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Abstract 
High purity wood cellulose fibers ( ³ 95% a -cellu- 

lose content) can provide good reinforcement pro- 
perties for engineering thermoplastics melting 
above 200°C such as nylon 6 to yield mechanical 
properties that are intermediate between glass 
fiber and mineral materials such as wollastonite. 
Composite discoloration and decomposition are 
minimized using such high purity wood pulp fi- 
bers. At the levels employed (30% to 33% by 
weight), processing temperatures in both com- 
pounding and injection molding can be substan- 
tially lowered. Of six wood pulps studied, two with 
a -cellulose contents greater than 97 percent gave 
the best overall results with one of them appearing 
superior (a hardwood kraft pulp). In this study, 
pulp fibers were granulated with a rotary knife 
cutter prior to compounding them with nylon 6; 
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this step reduced fiber length. It was later found 
that pelletizing the fibers helps preserve original 
fiber length, improves processing, and leads to 
better mechanical properties (at times exceeding 
those for glass fibers). Mercerization of the hard- 
wood kraft fibers results in additional processing 
and mechanical property improvements. These 
studies with nylon 6 are presented and discussed 
in this paper along with some limited results ob- 
tained using certain process additives as well as 
other engineering plastics. 

Introduction and Background 
Attempts to use cellulose fibers and cellulose 

flour to reinforce polyamides was first reported by 
Klason and co-workers in 1984 (1); these studies 
were carried out as an extension of earlier studies 
to evaluate the utility of these same materials to re- 
inforce polyethylene and polypropylene (2). Al- 
though there was some success in reinforcing ny- 
lon 12 (m.p. 176° to 180°C), when nylon 6 was used 
(m.p. 215°C) cellulosic fibers showed poorer rein- 
forcing potential than wood flour and cellulosic 
flour. In all cases the nylon 6 materials exhibited 
severe discoloration and thermal degradation. 
Since those initial experiments, it has been com- 
monly believed that use of cellulosic fibers for rein- 
forcement is limited to the low-melting commodity 
thermoplastics melting below 180°C (3). Further- 
more, it has been believed that cellulosic fibers 
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Figure 1. ~ Thermogravimetry of cottonwood and its 
components. 

cannot effectively reinforce the higher melting en- 
gineering thermoplastics (m.p. >220°C) due to se- 
vere thermal degradation of the cellulose that 
might occur when processing these high-melting 
thermoplastics (4). 

Our study principally focused on evaluating the 
utility of high purity wood cellulose pulp fibers to 
reinforce a nylon 6 polyamide (PA-6) with a m.p. of 
about 222°C (Ashlene 829L). It is well known that 
much of the serious discoloration and decomposi- 
tion of wood materials when used at higher tem- 
peratures comes from the degradation of the non- 
cellulosic constituents of wood, such as hemicellu- 
loses and lignin. This is illustrated in Figure 1 
which shows the thermogravimetric analysis 
(TGA) of cottonwood and its components (5). We 
believed that the much higher degradation tem- 
perature of cellulose itself (>270°C in Fig. 1) should 
adequately allow for the effective use of purified 
cellulosic fibers as reinforcing materials for nylon 
6 and possibly higher melting thermoplastics as 
well. 

Six Pulp Study to Reinforce Nylon 6 
A description of the six cellulose wood pulps 

evaluated in this study is shown Table 1. Five have 
a-cellulose cellulose contents of >95 percent. Only 
one in the series of pulps has a low purity level 
(~86%), and it is a conventional southern pine 
kraft (SPK) paper or fluff pulp. The other pulps are 
all designed for applications requiring high purity 
(e.g., for cellulose ethers, rayon tire cord, and cel- 
lulose acetate manufacture). All of the pulps ex- 
cept for one utilize southern pine softwoods in 
their manufacture, whereas one utilizes hardwood 
(HPK). Thermogravimetric analysis (TGA) of this 
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Table 1. ~ The nature of the six wood cellulose pulps 
evaluated. 

a -cellulose 

(%) 
98 

(SPS-1) 98 
(SPS-2) 96 

Wood cellulose pulps content 

Hardwood prehydrolyzed kraft (HPK) 
Southern pine sulfite, #1 
Southern pine sulfite, #2 

(SPK) 86 Southern pine kraft 
Mercerized southern pine kraft (MSPK) 97 
Southern pine prehydrolyzed kraft (SPPK) 98 

Figure 2. ~ Thermogravimetry of wood flour, high pu- 
rity cellulose, and nylon 6. 

HPK pulp is shown in Figure 2, where it is com- 
pared with the TGA of wood flour and the nylon 6 
polymer used in our study. 

The process steps employed for the evaluations 
were to granulate wood pulp sheet samples with a 
rotary knife cutter and then to pre-blend the gran- 
ulated fibers with nylon 6 pellets to give 30 percent 
fiber blends (30/70 w/w). The granulation of pulp 
sheet samples with the rotary knife cutter leads to 
substantial losses in fiber length for all the pulps 
studied (Table 2). 

Composites were then formed by melt blending in 
a Davis & Standard 32 mm twin screw extruder with 
co-rotating, intermeshing segmented screws and 
L/D ratio of 32:1. The extruder has seven heated 
zones (conditions discussed briefly below). The 
strands were water cooled, cut into pellets, and then 
test specimens were injection molded using a 33 ton 
Cincinnati Milacron (32 mm reciprocating screw, 
L/D 20:1) for standard ASTM tests. Test parts were 
molded at nozzle temperatures of ~227°C with 



Table 2. ~ Kajanni fiber length before and after granu- 
lation. 

Weighted average fiber length Wood cellulose 
pulps Before After 

- - - - - - - - - - - - - (mm) - - - - - - - - - - - - - 
HPK 0.84 0.53 
SPS-1 1.79 0.86 
SPS-2 1.22 0.79 
SPK 2.56 0.96 
MSPK 2.41 0.82 
SPPK 1.95 0.79 

Figure 3. ~ Comparative tensile strength data for 
composites of six pulps, wollastonite, and glass fiber 
with nylon 6. 

zones 1 through 3 at ~238°C, and mold temperatures 
of 122°C. These parts were compared with those 
molded separately from composite pellets of 30 per- 
cent wollastonite and Ashlene 829L (compounded 
by RTP Corporation) and nylon 6 filled with 33 per- 
cent glass fiber (Ashlene 830L-33G). 

In extruder compounding, initial results were 
poor due to high process temperatures that were 
being used throughout all seven heat zones. Sur- 
prisingly, it was found that the steady state tem- 
perature settings for each zone could be lowered 
substantially below the melting temperature of 
nylon 6, which resulted in much improved com- 
posite strand quality. In fact, extruder steady 
state zone temperatures could be set as low as 
~205°C (400°F) in zone 1, with temperature set- 
tings for zones 2 through 7 ranging from 190° to as 
low as 65°C (375° to 150°F). The use of a compati- 
bilizer/processing aid discussed below made it 

Figure 4. ~ Comparative flexural strength data for 
composites of six pulps, wollastonite, and glass fiber 
with nylon 6. 

Figure 5. ~ Comparative tensile modulus data for 
composites of six pulps, wollastonite, and glass fiber 
with nylon 6. 

even easier to comfortably operate the extruder at 
these low zone temperature settings. 

Themal mass temperatures measured at the 
die-face of the extruder were found typically to be 
in the 217° to 225°C range for the five softwood 
pulps and 234° to 238°C for the HPK pulp. 

The low temperature compounding (LTC) of 
cellulose pulp fiber/nylon 6 composites has now 
evolved to a unique compounding method for pro- 
ducing cellulose reinforced engineering thermo- 
plastic composites, the specifics of which will be 
discussed in a paper being presented at this con- 
ference by Rodney Jacobson. 

Comparative mechanical property data on all 
the molded composites are displayed in Figures 3 
through 8. For each property featured, the six 
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Figure 6. ~ Comparative flexural modulus data for 
composites of six pulps, wollastonite, and glass fiber 
with nylon 6. 

pulps are arranged in descending order of perfor- 
mance and are compared with results for nylon 6 
control samples, wollastonite, and glass reinforced 
composites. 

In comparing the data, it is found that the HPK 
and SPS-1 wood pulps perform better than most of 
the other pulps in the majority of instances. Of 
these two wood celluloses, the HPK pulp appears 
superior. It is also noted, however, that the lowest 
purity SPK pulp yields a composite which also 
ranks well in its properties. However, a notably in- 
ferior feature are the color properties of its com- 
posite pellets and molded parts. They were both 
highly discolored relative to composites prepared 
from the other wood pulps, undoubtedly due to its 
much lower cellulose purity. 

With the exception of modulus properties (Figs. 
5 and 6), and possibly notched Izod results, the 
wood celluloses were found to have properties be- 
tween those of wollastonite and glass reinforced 
composites. 

Evaluation of Compatibilizer 
With the Six Pulps 

In an interest to see to what extent a com- 
patibilizer might have on composite properties, a 
titanate compatibilizer, Ken React L44-N (Kenrich 
Petrochemicals, Bayonne, NJ) was included at the 
2 percent level along with the 30 percent wood 
fiber (30/2/68, w/w of pulp/L44/N6). The presence 
of L-44-N enhanced performance of all the com- 
posites from the six pulps with the results for HPK 
and SPS-1 giving the best results. The improve- 
ment in physical properties for HPK and SPS-1 

30 ~ Sears et al. 

Figure 7. ~ Comparative notched Izod impact data for 
composites of six pulps, wollastonite, and glass fiber 
with nylon 6. 

Figure 8. ~ Comparative unnotched Izod impact data 
for composites of six pulps, wollastonite, and glass 
fiber with nylon 6. 

with L44-N present are shown in Figure 9. It is 
noted that the percentage improvement is greater 
for HPK (-6% to 14%) than for SPS-1 (~4% to 
8%). A drawback noted in the use of L44-N was 
that it has a yellow color which leads to increased 
composite discoloration 

Figures 10 and 11 show tensile and flexural re- 
sults for the HPK and SPS-1 molded composites 
containing L44-N. Results are displayed with stan- 
dard strength values (i.e., values obtained on 
ASTM test specimens of equal volume) vs. “spe- 
cific” strength values (obtained by dividing the 
standard values by the density of the test speci- 
mens). The “specific” values therefore are an indi- 
cation of performance for parts of equal weight. It is 
noted that the specific strength values for cellulose 



Figure 9. ~ Percentage improvement with L44-N com- 
patibilizer present in the composite (2% level) for HPK 
and SPS-1. 

Figure 11. ~ Standard and specific flexural strength 
for HPK and SPS-1 (with 2% L44) vs. glass and wollas- 
tonite composites with nylon 6. 

Figure 10. ~ Standard and specific tensile strength for 
HPK and SPS-1 (with 2% L44) vs. glass and wollas- 
tonite composites with nylon 6. 

composites begin to approach those of glass fiber 
due their lower densities (~10% lower). 

Evaluation of Pelletized Wood Cellulose 
Fibers vs. Granulated Fibers: 

Another way to potentially increase physical 
properties of the cellulose/nylon 6 composites 
would be to preserve fiber length. As noted, granu- 
lation using a rotary knife cutter substantially re- 
duced fiber length (Table 2). One way to accom- 
plish this would be to pelletize the fibers in whole 
fiber form. A major benefit of this approach would 
also be an improvement in handling the material 
relative to loose granulated fibers. We therefore 
developed a method for pelletizing the cellulose fi- 
bers into pellets of a size and density convenient 
for processing. 

In the study reported in this paper, we mixed 0.5 
percent of carboxymethyl cellulose (CMC) binder 
(based on dry pulp weight) in a Hobart mixer with 
wet pulp fibers (at 60% to 65% moisture levels) 

Figure 12. ~ Percentage improvement over nylon 6 for 
30-KPK-Granules (0.53 mm), 33-KPK-Pellets (0.82 
mm), 33-GLA, and 30-WOL composites. 

prior to pelletization in a Kahl Pellet Mill (model 
175) at a rate of ~0.2 kg/min. The CMC also serves 
as a rheology modifier so that the pulp can be pel- 
letized without troublesome dewatering or phase 
separation in the pellet mill. The pellets were then 
dried overnight at ~88°C (190°F) prior to use. Pel- 
let diameters were ~6 to 8 mm with lengths vary- 
ing from ~3 to 6 mm. 

This pelletization procedure was applied to 
both HPK and SPS-1 fibers. The resulting pellets 
were then compounded in the twin-screw at 33 
percent addition levels to nylon 6 prior to injection 
molding. The ASTM test results showed substan- 
tial improvement for pelletized fibers relative to 
granulated fibers (at 30% addition levels). 

The comparative results for pelletized vs. gran- 
ulated HPK fibers are seen in Figure 12. Also 
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Figure 13. ~ Modulus properties of conditioned com- 
posites (50% relative humidity at 22°C for 40 hr., ASTM 
Test 0790-90). 

shown are results for wollastonite and glass rein- 
forced composites. The improvement is substan- 
tial for the pelletized fibers where fiber length is 
0.82 mm vs. 0.53 mm (WAFL) for the granulated fi- 
bers. The improvement in tensile modulus was 
noted to be particularly enhanced; it actually is 
noted to exceed that of the glass fiber reinforced 
nylon 6 composite. It is also observed that physical 
properties for composites derived from pelletized 
HPK exceed those of wollastonite except for flex- 
ural modulus. 

All of the ASTM test results shown to date and 
presented in the rest of this paper are conducted 
on “as-made” test samples. They have not been 
conditioned. After standard conditioned tests con- 
ducted at 50 percent relative humidity at ~22°C 
(72°F) for 40 hours (ASTM Test D 790-90), the re- 
sulting tensile modulus properties of HPK (pellet- 
ized) still exceeded those of glass fiber, and the 
flexural modulus properties are now noted to ex- 
ceed those of wollastonite (Fig. 13). 

The comparative results for pelletized vs. gran- 
ulated SPS-1 fiber are seen in Figure 14 along with 
results for wollastonite and glass reinforced com- 
posites. The improvement is again noted to be sub- 
stantial for the pelletized fiber where fiber length 
is 1.53 mm vs. 0.86 mm (WAFL) for the granulated 
fibers; results are not as enhanced, however, as for 
the HPK pelletized material (except for notched 
Izod values). As with HPK “pelletized”, it is inter- 
esting to note that the largest enhancement ob- 
served is in tensile modulus properties. It is also 
interesting to observe that the pelletizing process 
does appear to lead to some slight reductions in 
southern pine fiber length for SPK-1 based on 
Kajanni fiber length values obtained before and 
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Figure 14. ~ Percentage improvement over nylon 6 for 
30-SPS-1-Granules (0.86 mm), 33-SPS-1-Pellets (1.53 
mm), 33-GLA, and 30-WOL composites. 

Figure 15. ~ Product and process outputs. 

after pelletization (see Table 2; 1.79 mm before 
pelletization, 1.53 mm after); the loss for HPK fi- 
bers during pelletization was negligible. 

Injection Molding Trial to 
Make Electrical Harness Parts 

In conjunction with the six pulp study de- 
scribed, we had the opportunity to utilize commer- 
cial injection molding equipment in an industrial 
setting to make an electrical cable harness part 
(Fig. 15). This part has complex geometry with 
many curves and bends that must be accomodated 
to fill the mold completely. Suitable quantities of 
30 percent composite pellets of SPPK and SPK fi- 
bers and nylon 6 were prepared, and their injec- 
tion molding performance was then compared 
with blends of 30 percent wollastonite and 33 per- 
cent glass fiber. An early 1980s Engel model (165 
ton, 3 heat zones) injection molding machine was 
used with mold temperature set at ~88°C (190°F). 

We found that the cellulose composites could be 
molded to produce good quality parts at much 



Figure 16. ~ Percentage improvement over nylon 6 for 
mercerized HPK vs. standard HPK (33% fiber). 

lower temperatures than those required to make 
glass fiber or wollastonite reinforced parts. With 
33 percent glass fiber, parts had to be processed us- 
ing nozzle temperature settings of about 260°C 
(500°F), otherwise the equipment had to work too 
hard to make the part and ensure good flow to fill 
the mold. At 260°C, the cellulose composites were 
on the verge of burning, and quality of parts was 
very poor. It was found, however, that the cellulose 
composites molded well with nozzle temperatures 
set as low as ~205°C (400°F) or about 17°C lower 
than the melting point of nylon 6 (Ashlene 829L). 
The temperature of the three zones was set at 
about ~200°C. 

Use of the lower temperatures resulted in good 
quality parts. The parts were found to be about 10 
to 12 percent lighter in weight than wollastonite or 
glass fiber reinforced electrical harness cables. 

The fact that the cellulose composites molded 
easily at much lower temperatures than their min- 
eral or glass reinforced counterparts, suggests 
that energy use and mold cycle time can be signifi- 
cantly reduced in an industrial operation when in- 
jection molding cellulose reinforced engineering 
plastics such as nylon 6. 

Evaluation of Mercerized HPK Fiber 
Mercerization utilizing alkali treatments of flax 

is a method that has been demonstrated to im- 
prove strength and stiffness of epoxy-based com- 
posites (6). We have investigated here the utility of 
an experimental sample of mercerized HPK fibers 
with high cellulose purity (~99.5%). The HPK 
wood cellulose fibers were mercerized with NaOH 
at an appropriate concentration and temperature 
to achieve this level of purity. 

Comparative evaluations were run between 
mercerized HPK and standard HPK fibers at the 
33 percent blend level in nylon 6. This study in- 
volved the use of a side-feeder on zone 4 to feed cel- 
lulose pellets into the extruder; in all studies dis- 
cussed above, the cellulose was always added 
along with the nylon 6 into the extruder feedthroat 
and was processed through all seven heated zones. 
The mercerized HPK fibers appeared to process 
better in the extruder. Injection molding of the re- 
sulting composite pellets gave test coupons with 
the mechanical property values seen in Figure 16. 

Tensile modulus and Izod impact values were 
improved, whereas other results appeared similar 
when comparing mercerized with regular HPK fi- 
bers. The dispersion appeared improved with the 
mercerized fibers which undoubtedly is reflected 
in their better impact values. Due to their higher 
purity and circular nature, the fibers are softer and 
more supple which makes them easier to disperse 
in the plastic matrix during compounding. 

It is interesting to note that the scanning elec- 
tron micrographs (750×) of fracture surfaces show 
that nylon 6 reinforced with mercerized HPK fi- 
bers looks very similar to glass fiber reinforced 
material (Fig. 17). The circular nature of the mer- 
cerized HPK fibers are readily evident. 

We also investigated the use of mercerized HPK 
and standard (unmercerized) fibers in a more rigor- 
ous environment in some limited studies to make 33 
percent fiber composites with Nylon 6,6 (Ashlene 
528L, m.p. of 255°C). These studies employed 2 per- 
cent of a process aid that helped reduce thermal 
stress on the fibers during compounding by allow- 
ing low steady state temperatures to be reached 
more quickly in the extruder. In this environment 
the mercerized fibers definitely processed better, 
and the results are reflected in the mechanical 
property data obtained on molded composite test 
parts, as seen in Figures 18 and 19. 

As noted in Figures 18 and 19, results were better 
across the board when the mercerized HPK fibers 
were used. The improvement in Izod impact values 
(particularly unnotched results) is a reflection of 
the fact that these fibers disperse better than regu- 
lar HPK fibers (i.e., there are fewer areas of fiber 
discontinuity–such as fiber clumps or bundles- 
throughout the plastic matrix when mercerized, 
high purity cellulose fibers are utilized). 

Sears et al. ~ 33 



Figure 17. ~ Nylon 6 + 33% mercerized HPK cellulose 
fiber, experimental trial (top) and nylon 6 + 33% glass 
fiber, commercial control (bottom). 

Conclusions 
It is evident from our study that substantially re- 

duced temperatures can be used to compound and 
mold cellulose fibers with nylon 6. We have also 
shown that preservation of fiber length by pelleti- 
zation of fibers (rather than granulation) leads to 
enhanced composite mechanical properties. 
Purest cellulose fibers give the best overall results, 
with hardwood fibers appearing superior. While 
composite properties for cellulose fibers generally 
fall between those reinforced with wollastonite or 
glass fibers, tensile modulus results can equal 
those of glass fiber. Due to their fiber morphology 
and high purity, mercerized hardwood fibers were 
found to process best and give better results, par- 
ticularly improved toughness or impact proper- 
ties. This study demonstrates that high purity 
wood cellulose fibers are a low-density, non-abra- 
sive option for reinforcement of engineering ther- 
moplastics such' as nylon 6. Appropriate patent 
coverage is pending (7). 
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