost equal to those of Mix C.

-~ A similar pattern of behavior is observed in Fig. 2 where log(viscos-
ity) is plotted against log(shear stress), at 120°C. The difference be-
tween viscosity values of different mixes seems to be more significant
in this figure. This suggests that the log-log plot of viscosity and shear
stress will be a better tool to study the effect of interfacial bonding
agents on the flow properties.
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* FIG. 6. Effect of temperature on the variation of apparent viscosity with
apparent shear rate for Mix C3.

Effect of Temperature

In the shear rate range studied, the viscosity is found to decrease with
increasing temperature (Fig. 3). A similar trend is also observed in
the case of composites containing different bonding agents (Figs. 4-6).
However, the variation in viscosity with temperature at a given shear
rate is found to be different for different mixes. Figure 7 shows a plot
of viscosity versus temperature at a shear rate of 61.3 s~ ! for different
mixes. It shows that beyond a temperature of 140°C, the viscosity of
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FIG. 7. Variation of viscosity of Mixes C and C1-C3 with temperature at
a shear rate of 63.1 s~ 1.

different composites falls very sharply. The fall is less drastic in case
of Mix C2 containing a glycerol-based bonding agent when compared
to Mix C1 and Mix C3. Between 120°C and 140°C, the reduction in
« ~viscosity is less significant.

Activation Energy

Activation energies of composites C and C1-C3 are calculated from
the plots of log(apparent viscosity) versus 1/T (Fig. 8). Table 2 gives
the values of activation energies at three different shear rates. The more
or less same values of activation energies of the composites indicate
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FIG. 8. Variation of apparent viscosity with 1/T at a shear rate of 61.3 5.

that the temperature sensitivity of the composites remains unaffected
with the rate of shear in the shear rate range studied. Similarly, there is
not much change in the activation energies of the composites containing
different bonding agents. This again shows that the presence of bonding
agents also does not alter the temperature sensitivity of the composite.

Flow Behavior Index

Figure 9 shows the flow behavior index, n', of composites C and
C1-C3, with and without bonding agents, at different temperatures.
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TABLE 2
Activation Energies (kcal) of Mixes C and C1-C3 at Different Shear Rates

Activation energy at different shear rates (kcal)
* Shear rate (s ')

Mix no. 61.3 122.6 306.5
& 15.39 15.56 15.81
Ci 15.25 15.61 16.20
C3 17.43 .73 15.25
C4 18.30 19,75 18.95
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FIG. 9. Variation of flow behavior indices of Mixes C and CI;C3 with
temperature.
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The magnitude of n' indicates the extent of non-Newtonian behavior
of the composite. It is clear from the figure that for all composites, n’
increases with the increase of temperature, showing that as the temper-
ature increases. the melt becomes more Newtonian in nature. Compos-
ites with a PPG-based bonding agent show the more or less same values
of n" as that of the composite without a bonding agent, whereas compos-
ites with GL and PPG-GL mixture-based bonding agents show lower
values of n'. This indicates that the bonding agent formed from GL and
PPG-GL with MDI increases the pseudoplasticity of the composite.

CONCLUSIONS

From the above study, the following conclusions can be drawn:

Short-polyester-fiber-reinforced polyurethane elastomer composites
with and without bonding agents exhibit pseudoplasticity which
decreases with temperature.

Composites with a PPG-MDI-based bonding agent shows lower
shear viscosity at a particular shear rate than that of the composite
without a bonding agent, whereas composites with a GL-MDI-
based bonding agent show the highest viscosity, indicating a better
interaction between the fiber and the matrix.

Shear viscosity of the composites at a particular shear rate decreases
sharply beyond 140°C, and the fall is less drastic in the case of
composites containing a GL-based bonding agent.

The presence of a bonding agent and the increase of shear rate do
not change the activation energy of the composites.
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PHYSICAL PROPERTIES OF
POLYURETHANE MODIFIED WITH
POLY(m-PHENYLENE ISOPHTHALAMIDE)

MING-FUNG LIN and FU-SHENG CHUANG
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Taichung, Taiwan, Republic of China 40724

YAO-CHI SHU and WEN-CHI TSEN
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Abstract

A segment of block copolymers with poly(n-phenylene isophthal-
amide) (PmIA) length was prepared. The block copolymers were
prepared using various molecular weights of polytetramethylene
glycols (PTMG) as the soft segment, and 4,4'-diphenylmethane
diisocyanate (MDI), 1,4-butane diol (BD), and aromatic diamine-
terminated PmIA as the hard segment. The block copolymers ex-
hibited soft-segment crystallization when a PTMG greater than
2000M,, was used. The glass transition temperature. T,. of these
block copolymers progressively shift to lower temperatures
(below 0°C) as the chain length of the soft segment was increased
and the glass transition temperature, T,,. of these block copoly-
mers shift to higher temperatures (up 0°C) as the chain length of
hard segment was increased. The stress—strain and stress—relaxa-

v
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