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Abstract

Although natural fibre reinforced commodity thermoplastics have a wide range of interior
automotive applications, there have been few reports of cellulosic fibre-reinforced engineering
thermoplastics. The common belief is that the only thermoplastics amenable to natural-fibre
reinforcement are limited to low-melting commodity thermoplastics (below 180°C) like
polyethylene and polypropylene. We have succeeded in developing materials and methods for
compounding purified cellulosic woodpulp-fibres with engineering thermoplastics that are high-
melting (>220°C) like nylon (PA-6 and PA-6,6).

In this presentation the handling of the wood-pulp and polymer raw materials are described. We
also describe in detail the technique of low-temperature or “chill processing” for extrusion of fibre-
reinforced thermoplastics to cope with the narrow processing-window-of-opportunity between the
melting point of the polymer and the thermal decomposition of the cellulose. This low-temperature
method of compounding utilizes high shear viscosity heating to produce composite pellets that
exhibit little evidence of thermal degradation The specifics ofinjection molding conditions required
for these materials are also discussed.

Samples of extruded pellets (33% cellulose/67% PA-6) are demonstrated as well as injection molded
test samples. The cellulose-reinforced PA-6 composites yield injection-molded parts that are lighter
in weight (~10-12%) than their comparable glass-fibre or mineral reinforced counterparts. The
mechanical properties of 33% cellulose reinforced PA-6 test specimens are compared with other
materials like 33% wood-flour reinforced polypropylene, 33% glass-fiber reinforced PA-6 and 30%
wollastonite filled PA-6. In general the mechanical property values of the cellulose reinforced
materials are intermediate between those reinforced with comparable levels of wollastonite or glass
fibre. Additional initial data on cellulose fibre reinforced PA-6,6 are also presented.

These new composites of cellulosic fibre-reinforced engineering thermoplastics have properties and
appearance that make them potential candidates for structural and “under-the-hood” automotive
applications.

Objectives

The objectives of this research were
1) to develop methods and procedures for the melt-blending of cellulose fibres and PA-6 and other
high-melting thermoplastics by twin-screw extrusion technology,
2) to injection mold ASTM test samples and other prototype parts from these composites, and
3) to evaluate the mechanical properties of these composites as potential replacements for mineral
and glass-fibre reinforced composites presently used in the automotive industry.

Background

The earliest reported attempt to use cellulose flour and cellulosic fibres to reinforce polyamides was that
of Klason, Kubat and Stromvall in 1984 (1). In that paper, they followed-up an earlier report (2) that
demonstrated the potential of wood flour and cellulosic fibres as reinforcement for commodity
thermoplastics like polyethylene and polypropylene. However, the results with polyamides were
generally discouraging. Although there was some success in reinforcing PA-12 (melting range 176-



180°C) with cellulose, when PA-6 was used (melting point 215°C), cellulosic fibres showed poorer
reinforcing potential than wood flour and cellulosic flour. In all cases the PA-6 materials exhibited severe
discoloration and pronounced pyrolytic degradation. These authors concluded that for the higher melting
thermoplastics like PA-6, “cellulosic fibres do not produce any significant degree of reinforcement
despite their obvious stiffness and strength potential.” Since those initial experiments, it has been
commonly believed that the use of cellulosic fibres as reinforcement in thermoplastics is limited to the
low-melting commodity thermoplastics (melting points below 180°C) (3). Furthermore, it has been
believed that the higher melting engineering thermoplastics (m.p. >220°C) cannot be effectively
reinforced with cellulosic fibres because of the severe thermal degradation of the cellulose that occurs at
temperatures needed to process these high-melting engineering thermoplastics (4).

A new look at cellulosic fibre reinforcement

The needs of the automotive industry for a lower density reinforcement for engineering thermoplastics
that is intermediate in both cost and properties between wollastonite and glass-fibre inspired us to take a
second look at the potential for cellulosic fibre reinforcement. The thermogravimetric stability of wood-
component polymers shows that the purified cellulosic component of wood is considerably more heat-
stable than the non-cellulosic components, lignin and hemicellulose (5). When a TGA trace for purified
wood cellulose is overlaid with the DSC traces for the polymers polypropylene, nylon 6 (PA-6) and nylon
6,6 (PA-6,6) as in Figure I, the picture becomes clearer. Polypropylene, with a melting point of 165°C,
melts at a temperature considerable below the temperature at which wood (and its lignin and
hemicellulosic components) starts to thermally degrade. PA-6 and PA-6,6 melt at temperatures above the
onset of wood’s thermal degradation. However, the onset of purified cellulose’s thermal decomposition
occurs at a temperature above the melting points of PA-6 and PA-6,6. In fact there is a very narrow
processing window-of-opportunity between the melting point of PA-6,6 and the decomposition
temperature of cellulose. The potential processing window between the melting point of PA-6 and the
temperature of the on-set of cellulose’s decomposition is about 30°C wider than the window for
processing cellulose in PA-6,6. Because of the greater thermal stability of cellulose over lignin and
hemicellulose we chose as reinforcing fibres purified hardwood and softwood pulp fibres manufactured
by Rayonier with alpha cellulose contents greater than 95%.
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Figure 1. TGA curves for wood and pure cellulose overlaid with DSC curves showing the melting
points for polypropylene and the polyamides, PA-6 and PA-6,6



Pelletization of pulp fibres for feed-stock

There is a general material’s handling problem associated with melt-blending plastics with low bulk-
density fibres. For this reason we found it helpful to develop a method for pelletizing the cellulose fibres
into pellets of a size and density convenient for (pneumatic) handling, transportation and melt-blend
processing. To an approximately 40% consistency pulp (ie. 60% water), 0.1 to 0.5% (based on the dry
weight of pulp) of carboxymethyl cellulose was added as a rheology modifier so that the pulp could be
pelletized without troublesome dewatering or phase separation in a Kahl Pellet Mill (model 175). The
pellet die-plate used is generally a 3 mm plate with a compression ratio of 6:1. The pellets were then
dried in a steam-heated oven to a moisture content less than 2%. The resulting “3 mm” pellets were
cylingrical with approximate lengths of 5-8 mm, and had a loose packingdensity of approximately 217
kg/m®.

Low temperature extrusion or “chill” processing protocol
A Method for Compounding 33% Cellulose into PA-6.

Low Temperature Compounding (LTC) of cellulose pulp fiber/PA-6 composites is a unique

compounding method for producing cellulose reinforced engineering thermoplastic composites. Careful
attention to this compounding sequence is required to produce high quality composites. This particular
compounding method has three parts: Start-up Conditions, a Transition Phase, and Steady-State
Conditions.
These detailed procedures are provided to aid, and serve as a guide for the compounding of Rayonier
pulp-pellets into PA-6. The specific descriptions apply to a Davis-Standard, 32mm, co-rotating twin
screw extruder, compounding equipment that has been used at the Forest Products Laboratory. It consists
of seven heating zones and has an L/D = 36:1. Typical operating conditions include a rotational screw
speed of 200+10 rpm and a production rate of about 11 kg/hr of composite pellets. Use of alternate
equipment is possible with appropriate modifications of screw-configurations and procedures to
reproduce the temperature, pressure, and shear-mixing conditions experienced by the polymer/cellulose
fibers in the DS twin screw. The extruder is equipped with a 28mm (screw-type) sidestuffer/crammer
located at heater block #4 or about Y of the (900mm) distance between the feed throat and die-face. The
die face is a four-hole strand die. A schematic of a typical screw configuration is shown in Figure 2.
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Segment # Element* Used Segment # Element* Used Segment # Element* Used
1 FF 0.75 11 FF 1.50 21 FF 1.00
2 FF 1.50 12 FF 1.50 22 FK 1.50
3 FF 1.50 13 FF 1.50 23 BK 1.50
4 FF 1.50 14 FF 1.50 24 FF 1.50
5 FF 1.50 15 FF 1.00 : 25 FF 1.00
6 FF 1.50 16 FF 1.00 26 FF 1.00
7 FF 1.25 17 FF 1.00 27 FF 1.00
3 FK 1.00 18 FF 1.00 28 FF 1.00
9 BK 0.50 19 FF 1.00 29-31 (3) FF 0.75
10 FF 1.50 20 FF 1.00 32 Screw Caps

*Elements : FF = Forward Feed, CK = Cross Kneader, BK = Back Kneader. Units = L/D ratio

Figure 2 — Typical Screw Configuration used during compounding.




Start-up Conditions:

The start-up conditions for compounding cellulose pulp fibers into PA-6 are straight forward.
Temperature setting of the seven heat zones are set at 232°C (450°F), which is well above the melting
point of PA-6. Polymer (PA-6) is introduced at the feed-throat at a constant metered rate by an AccuRate
gravity feed hopper (a typical feed-rate might be about 7 — 10 kg/hr for this 32mm extruder). The
cellulose pellets are introduced into the melted polymer stream by the sidestuffer/crammer, which is
calibrated to deliver cellulose pellets at a rate equal to % of the polymer feed-rate. This results in a
composite blend of 33% cellulose and 67% PA-6. As cellulose is added into the polymer, the melt
viscosity will begin to rise and the sidestuffer/crammer feed-rate will have to be increased slightly to
counter-balance the increased extrusion melt pressure in the extruder. At steady-state conditions, the
cellulose pellet feed-rate no longer requires adjustment. No additives are necessary. Figure 3 shows a
schematic of a viscosity shear heating curve for cellulose reinforced PA-6 composite production.
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Figure 3 - Viscosity Shear Heating Curve for Cellulose Reinforced PA 6.



Transition Phase:

The transition phase of LTC is the most dynamic and turbulent region in the progression towards
steady-state conditions and high quality cellulose reinforced engineering thermoplastic composites. With
the continued addition of cellulose pulp fibers via the sidefeeder/crammer, the melt viscosity will increase
substantially. This increase in melt viscosity will cause the melt temperature, and torque load (i.e. percent
load) on the extruder to increase dramatically. The cellulose pulp fibers will experience a rapid increase
in temperature and the composite melt temperature in the extruder may rise to over 260°C (500°F) within
5-6 minutes. As the temperature nears the thermal decomposition temperature for cellulose, there is a
rapid decrease in the composite strand strength, surface quality, and the potential for scorching and severe
discoloration (brown color) of the composites.

At this point, the temperature setting of zones 4-7 should be immediately lowered to 218°C
(425°F) and then 204°C (400°F) within 5-6 minutes. At the 204°C (400°F) temperature settings, the rapid
rise in the melt temperature should peak and possibly start to come down in temperature. Now the
temperature setting on zones 4-7 should be ""gradually reduced' by 5-7°C (10-15°F) to start to control
the melt temperature throughout the transition phase. As zones 4-7 are used to control the composite melt
temperature, the composite strand quality and color will begin to improve as the temperature settings
move down through the 193°C (380°F), 188°C (370°F), 182°C (360°F) temperature range. At 177°C
(350°F) temperature reading, the composite strands should lighten in color and begin to appear cream
colored, strand strength will improve, and surface quality will improve. Continue the gradual reduction in
temperatures of zones 4-7 until steady-state conditions are obtained and the compounding/processing
conditions come to equilibrium.

Steady-State Conditions:

The viscosity shear heating of the polymer composite is a critical element during the LTP
compounding sequence. At steady state conditions, the twin screw extruder is at equilibrium and the
temperature settings of the 7 heating zones have gradually been transformed into a step function. Zones
1-3 are set at 232°C (450°F), while zones 4-7 are set at or near 149°C (300°F) depending on screw
configuration, RPM setting and die” face conditions. These settings (or temperature readings) are below
the melting point of the polymer, and the extruder may appear cool to the touch, but, in fact the shear
heating in the twin screw maintains the composite above that temperature, and the excess damaging shear
heating is dissipated through the extruder's cooling coils. The melt temperature of the cellulose/PA-6
composites should now be in the range of 21 8-227°C (425-440°F) for continuous operation.

In addition to the heating zones, the particular screw configuration used and rpm settings help
provide the viscosity shear heating required to plasticize the composite. The compounding screws convey
and mix the composites through a continuously cooled extrusion barrel (i.e. zones 4-7). By controlling
zones 4-7, the melt temperature of the extrudate can be maintained and controlled to prevent scorching
and charring of the composite. At steady-state conditions, the composite strand quality will have
improved from the transition phase of chocolate brown to a cream-colored composite. The composite
strands are water cooled and chopped into pellets.

As the compounding trial comes to an end or enough material has been collected for injection

molding or other trials, zones 4-7 should be raised to the start-up conditions of 232°C (450°F) before the
cellulose feed is terminated. When the zone temperatures in 4-7 reach approximately 204°C (400°F), the
cellulose can be turned off and PA-6 continued. A purge material can then be utilized to clean the
composite material from the twin screw extruder.
CAUTION: |If there is an interruption in the flow of either PA 6 or cellulose pellets during steady-state
operation, then this will result in the material freezing in the extruder and an overload of the torque
reading (i.e. percent load), which will end the compounding sequence. At this time, the low temperature
settings should be immediately set to start-up conditions until the screws will rotate again. It is suggested
that if the composite melt is interrupted in this fashion that the extruder die-face be cleaned of any charred
composite material and the compounding sequence returned to the original start-up conditions.



Injection molding

ASTM test specimens were injection molded on a 33 Ton Cincinnati Milicron 32 mm reciprocating screw
injection molder with an LD of 20:1. The injection molding conditions involved a packing pressure of
167 MPa and a holding pressure of 160 MPa. The screw speed was 200 rpm and an injection speed of 91
mm/sec. The nozzle temperature was held at 227°C, and the temperature along the three heat zones of the
screw was held at a constant 232°C. The mold temperature was 121°C.

TENSILE FLEXURAL TENSILE FLEXURAL | NOTCHED |UNNOTCHED
STRENGTH | STRENGTH | MODULUS|[ MODULUS 1Z0D 1Z0D
MPa MPa GPa GPa Jim Jim
POLYPROPYLENE 27.6 28.7 1.39 1.39 16.1 556.4
PP + 33% WOOD
FLOUR 33.1 49.3 3.38 3.19 18.7 75.4
NYLON 6 (PA-6) 60.2 64.2 2.75 2.38 24 746.3
PA-6 + 30%
WOLLASTONITE 62.7 105.7 6.51 6.27 25.8 173.9
PA-6 + 33% GLASS
FIBRE 111.2 146.7 8.02 7.55 45.9 406.1
PA-6 + 33%
HARDWOODFIBRE 86.5 121.6 5.71 5.88 25.3 318.3
PA-6 +33%
SOFTWOOD FIBRE 81.9 113.9 5.35 5.45 25.1 247.2
CLEAR PINE 90.4 88.3 7.6 12.34 XXXXX XXXXX

Table 1: Mechanical Properties of PP and PA-6 Composites

Mechanical properties and heat aging characteristics

The mechanical properties measured by ASTM standard methods are presented in Table 1. In general the
mechanical properties for the 33% cellulose fibre reinforced PA-6 are intermediate between the
wollastonite and glass-fibre reinforced PA-6 composites. The cellulose fibre reinforced polyamide
composites are also approximately twice as strong and twice as stiff as wood-flour filled polypropylene
and have better notched and unnotched Izod toughness than the wood flour/PP composites.

The heat-aging characteristics of the hardwood cellulose fibre reinforced polyamide-6 were evaluated in
comparison to the characteristics of neat PA-6 and glass-fibre reinforced PA-6. The mechanical
properties of tensile strength, tensile modulus, and notched and unnotched lzod measurements over the
course of 1,000 hours heating at 140°C are presented in Figures 4 - 7. The tensile strength (Figure 4) and
tensile modulus (Figure 5) of the hardwood cellulose fibre reinforced composite exhibit more or less
constant values over the entire time of heating, as does the glass-fibre reinforced material. The notched
Izod values for both the glass-fibre and cellulose fibre reinforced composites are almost constant over the
1000 hours of heat-aging. The unnotched lzod values for PA-6 and both glass and cellulose fibre
reinforced composites show a large decrease during the first hundred hours of aging.




Tensile strength change on heat aging @ 140 C
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Figure 4. Change in tensile strength on heat aging

Tensile modulus change on heat aging @ 140 C
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Figure 5. Change in tensile modulus on heat aging.



Notched lzod change on heat aging @ 140 C
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Figure 6. Change in notched Izod on heat aging.

Unnotched Izod change on heat aging @140 C
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Figure 7. Change in unnotched Izod on heat aging.



Initial polyamide-6,6 results

The processing window between the melting point of polyamide-6,6 (255°C) and the thermal
decomposition point for cellulose is narrower than for PA-6. Nevertheless, we have succeeded in using
similar low-temperature processing techniques for melt-blend twin-screw extrusion and injection molding
of cellulose fibre reinforced PA-6,6 composites. In order to facilitate an easier processing of the
composites, 2% of a plasticizing processing aid was used to modify the PA-6,6. This processing aid
necessarily reduced the modulus of the neat PA-6,6. Figure 8 shows tensile modulus results for 17% and
33% hardwood and softwood cellulosic fibre reinforced composites prepared with the plasticizer-
modified PA-6,6. These results are compared to the tensile modulus of a 33% glass-fibre reinforced
composite.
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Figure 8. Tensile modulus of PA-66 composites. PA-66* contains 2% plasticizer/processing aid.

Conclusions

It is possible to extrude composites of cellulose fibres in high melting engineering thermoplastics (like
PA-6 and PA-6,6) by twin-screw extrusion techniques (6). This method is best facilitated by sidestuffer
introduction of pelletized cellulose fibres into the polymer melt. By using a low-temperature (or “chill’
method) for processing as described in this paper, where the effects of over-heating due to shear-heating
are minimized, uniform composites are prepared which show little discoloration and no charring. The
composite pellets so prepared from cellulose fibre reinforced PA-6 can be injection molded into parts or
test specimens that exhibit mechanical properties that are generally intermediate between wollastonite
filled and glass-fibre reinforced PA-6. The density, color and surface appearance of these injection-
molded materials are suitable for some automotive applications. Heat aging studies (up to 1000 hrs. at



140°C) indicate that cellulose fibre-reinforced PA-6 composites may also have potential “under-the-
hood” automotive and other structural applications. Additional processing advantages arising from the
use of cellulose fibre reinforcement instead of glass-fibre are its lower density and its less abrasive nature
in processing equipment.
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Modified Lignocellulosic Materials FPL-4722

Problem 1 The relationship between the chemical and physical properties of wood-basedmaterials and final
composite properties need to be understood to identify new sources of polymeric feedstocks and
advanced composite materials.
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