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ABSTRACT: Whereas lignocellulosic fibers have received considerable attention as a rein- 
forcing agent in thermoplastic composites, their applicability to reactive polymer systems 
remains of considerable interest. The hydroxyl-rich nature of natural lignocellulosic fibers 
suggests that they are particularly useful in thermosetting systems such as polyurethanes. 
To further this concept, urethane composites were prepared using both unused thermo- 
mechanical pulp and recycled newsprint fibers. In formulating the materials, the fibers 
were considered as a pseudo-reactant, contributing to the network formation. A di-func- 
tional and tri-functional poly(propy1ene oxide)-based polyol were investigated as the syn- 
thetic components with a polyol-miscible isocyanate resin serving as a crosslinking agent. 
The mechanical properties of the composites were found to depend most strongly on the 
type of fiber, and specifically the accessibility of hydroxy functionality on the fiber. Dynamic 
mechanical analysis, swelling behavior, and scanning electron micrographs of failure 
surfaces all provided evidence of a substantial interphase in the composites that directly 
impacted performance properties. The functionality of the synthetic polyol further distin- 
guished the behavior of the composite materials. Tri-functional polyols generally increased 
strength and stiffness, regardless of fiber type. The data suggest that synthetic polyol 
functionality and relative accessibility of the internal polymer structure of the fiber wall are 
dominant factors in determining the extent of interphase development. Considerable 
opportunity exists to engineer the properties of this material system given the wide range 
of natural iibers and synthetic polyols available for formulation. 0 2001 John Wlley & Sons, 
lnc ,I Appl Polyln Sc1 80 546-555, 2001 
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INTRODUCTION 

Wood and wood fiber composites have tradition- 
ally been used in  load-bearing applications that 
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rely on highly crosslinked adhesives like phenol- 
formaldehyde and urea-formaldehyde resins for 
mechanical support.' In recent years, however, 
wood fibers have been applied to a variety of al- 
ternative material systems. For example, the 
strength, toughness, and aspect ratio of these fi- 
bers has spurred considerable use in reinforcing 
for theum~plastics.~~" These wood-plastic compos- 
ites are dominated by component incompatibility, 
and the absence of reactivity leads to weak inter- 
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facial p roper t i e s .4p~esp i te  the significance as- 
signed to interhcial structure, surprisingly little 
attention has been given to using wood fibers as a 
component in reactive composite formulations. 

Polyurethane represents one polymer class for 
investigating the effect of reactivity on interfacial 
structure and properties. Isocyanates have been 
widely used as a binder for conventional wood 
compos i tes .7~~I though  the improved strength, 
water resistance, and durability of isocyanate- 
bonded wood composites have routinely been at- 
tributed to covalent bonding with the fiber cell 
wall polymers, considerable speculation remains 
around the precise adhesion mechanism."" Lit- 
tle research has directly addressed polyurethane 
adhesion in woodl\r the role of wood as a com- 
ponent in a polyurethane.'" 

Preliminary investigations into polyurethanes 
incorporating natural fibers as a reactive compo- 
nent established the importance of fiberlpolyol 
interaction on composite morphology and behav- 
ior.14 The objective of this research was to further 

Table I Characteristics of Synthetic 
and Fiber Polyols 

Molecular 
Weight  Hydroxyl 

Polyol Type  (Nominal) Number 

Trio1 3000 
Diol 3000 
Virgin fiber - 

Recycled fiber - 

70:30 (fiberlpolyol), by weight. For reference, com- 
posites of only wood fiber and isocyanate were 
also produced. An isocyanate index of 1.25 was 
used to accommodate the proportion of isocyanate 
required for all composite formulations. A sum- 
mary of relevant characteristics of the compo- 
nents is given in Table I. 

Composite Manufacture 
define the behavior of polyurethane Specified of polyol and isocyanate were 
formulated with lignocellulosic fibers of different blended to ensure thorough of the resin. 
origins. The accessible range of mechanical prop- Dry fibers were weighed and sprayed with the 
erties is evaluated with respect to composite mor- premixed polyoliisocyanate resin using an air at- 
phology as influenced by formulation variables omized spray head mounted in a vented blending 
including the functionality of the synthetic polyol drum, Fiber mats were manually formed in a 
component. 34-cm square vacuum-forming box. After pre- 

MATERIALS A N D  M E T H O D S  

Raw Materials 

Urethane composites were produced by using two 
types of wood fibers: 1. an unprocessed thermo- 
mechanical pulp (TMP) and, 2. recycled news- 
print obtained from a commercial source. Clean, 
ink-free rolls of waste paper were wet and shred- 
ded to produce pulp using a mechanical device 
described previously by Liang et a l . ' A l l  fibers 
were dried a t  105°C in a forced-air oven to a 
constant weight before use. An apparent hydroxyl 
number was determined for the fibers using a 
modified ASTM D1638-74 standard, following the 
procedure outlined by Wang.':' 

The composites were formulated using either a 
di-functional or tri-functional poly(propy1ene ox- 
ide)-based polyol, and a polyol miscible, isocya- 
nate prepolymer (Blendur-5000) as a crosslinking 
agent (Bayer, Inc. Pittsburgh, PA). Both the wood 
fiber and poly(propy1ene oxide) polymers were 
treated as polyols and mixed to ratios of 50:50 and 

- 
pressing, the mat was placed onto Teflon'".-coated 
plates, and surrounded with a square aluminum 
dam to control panel thickness and restrict resin 
flow. The panels were pressed to a target thick- 
ness and density of 4 mm and 0.75 glcm", respec- 
tively. The press parameters used for the individ- 
ual panels are presented in Table 11. 

Composite Characterization 

The mechanical properties of the composites were 
determined by using a servo-hydraulic universal 
testing machine equipped with computer acquisi- 
tion for load and displacement. Static bending 
tests were conducted in accordance with ASTM 
D-1037. Dynamic mechanical properties of the 
composites were evaluated with a Rheometrics, 
Inc. (Piscataway, NJ)  RSA-I1 instrument. All 
tests were conducted with a three-point bending 
configuration on samples measuring 12 X 4 mni 
(W x 7') with a 48-nun span. The storage modulus 
(El)), loss modulus (E"), and tan 6 were measured 
a t  five-degree intervals from -70 to 200°C, with a 
constant frequency of 1 Hz. Scanning electron 
micrographs of composite fracture surfaces were 
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Table I1 Press Parameters Used to Manufacture Fiber-Based Polyurethane Panels 

Platen Press Time Press 
Fiber Type Ratio WFIPO Polyol Type Temperature ("C) (min) Venting 

TMP Fiber 50:50 
70:30 

1oo:o 
5050 
70:30 

ONP Fiber 50:50 
70:30 

1oo:o 
5050 
70:30 

Triol 
Triol 
- 

Diol 
Diol 

Triol 
Triol 
- 

Diol 
Diol 

No 
Yes 
Yes 
No 
Yes 

No 
Yes 
Yes 
No 
Yes 

recorded on an Amray Model AMR-800 (Bedford, 
MA) scanning electron microscope. The samples 
were prepared by vapor deposition of a gold-pal- 
ladium alloy. 

To further evaluate network morphology, the 
swelling behavior of the composites in various 
solvents was evaluated. Samples measuring 20 
x 8 x 4 mm in size were obtained from each panel 
and soaked in the solvent until a constant weight 
was achieved. After measuring the swollen 
weight and volume, the samples were dried and 
reweighed. Sol fraction and percent swell were 
calculated as a fraction of the original sample 
weight. Tetrahydrofuran (THF) (6 = 9.1 cmvcal), 
dimethylformarnide (DMF) (6 = 12.1 ~m:~/cal), 
ethanol (6 = 12.7 cm"/cal), and water (6 = 23.1 
cmycal) were selected as swelling agents based on 
the solubility behavior of the individual compo- 
nents. 

RESULTS AND DISCUSSION 

Mechanical Properties 

I,ignocellulosic urethanes are of interest in part 
because of the wide range of properties available 
by appropriately selecting raw materials. Figure 
1 illustrates the variation in mechanical proper- 
ties with fiber content and polyol type, revealing 
substantially different behavioral patterns. The 
flexural strength [modulus of rupture (MOR)] and 
stiffness [modulus of elasticity (MOE)] increase 
with fiber content, fiber type, and polyol function- 
ality. In all cases, mechanical properties in- 
creased dramatically with fiber content. However, 
when compared with the fiber regenerated from 

Fiber: Polyol (Wt.%) 

Figure 1 Effect of fiber type and polyol functionality 
on the  variation of nlodulus of elasticity (MOE) (top) 
and modulus of rupture (MOR) (bottom) with fiber to 
synthetic polyol weight ratio. (0) TMPItriol, (V) TMPI 
diol, (11) ONPItriol, and ( 0 ONPIdiol. 



FIRER REINFORCED POLYURETHANE COMPOSITES 549 

old newsprint (ONP), the unprocessed TMP fiber 
yielded a composite with uniformly higher prop- 
erties. This difference is most significant a t  the 
median (0.70) fiberlpolyol ratio. At the extremes 
of the composition range studied (fiberlpolyol 
0.50, 1.0), differences in mechanical behavior are 
insignificant. 

From the standpoint of a urethane formula- 
tion, the primary difference between the fiber 
types is in the apparent hydroxyl number, or re- 
activity, of the fiber. This high hydroxyl number 
for the TMP fiber appears to have the largest 
influence a t  0.7 fiberlpolyol ratios. Functionality 
of the synthetic polyol only influences the proper- 
ties of composites prepared with TMP fibers. In 
this case, the triol yields materials that are of 
consistently higher stiffness than those produced 
with the diol. 

MOR of the urethane composites displays sim- 
ilar trends to MOE, although the differences are 
slightly magnified. At a fiberlpolyol ratio of 0.7, 
the unprocessed, TMP fiber composites have a 
MOR nearly 2 112 times that of the ONP compos- 
ites. The tri-functional polyol increases the MOR 
by approximately 10% in both fiber systems. As 
with the MOE, the fiber type displays the most 
significant influence a t  a 0.7 fiberlpolyol fiaction. 
At this point it is important to recall the large 
difference in isocyanate requirements resulting 
from the variation in hydroxyl number of the 
TMP and ONP fiber polyols. This factor may con- 
tribute, in part, to the large variation in mechan- 
ical properties found in the materials produced 
fiom the two fibers, but cannot account entirely 
for the experimental observations. Instead, the 
results suggest that accessibility of the interior 
structure of the fiber wall may play a much more 
important role in determining composite proper- 
ties. Both the synthetic diol and triol have similar 
molecular weight and similar hydroxyl number, 
yet the tri-functional polyol leads to consistently 
higher strength and stiffness. This may reflect 
differences in cell wall solubility of the polyols 
that facilitate diffusion of the diol into the cell 
wall matrix of the TMP fiber, leading to more 
ineffective crosslinks. In contrast, the recycled 
fiber, with a more extensively hydrogen-bonded 
surface structure restricts penetration and re- 
sults in a much sharper fiberlsynthetic phase 
boundary and a high crosslink density region 
near the fiber surface. This impact on interfacial 
structure and morphology would be clearly repre- 
sented in ultimate properties of the conlposites, 
as is the case. At a fiberlpolyol ratio of 0.5, defin- 

0 
0 3 0 4 0 5 0 6 0 7 0 8 0 9 

Actual Fiber Fraction (Wt %) 

0 

Actual Fiber Fract~on (Wt %) 

Figure 2 Variation in MOE (top) and MOR (bottom) 
with fiber weight fraction. (V) TMP fiber, and (0)  ONP 
fiber. 

ing the point where interfacial volume is maxi- 
mized relative to the pure phases, the MOR dif- 
ference for composites prepared with the two syn- 
thetic polyols is greatest. 

A slightly different view of the effect of formu- 
lation variables on composite mechanical proper- 
ties is presented in Figure 2. In this figure, MOE 
and MOR are plotted against the actual weight 
fraction of fiber in the formulation. I t  should not 
be surprising that a strong correlation exists be- 
tween fiber content and the mechanical property 
of interest in virtually all instances. This is par- 
ticularly true for the stiffness of composite sam- 
ples prepared with both TMP and ONP fibers. 
This treatment of the data offers some indication 
of the fiber efficiency factor, which suggests a 
substantial difference between the two raw mate- 
rials. A factor of 3.19 and 1.91 is found for the 
TMP and ONP composites, respectively. It is 
tempting to assign the observed differences to 
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1 
50 100 150 200 250 

Temperature ('C) 

Temperature ("C) 

Figure 3 Effect of fiber content on the variation of 
storage modulus ( E ' ,  top) and tan 6 (bottom) with tem- 
perature for TMPItriol composites. Fiberlpolyol ratio: 
(@I 0:100, (V) 5050, (11) 7030, and ( 0 ) 100:O. 

greater strength and stiffness of the unprocessed 
TMP fiber; however, literature reports have sug- 
gested very little difference in the mechanical 
properties of these fiber types. Groom et al.'%ave 
determined the mean Young's modulus of loblolly 
pine fibers as 11.6 x 10" kPa compared with 10.4 
x 10"~a for recycled newsprint. Consequently, 
it is difficult to strictly assign the observed differ- 
ences to MOE variation in the fiber component. 
Also, the relationship is diminished significantly 
for the unprocessed TMP fiber composite. This 
provides further evidence of differences in the 
composites' interfacial structure that depends on 
fiber type and, to a lesser extent, synthetic polyol 
functionality. 

Composite Morphology and Structure 

Dynamic Mechanical Analysis 

Dynamic mechanical analysis was used to explore 
the phase composition of the fiber con~posites and 

provide insight into its role in determining me- 
chanical properties. The dynamic mechanical 
properties, storage modulus ( E ' )  and tan 6, of 
materials produced with unprocessed TMP fibers 
and the tri-functional polyol are shown in Figure 
3. The spectrum of the unfilled polyurethane pre- 
pared with the trio1 alone is included for compar- 
ison. The unfilled urethane exhibits a sharp drop 
in storage modulus, corresponding to a tan 6 max- 
imum, a t  -40°C, characteristic of the glass tran- 
sition of this rubbery polymer. In contrast to this 
single event, the tan 6 spectra for the TMPItriol 
composites reveal three distinct relaxation pro- 
cesses. The relaxations include a low temperature 
tan 6 peak a t  approximately -25°C (a,), a weak 
transition ( p )  at  intermediate temperatures (ca. 
80°C), and the onset of a high temperature tran- 
sition (a,) a t  approximately 150°C. The a ,  and a, 
relaxation processes can readily be assigned to 

Temperature (OC) 

Temperature ('C) 

Figure 4 Effect of fiber content on the variation of 
storage modulus ( E ' ,  top) and tan 6 (bottom) with tem- 
perature for ONPIdiol composites. Fiberlpolyol ratios: 
(@I 0:100, (V) 50:50, (11) 70:30, and ( 0 )  100:O. 
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Table I11 Effect of Formulation Variables on the Low Temperature (a , )  Transition and Storage 
Modulus at 100°C in Fiber-Based Urethane Composites 

Di-Functional Polyol Tri-Functional Polyol 
- 

Tan S Tan f 
E1(lOO),  E 1 ( 1 0 0 ) ,  

Fiber Fiber1 T,,, ~,, x 10' T,,, ~,,, x 10' 

Type Polyol ("C) Peak Slopc ' t dyneslcmL) ("C) Peak Slope" (dyneslctnL) 

Unfilled 0:100 -39.7 1.53 - - -39.6 1.24 - - 

O N P  
Fiber 5050 -39.9 0.197 2.75 2.41 - 30.3 0.197 4.00 4.40 

70:30 - 30.3 0.097 1.00 6.06 - 24.8 0.125 1.75 7.52 

TMP 
Fiber 50:50 -30.3 0.173 0.90 2.81 2 5 . 4  0.119 1.25 5.90 

70:30 -30.2 0.062 0.10 1.13 -25.4 0.059 0.40 13.1 

' Maxlrnum slopc ( t l  tall SIdT, X 10 ') of thc h ~ g h  tempcrnture ildr of the w ,  peak refiectrllg thc breadth of thc t r a n s ~ t ~ o n  

the glass transition temperature (T,,) of the syn- 
thetic polyol phase and the T,, of the fiber cell wall 
polymers (lignin and hemicellulose), respectively. 
The source of the intermediate transition, P,  is 
more difficult to identify; however, this transition 
has been reported for several wood composite sys- 
tems, and attributed to either a crystalline cellu- 
lose relaxation or an iso-viscous point relating to 
fiber-fiber contacts.17 Wangl" has reported a sim- 
ilar transition in urethanes based on xylan and 
a-cellulose, which he assigned to the urethane 
bond to the wood components. Considerable spec- 
ulation remains around the origin of this rela- 
tively weak relaxation process in the spectra, ex- 
cept to identify the wood fiber as the source. 

Several interesting insights can be gained from 
closer inspection of the spectra at the tenipera- 
ture extremes. For the low temperature transi- 
tion, cw, ,  the addition of TMP fiber (50 wt % )  
increases the transition temperature about 10" 
and dramatically reduces the tan 6 maximum as- 
sociated with this phase. Furtliermore, tlie relax- 
ation process is skewed to higher temperatures, 
concluding a t  about 40" C. This trend continues 
as fiber content increases, with the transition be- 
coming absent for the 100% TMP composite. This 
behavior suggests that an extensively bonded in- 
terphase is established a t  the fiber surface, and is 
further supported by the trends found for the cr, 
process. In dry wood, tlie onset of the amorphous 
coniponent T,, is typically not found a t  tenipera- 
tures lower than 190°C. The observed onset is 
nearly 40" below this point, indicating some plas- 
ticization of the fiber wall polymers. It is unclear, 

however, whether this is because of copolymeriza- 
tion or simple physical mixing of the low T,, polyol 
with the fiber. This observation does furnish clear 
evidence of an intimate association between the 
fiber and synthetic polyol components in the for- 
mulation, and is consistent with previously pub- 
lished obser~at ions . '~  

The effect of temperature on the dynamic me- 
chanical properties of composites prepared with 
recycled fiber (ONP) and di-functional polyol is 
shown in Figure 4. As temperature is increased 
from - 70 to -20°C, the T,, of the unfilled poly- 
urethane is reached and its storage modulus de- 
creases dramatically with the onset of sample 
flow. The addition of fiber reduces the magnitude 
of'the decline and retains strength a t  higher tem- 
perature. The plateau niodulus increases directly 
with fiber content, indicating an extensively 
bonded network. The high temperature moduli of 
these composites is consistently Iower than that 
found for the TMPItriol composites, presumably 
as a consequence of differences in network struc- 
ture, interfacial interaction, or both. 

The tan 6 spectra of the materials provide some 
perspective on coiiiposite structure. The most 
prominent event is the a, relaxation located a t  
-40°C for the unfilled polyurethane. As the fiber 
content is raised, this transition (originating from 
the synthetic polyol phase) decreases dramati- 
cally in intensity, and gradually increases in tem- 
perature to a maxinlum near -30°C. The pres- 
ence of ONP fiber also results in a liigh tempera- 
ture shoulder. This observation, coupled with the 
reduction in peak intensity, indicates that a sig- 
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Table TV Summary of Equilibrium Swelling and Percent Solubles for Polyurethane Composites 
Prepared with Different Amounts and Type of Fiber, and Different Synthetic Polyols 

Unprocessed TMP Fiber 
(% Swell/% Solubles) IZecycled ONP Fiber ( 2  Swell/% Solubles) 

50 70 100 50 70 100 

Diol 
THF 
EtOH 
DMF 
Water 

Trio1 
THF 
EtOH 
DMF 
Water 

nificant proportion of the synthetic phase is re- 
moved from the relaxation process. This formula- 
tion is clearly distinguished from the TMPItriol 
materials by the effective absence of the a, tran- 
sition a t  high temperatures. The differences in 
dynamic mechanical behavior can be explained by 
more efficient diffusion of the low molecular 
weight polyol/isocyanate resin into the cell wall of 
the unprocessed TMP fiber. The diffusion process 
results in a much more extensive interphase by 
broadening the phase boundary into the fiber in- 
terior. This leads to improved properties. 

The effect of component variables on certain 
characteristics of the low temperature, a, ,  tan 6 
peak and the plateau modulus is summarized in 
Table 111. Interpretation of the data reveals three 
trends supporting the view that composite prop- 
erties are derived from both network formation 
and interfacial structure: 1. T,, variation with fi- 
ber content and type, 2. T, variation with polyol 
functionality, and 3.  peak broadening with both 
polyol functionality and fiber type. The increasing 
T, with fiber content exhibits distinctive trends 
for the materials produced with the different fiber 
types. Whereas the TMP coinposites exhibit a 
rapid increase in T, for all fiber additions studied, 
the T,, of the ONP composites increases more 
gradually with fiber level. In addition, the T, of 
composites produced with trio1 are 5 to 9" higher 
than the same formulations produced with the 
diol despite similar T,s for the unfilled polymers. 
The damping capacity of the materials also exhib- 
its differences when using different polyol and 
fiber types. A dramatically reduced tan ii maxi- 
mum is associated wit11 all levels of fiber addition 

but is lower for materials produced with TMP and 
those produced with the tri-functional polyol. An 
associated increase in transition breadth is also 
apparent. Finally, the high temperature modulus 
is consistently higher for composites prepared 
with the TMP fiber with maxiinurn properties 
developing when the tri-functional polyol is in- 
cluded. 

Definitive interpretation of the data is difficult 
as a result of variables that  have not been ac- 
counted for directly. For example, fiber polymer 
fragments could serve as a polyfunctional compo- 
nent to increase crosslinking of the synthetic 
phase and elevate the T,,. This factor would be 
expected to elevate T,, with fiber (and polymer 
fragment) content, which is not the case for the 
TMP con~posites. Instead, the observed trends in 
the (Y, transition suggest that two mechanisms 
may be responsible for the observed behavior. 
First, the T, increase in the ONP composites is 
gradual because of an increased chain density at 
the fiber surface. The increased surface area re- 
sults in increases in the volun~e fraction of the 
highly crosslinked interface region that elevates 
T,. Alternatively, the TMP behavior may be at- 
tributed to increased penetration and access to 
the internal wall polymers of the fiber, creating a 
more extensive interphase with higher crosslink- 
ing. 

Swelling Behavior 

The inherent heterogeneity and multipl~ase char- 
acter of this composite limits the quantitative 
utility of swelling experiments; however, even a 
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relative assessment of crosslink density, and the 
distribution of crosslinks within the individual 
phases are interesting. The swelling solvents 
were selected to provide a wide solubility param- 
eter range and to interact with the individual 
components. Water is a strong swelling agent for 
the hydrophilic fibers, whereas ethanol is a good 
swelling agent for the synthetic urethane, and 
dimethylfbrmamide is a powerful swelling solvent 
for both components. Focusing on the percent 
solubles found for the composites (Table IV), it is 
not surprising that the extractable fraction de- 
clines rapidly with increasing fiber levels. Rela- 
tively large amounts of material were removed 
from the composites produced with a 0.5 fiber1 
polyol ratio, indicating incomplete network for- 
mation. This observation was particularly true for 
the materials prepared with the di-functional 
polyol, and for the recycled ONP fiber composites. 
In contrast, the sol fraction was very low for the 
TMPItriol system. This suggests the development 
of a more homogeneous network system, and is 
consistent with earlier observations on dynamic 
mechanical properties. 

The variation in swelling behavior with fbrmu- 
lation is shown in Figure 5 for three of the sol- 
vents investigated. The clearest separation of the 
four composite systems is provided by ethanol. 
Generally, the extent of swelling by ethanol de- 
creases as the fiber content of the material is 
increased. At all fiber compositions, the recycled 
ONP composites exhibit significantly higher 
swelling than the materials prepared with the 
TMP fibers. In addition, within each of the fiber 
groups, the diol fbrmulations swell more than 
those composites formulated with the tri-func- 
tional polyol. A similar trend can be identified for 
the materials when swollen using dimethylforrn- 
amide; however, the effect of polyol functionality 
on the degree of swelling is amplified fbr the 
TMP-based samples. Notice, too, the slight 
change in the trend for the TMPltriol. Swelling 
the samples in water presents an interesting con- 
trast to that of the other two swelling solvents. In 
this instance, the percent swell reaches a maxi- 
nlurn a t  70'k fiber for the cornposites derived from 
the unprocessed, TMP fibers. Tlze type of polyol 
also has a dramatic effect on the swelling re- 
sponse of the recycled fiber materials. Whereas 
the general pattern for water holds in the diol 
forn~ulations, tlze tri-functional polyol results in 
an iizverted pattern with the percent swell re- 
duced significantly. 

Fiber:Polyol (Wt. %) 

220 
DMF ~ 

200 

Fiber:Polyol (Wt. %) 

20 1 I 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Fiber:Polyol (Wt. %) 

Figure 5 Effect of fiber-to-polyol ratio on the degree 
of swelling for polyurethane composites prepared with 
different fiber type and polyol functionality. 

Interpreting the swelling data is not straight- 
forward beyond the general insights provided by 
ethanol. Recognizing that the degree of swelling 
is inversely related to the extent of crosslinking in 
the fiber composite, the data suggest that the 
crosslink density increases essentially with polyol 
functionality, both synthetic and natural. The 
lowest crosslink density is found for the dioVONP 
system whereas the highest crosslink density oc- 
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Figure 6 Scanning electron micrograph of the failure 
surface of the polyurethane composite prepared with 
~rnprocessed TMP fiber and tri-functional polyol. Orig- 
inal magnification x200 (top) and x20 (bottom). 

curs in the triol1TMP composites. The contrast 
presented by water swelling data is interesting 
because the observed trends more closely parallel 
those found for conlposite MOR. The greater de- 
gree of swelling by water for the TMP conlposites 
may indicate more ineffective crosslinks created 
by isocyanate reaction with the cell-wall poly- 
mers. This would lead to an interphase structure 
best characterized as a semi-interpenetrating 
network, which would create an efficient stress 
transfer mechanisnl without sig~iificantly alter- 
ing the desirable properties of the fiber through 
the development of internal crosslinks. 

Scanning Electron Microscopy 

Scanning electron microscopy of failure surfaces 
was used for direct observation of co~nposite 
structure, and particularly to evaluate adhesion 

between the phases. Generally, strong adhesion 
between the fiber and synthetic urethane was 
found for all of the composite systems, as sug- 
gested from the earlier discussion. The lower 
magnification view shown in Figure 6(A) clearly 
illustrates this, showing extensive interaction be- 
tween the TMP fiber (50%) and tri-functional 
polyol. An interesting view is shown in Figure 
6(B) that focuses on a local failure for the TMP 
composite prepared with the tri-functional polyol. 
The image again shows strong interaction be- 
tween the fiber and binder, and a distinctive fiber 
fracture rather than pullout from the matrix. 
More significantly, a substalitial portion of the 
fiber wall has been removed as a consequence of a 
related failure that clearly reveals the extensive 
interphase fbrmation a t  the fiber surface, and 
within the interior of the cell wall. This observa- 
tion substantiates the premise that the fiberlma- 
trix interphase may include network formation 
with the cell-wall polymers, and that this exten- 
sive boundary is important to the overall proper- 
ties of the urethane composite. 

CONCLUSIONS 

Polyurethane composites based on lignocellulosic 
fibers offer an interesting system with extensive 
opportunity to manipulate properties using the 
wide array of raw materials. Mechanical proper- 
ties of the composite showed that both the fiber 
type and the synthetic polyol functionality impact 
perfornlance characteristics of the materials. Un- 
processed thermomechanical pulp fibers consis- 
tently produced superior properties when com- 
pared with con~posites prepared with recycled 
newsprint fiber. Further improvements were 
found for the tri-functional polyol systems. Both 
dynamic mechanical analysis and swelling exper- 
iments suggest the presence of a phase boundary 
that was importailt to the development of 
strength properties. Altl~ough the effect of total 
hydroxy functionality dominates performance 
characteristics, the structure of the interphase 
also plays an important role. Increased accessibil- 
ity to the internal structure of the fiber wall, 
either through fiber origin or solubility of the 
synthetic polyol component, was also suspected to 
be an important factor in determining composite 
properties. This observation provides some direc- 
tion for f ~ ~ r t h e r  investigations into the potential 
engineering of this versatile material system. 
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