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ABSTIACT: Whereas lignocellulosic fibers have ~ed
oonsiderable attention as a reinforcing agent in thermoplastic composites, their applicability to reactive polymer systema
remains of considerable interest. The hydroxyl-rich nature of natura1lig!l~nulosic
fibers
suggeststhat they are pamcularly useful in therm~
systema such as polyurethanes.
To further this concept, urethane composites were prepared using both unused thermomechanical pulp and recycled newsprint fibers. In formulating the materials, the fibers
were considered as a pseudo-reactant, contributing to the network furmation. A di-functional and tri-functional poly(propylene oxide)-based polyol were investigated as the synthetic comJX)nentswith a polyol-miscible isocyanate resin serving as a ~Iin
lring agent.
The ~cal
properti~ of the composites were found to depend most strongly on the
type of fiber, and specifically the aa:essibility ofhydroxy functionality on the fiber. Dynamic
mechanical analysis, swelling behavior, and ~Anning electron micrographs of failure
sUIfaCe8all provided evidence of a substantial interphase in the composites that dir8:tly
impacted peri'onnance properti~. The functionality of the synthetic polyol further distinguj8hed the behavior of the composite materials. Tri-functional polyols generally increased
strengtb and stiffiless, regardl~ of fiber type. The data suggMt that synthetic p>lyol
functionality and relative accessibility of the internal polymer structure of the fiber wall are
dominAnt fact.ors in determining the extent of interphase development. Considerable
opportunity exists to engineer the properties of this material system given the wide range
of natural fibers and synthetic polyols available for fonnulation. C 2001John Wiley &; Sons,
Inc. J AppI PolymSci 80: 546-555,2001
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INTRODUCTION

Wood and wood fiber compositeshave traditionally been used in load-bearing applications that
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rely on highly crosslinked adhesiveslike phenolformaldehyde and urea-formaldehyde resins for
mechanical support.l In recent years, however,
wood fibers have been applied to a variety of alternative material systems. For example, the
strength, toughness,and aspect ratio of these fibers has spurred considerable use in reinforcing
for thermoplastics.2,3These wood-plastic composites are dominated by componentincompatibility,
and the absenceof reactivity leads to weak inter-
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facial properties.4-6Despite the significance assignedto interfacial structure, surprisingly little
attention has beengiven to using woodfibers as a
componentin reactive compositeformulations.
Polyurethanerepresentsone polymer class for
investigating the effectof reactivity on interfacial
structure and properties. Isocyanateshave been
widely used as a binder for conventional wood
composites.
70SAlthough the improved strength,
water resistance, and durability of isocyanatebondedwood compositeshave routinely been attributed to covalent bonding with the fiber cell
wall polymers, considerablespeculationremains
around the preciseadhesionmechanism.9-11Little researchhas directly addressedpolyurethane
adhesionin Wood12
or the role of wood as a component in a polyurethane.1S
PreliminAry investigations into polyurethanes
incorporating natural fibers as a reactive component established the importance of fiber/polyol
interaction on compositemorphologyand behavior.14The objectiveof this researchwas to further
define the behavior of polyurethane composites
formulated with lignocellulosicfibers of different
origins. The accessiblerange of mechanicalproperties is evaluatedwith respectto compositemorphology as influenced by formulation variables
including the functionality of the synthetic polyol
component.

MATERIALS AND METHODS
Raw Materials

Urethane compositeswere producedby using two
types of wood fibers: 1. an unprocessedthermomechanical pulp (TMP) and, 2. recycled newsprint obtained &om a commercialsource.Clean,
ink-free rolls of waste paper were wet and shredded to produce pulp using a mechanical device
describedpreviously by Liang et sl.la All fibers
were dried at 105°C in a forced-air oven to a
constantweight beforeuse.An apparent hydroxyl
number was determined for the fibers using a
modifiedASTM D1638-74standard, following the
procedureoutlined by Wang.13
The compositeswere formulated using either a
di-functional or tri-functional poly(propylene0%ide)-basedpolyol, and a polyol miscible, isocyanate prepolymer (Blendur-5000)as a cro8s1inking
agent (Bayer, Inc. Pittsburgh, PA). Both the wood
fiber and poly(propylene oxide) polymers were
treated as polyols and mixed to ratios of 50:50and
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Table I Characteristic8 of Synthetic
and Fiber Polyols

POlyol Type

Molecular
Weight
(Nominal)

Triol
Diol
Virgin fiber
Recyciedfiber

3000
3000

Hydroxyl

Number
54
56
173
74

70:30(fiber/polyol),by weight. For reference,composites of only wood fiber and isocyanate were
also produced.An isocyanate index of 1.25 was
usedto accommodatethe proportion of isocyanate
required for all compositeformulations. A summary of relevant characteristics of the components is given in Table I.
CompositeManufacture
Specifiedweights of polyol and isocyanate were
blended to ensure thorough miYing of the resin.
Dry fibers were weighed and sprayed with the
premixed polyoJflSOCYanate
resin using an air atomizedspray head mounted in a vented blending
drum. Fiber mats were manually formed in a
34-cm square vacuum-forming box. After prepressing,the mat was placedonto Tefton8-coated
plates, and surrounded with a square aluminum
dam to control panel thickness and restrict resin
ftow. The panels were pressedto a target thickness and density of 4 mm and 0.75 g/cm3,respectively. The pressparameters used for the individual panels are presentedin Table ll.
CompositeCharacterization
The mechanicalproperties of the compositeswere
determined by using a servo-hydraulic universal
testing machine equippedwith computer acquisition for load and displacement. Static bending
tests were conducted in accordancewith ASTM
D-I037. Dynamic mechanical properties of the
comJK}Sites
were evaluated with a Rheometrics,
Inc. (Piscataway, NJ) RSA-ll instrument. All
tests were conductedwith a three-point bending
configuration on samples measuring 12 x 4 mm
(W x T> with a 48-mm span.The storagemodulus
(E'), loss modulus (E"), and tan 8 were measured
at five-degreeintervals from -70 to 200.C,with a
constant frequency of 1 Hz. Scanning electron
micrographs of compositefracture surfaceswere
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Table II

Press Parameters Used to Manufacture Fiber-Based Polyurethane Panels

Fiber Type

Ratio WF/PO

Polyol Type

TMP Fiber

50:50
70:30
100:0
50:50
70:30

Triol
Triol

50:50
70:30
100:0
50:50
70:30

Triol
Triol

ONP Fiber

Platen
Temperature(DC)

Press Time
(min)

Press
Venting

177
177
177
177
177

6
6
6
8
8

No
Yes
Yes
No
Yes

218
218
218
177
177

4.5
4.5
4.5
8
8

No
Yes
Yes
No
Yes

Diol
Diol

Diol
Diol

recordedon an Amray Model AMR-800 (Bedford,
MA) scanning electron microscope.The samples
were prepared by vapor deposition of a gold-palladium alloy.
To further evaluate network morphology,the
swelling behavior of the compositesin various
solvents was evaluated. Samples measuring 20
x 8 x 4 mm in sizewere obtainedfrom eachpanel
and soakedin the solvent until a constant weight
was achieved. After measuring the swollen
weight and volume, the sampleswere dried and
reweighed. Sol fraction and percent swell were
calculated as a fraction of the original sample
weight. Tetrahydrofuran (THF) (8 = 9.1 cm3/cal),
dimethylformamide (DMF) (8 = 12.1 cm3/cal),
ethanol (8 = 12.7 cm3/cal),and water (8 = 23.1
cm3/cal)were selectedas swelling agentsbasedon
the solubilitY behavior of the individual components.
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RESULTSAND DISCUSSION
MechanicalProperties
Lignocellulosicurethanes are of interest in part
becauseof the wide range of properties available
by appropriately selecting raw materials. Figure
1 illustrates the variation in mechanical properties with fiber content and polyol type, revealing
substantially different behavioral patterns. The
flexural strength [modulusof rupture (MOR)] and
stiffness [modulus of elasticity (MOE)] increase
with fiber content,fiber type, and polyol functionality. In all cases, mechanical properties increaseddramatically with fiber content. However,
when comparedwith the fiber regenerated from

~.ooo
"ii

.9:
a:3CXXI
0
~
2000
1000

..

05

08

07

08

08

10

Fiber:PolyOI (Wl %)

Figure 1 Effect of fiber type and polyol functionality
on the variation of modulus of elasticity (MOE) (top)
and modulus of rupture (MOR) (bottom) with fiber to
synthetic polyol weight ratio. (8) TMP/triol, ("1) TMP/
diol, (8) ONP/triol, and ( <» ONP/diol.
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old newsprint (ONP),the unprocessedTMP fiber
yielded a compositewith uniformly higher properties. This difference is most significant at the
median (0.70) fiber/polyol ratio. At the extremes
of the composition range studied (fiber/polyol
0.50, 1.0),differencesin mechanicalbehavior are
insignificant.
From the standpoint of a urethane formulation, the primary difference between the fiber
types is in the apparent hydroxyl number, or reactivity, of the fiber. This high hydroxyl number
for the TMP fiber appears to have the largest
influence at 0.7 fiber/polyol ratios. Functionality
of the synthetic polyol only influencesthe properties of compositesprepared with TMP fibers. In
this case, the triol yields materials that are of
consistentlyhigher stiffness than those produced
with the diol.
MOR of the urethane compositesdisplays similar trends to MOE, although the differencesare
slightly magnified. At a fiber/polyol ratio of 0.7,
the unprocessed,TMP fiber compositeshave a
MOR nearly 2 1/2 times that of the ONP composites. The tri-functional polyol increasesthe MOR
by approximately 10%in both fiber systems.As
with the MOE, the fiber type displays the most
significant influence at a 0.7 fiber/polyol fraction.
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 contribute, in part, to the large variation in mechanical properties found in the materials produced
from 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 playa much more
important role in determining compositeproperties. Both the synthetic diol and triol have similar
molecular weight and similar hydroxyl number,
yet the tri-functional polyolleads 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 results in a much sharper fiber/synthetic phase
boundary and a high crosslink density region
near the fiber surface. This impact on interfacial
structure and morphologywould be clearly represented in ultimate properties of the composites,
as is the case.At a fiber/polyol ratio of 0.5, defin-
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Figure 2 Variation in MOE (top) and MOR (bottom)
with fiber weight fraction. ("') TMP fiber. and (8) ONP
fiber.

ing the point where interfacial volume is maximized relative to the pure phases, the MOR difference for composites prepared with the two synthetic polyols is greatest.
A slightly different view of the effect of formulation variables on composite mechanical properties is presented in Figure 2. In this figure, MOE
and MOR are plotted against the actual weight
fraction of fiber in the formulation. It should not
be surprising that a strong correlation exists between fiber content and the mechanical property
of interest in virtually all instances. This is particularly true for the stiffiless of composite samples prepared with both T:MP 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 materials. 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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provide insight into its role in detennining mechanical properties. The dynamic mechanical
properties, storage modulus (E') and tan 8, of
materials producedwith unprocessedTMP fibers
and the tri-functional polyol are shownin Figure
3. The spectrum of the unfilled polyurethane prepared with the triol alone is included for comparison. The unfilled urethane exhibits a sharp drop
in storagemodulus,correspondingto a tan 8 maximum, at -4Q°C, characteristic of the glass transition of this rubbery polymer. In contrast to this
single event, the tan 8 spectra for the TMP/triol
compositesreveal three distinct relaxation processes.The relaxations include a low temperature
tan 8 peak at approximately -25°C (aJ, a weak
transition (13) at intermediate temperatures (ca.
BOOC),
and the onset of a high temperature transition (a2) at approximately 150°C.The al and a2
relaxation processescan readily be assigned to

0.2

10"r

Figure 3 Effect of fiber content on the variation of
storagemodulus(E', top) and tan 8 (bottom)with temperature for TMP/triol composites.Fiberipolyol ratio:
(8) 0:100,("J) 50:50,(8) 70:30,and ( <» 100:0.

greater strength and stiffness of the unprocessed
TMP fiber; however,literature reports have suggested very little difference in the mechanical
propertiesof thesefiber types. Groomet al.l6 have
determinedthe mean Young'smodulus of loblolly
pine fibers 88 11.6 x lOSkPa comparedwith 10.4
x 106kPa for recyclednewsprint. Consequently,
it is difficult to strictly 88signthe observeddifferencesto MOE variation in the fiber component.
Also, the relationship is diminished significantly
for the unprocessedTMP fiber composite.This
provides further evidence of differences in the
composites'interfacial structure that dependson
fiber type and, to a lesserextent, synthetic polyol
functionality.
CompositeMorphologyand Structure
DynamicMechanicalAnalysis
Dynamic mechanicalanalysis was usedto explore
the phasecompositionof the fiber compositesand
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Figure 4 Effect of fiber content on the variation of
storage modulus (E', top) and tan 3 (bottom) with temperature for ONP/diol oomposites- Fiber/polyol rati«8:
(8) 0:100, (~) 50:50, (8) 70:30, and (0) 100:0.
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Table m Effect of Formulation Variables on the Low Temperature (at> Transition
Modulus at 100°C in Fiber-Based Urethane Composites

Tri-Functional Polyol

Di-Functional Polyol

Tan 8

TanS
Fiber
Type

Fiber/
Polyol

T~
(OC)

Peak

Unfilled
ONP
Fiber

0:100

-39.7

1.53

50:50
70:30

-39.9
-30.3

0.197
0.097

2.75
1.00

50:50
70:30

-30.3
-30.2

0.173
0.062

0.90
0.10

TMP
Fiber

.

and Storage

Slope&

E'(lOO),
XIO9
(dynes/cm2)

T~
(OC)

Peak

-39.6

1.24

2.41
6.06

-30.3
-24.8

0.197
0.125

4.00
1.75

2.81

-25.4
-25.4

0.119
0.059

1.25
0.40

1.13

Slope-

E'(lOO),
xlO9
(dynes/cm2)

4.40
7.52
5.90
13.1

Maximum slope(d tan 6/dT, xlO-a) oftbe high temperature side of the a1 peak reflecting the breadth of the transition.

the glass transition temperature (Tg) of the synthetic polyol phaseand the T8 of the fiber cell wall
polymers(lignin and hemicellulose),respectively.
The source of the intermediate transition, /3, is
more difficult to identify; however,this transition
has beenreported for severalwoodcompositesystems, and attributed to either a crystalline cellulose relaxation or an iso-viscouspoint relating to
fiber-fiber contacts.l?Wangl3 has reported a similar transition in urethanes based on xylan and
a-cellulose, which he assigned to the urethane
bond to the wood components.Considerablespeculation remains around the origin of this relatively weak relaxation processin the spectra, except to identify the wood fiber as the source.
Severalinteresting insights canbe gainedfrom
closer inspection of the spectra at the temperature extremes. For the low temperature transition, aI' the addition of TMP fiber (50 wt %)
increases the transition temperature about 10°
and dramatically reducesthe tan 8 maximum associatedwith this phase.Furthermore, the relaxation processis skewed to higher temperatures,
concluding at about 40° C. This trend continues
as fiber content increases,with the transition becomingabsent for the 100%TMP composite.This
behavior suggeststhat an extensivelybondedinterphaseis establishedat the fiber surface,and is
further supported by the trends found for the a2
process.In dry wood,the onset of the amorphous
componentT8 is typically not found at temperatures lower than 190°C. The observed onset is
nearly 40° below this point, indicating someplasticization of the fiber wall polymers.It is unclear,

however,whether this is becauseof copolymerization or simple physical mjxing of the low T8'polyol
with the fiber. This observation doesfurnish clear
evidenceof an intimate association between the
fiber and synthetic polyol components in the formulation, and is consistent with previously published observations.14
The effect of temperature on the dynamic mechanical 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 T8' of the unfilled polyurethane is reached and its storage modulus decreases dramatically with the onset of sample
flow. The addition of fiber reduces the magnitude
of the decline and retains strength at higher temperature. The plateau modulus increasesdirectly
with fiber content, indicating an extensively
bondednetwork. The high temperature moduli of
these compositesis consistently lower than that
found for the TMP/triol composites,presumably
as a consequenceof differences in network structure, interfacial interaction, or both.
The tan 8 spectraof the materials provide some
perspective on composite structure. The most
prominent event is the al relaxation located at
-40°C for the unfilled polyurethane. As the fiber
content is raised, this transition (originating from
the synthetic polyol phase) decreasesdramatically in intensity, and gradually increasesin temperature to a maximum near -30°C. The presenceof ONP fiber also results in a high temperature shoulder. This observation, coupledwith the
reduction in peak intensity, indicates that a sig-
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Table IV
Prepared
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Summary of Equilibrium
Swelling and Percent Solubles for Polyurethane
Composites
with Different Amounts and Type of Fiber, and Different Synthetic Polyols

UnprocessedTMP Fiber
(% Swell/%Solubles)
70

100

50

70

100

122.4/24.8
69.0/19.2
212.6126.7
30.8/1.54

74.110.8
57.7/1.5
114.814.9
52.3/4.54

49.1/0.1
60.9/0.1
109.9/1.9
29.9/2.61

105.6/33.6
107.8/30.6
178.8/26.6
42.8/0.98

79.1/1.8
85.1/1.6
125.8/1.8
63.7/0.63

59.3/0.2
73.1/0.1

92.6/1.5
56.4/1.5
131.4/3.22
31.3/1.89

74.5/0.7
52.5/1.1
130.0/3.94
55.4/2.99

49.1/0.1
60.9/0.1
109.9/1.95
29.9/2.61

122.2/13.5
81.0/16.2
149.8/16.15
44.4/0.48

65.7fO.5
73.00.6
126.7/0.75
42.4/0.41

50
Diol
THF
EtOH

DMF

Water
Triol
THF
EtOH
DMF
Water

RecycledGNP Fiber (% SwelV%Solubles)

nificant proportion of the synthetic phase is removedfrom the relaxation process.This formulation is clearly distinguished from the TMP/triol
materials by the effective absenceof the a2 transition at high temperatures. The differences in
dynamic mechanicalbehaviorcanbe explainedby
more efficient diffi18ion of the low molecular
weight polyoVisocyanate
resin into the cell wall of
the unprocessedTMP fiber. The diffusion process
results in a much more extensive interphase by
broadeningthe phaseboundary into the fiber interior. This leads to improved properties.
The effect of componentvariables on certain
characteristics of the low temperature, at, tan 8
peak and the plateau modulus is summarizedin
Table III. Interpretation of the data reveals three
trends supporting the view that compositeproperties are derived from both network formation
and interfacial structure: 1. Tg variation with fiber content and type, 2. Tg variation with polyol
functionality, and 3. peak broadening with both
polyol functionality and fiber type. The increasing
Tg with fiber content exhibits distinctive trends
for the materials producedwith the different fiber
types. Whereas the TMP composites exhibit a
rapid increasein Tg for all fiber additions studied,
the Tg of the ONP compositesincreases more
gradually with fiber level. In addition, the Tg of
compositesproducedwith triol are 5 to gohigher
than the same formulations produced with the
diol despite similar Tg8for the unfilled polymers.
The dampingcapacityof the materials alsoexhibits differences when using different polyol and
fiber types. A dramatically reduced tan 8 maximum is associatedwith all levels of fiber addition

135.&'0.49

56.7/0.64
59.3/0.2
73.1/0.1
135.8/0.49
56.7/0.64

but is lower for materials producedwith TMP and
those producedwith the tri-functional polyol..An
associatedincrease in transition breadth is also
apparent. Finally, the high temperature modulus
is consistently higher for composites prepared
with the TMP fiber with maximum properties
developing when the tri-functional polyol is included.
Definitive interpretation of the data is difficult
as a result of variables that have not been accounted for directly. For example, fiber pol~er
fragments could serve as a polyfunctional component to increase cross1inking of the synthetic
phase and elevate the TgoThis factor would be
expectedto elevate Tg with fiber (and pol~er
fragment) content, which is not the case for the
TMP composites.Instead, the observedtrends in
the al transition suggest that two mechanisms
may be responsible for the observed behavior.
First, the Tg increase in the ONP compositesis
gradual becauseof an increased chain density at
the fiber surface. The increased surface area results in increasesin the volume fraction of the
highly crosslinked interface region that elevates
Tg' Alternatively, the TMP behavior may be attributed to increased penetration and accessto
the internal wall polymers of the fiber, creating a
more extensiveinterphase with higher crosslinking.
Swelling Behavior

The inherent heterogeneity and multiphase character of this composite limits the quantitative
utility of swelling experiments; however, even a
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relative assessmentof crosslink density, and the
distribution of crosslinks within the individual
phases are interesting. The swelling solvents
were selectedto provide a wide solubility parameter 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
dimethylformamideis a powerful swelling solvent
for both components. Focusing on the percent
solublesfound for the composites(Table IV), it is
not surprising that the extractable fraction declines rapidly with increasing fiber levels. Relatively large amounts of material were removed
from the compositesproduced with a 0.5 fiber/
polyol ratio, indicating incomplete network formation. This observationwas particularly true for
the materials prepared with the di-functional
polyol, and for the recycledONP fiber composites.
In contrast, the sol fraction was very low for the
TMP/triol system.This suggeststhe development
of a more homogeneousnetwork system, and is
consistent with earlier observationson dynamic
mechanicalproperties.
The variation in swelling behaviorwith formulation is shown in Figure 5 for three of the solvents investigated. The clearest separationof the
four compositesystems is provided by ethanol.
Generally, the extent of swelling by ethanol decreases 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 formulations swell more than
those compositesformulated with the tri-functional polyol. A similar trend can be identified for
the materials when swollen using dimethylformamide; however,the effect of polyol functionality
on the degree of swelling is amplified for the
TMP-based samples. Notice, too, the slight
change in the trend for the TMP/triol. Swelling
the samplesin water presentsan interesting contrast to that of the other two swelling solvents.In
this instance, the percent swell reachesa maximum at 70%fiber for the compositesderived from
the unprocessed,TMP fibers. The type of polyol
also has a dramatic effect on the swelling responseof the recycled fiber materials. Whereas
the general pattern for water holds in the diol
formulations, the tri-functional polyol results in
an inverted pattern with the percent swell reducedsignificantly.
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Figure 5 Effect of fiber-to-polyol ratio on the degree
of swelling for polyurethane compositespreparedwith
different fiber type and polyol functionality.

Interpreting the swelling data is not straightforward beyond the general insights provided by
ethanol. Recognizing that the degree of swelling
is inversely related to the extent of CI'O8s1ink:1ng
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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between the phases.Generally, strong adhesion
between the fiber and synthetic urethane was
found for all of the composite systems, as suggested from the earlier discussion. The lower
magnification view shown in Figure 6(A) clearly
illustrates this, showing extensiveinteraction between the TMP fiber (50%) and tri-functional
polyol. An interesting view is shown in Figure
6(B) that focuseson a local failure for the TMP
compositepreparedwith the tri-functional polyol.
The image again shows strong interaction between the fiber and binder, and a distinctive fiber
fracture rather than pullout from the matrix.
More significantly, a substantial portion of the
fiber wall has beenremovedas a consequenceof a
related failure that clearly reveals the extensive
interphase formation at the fiber surface, and
within the interior of the cell wall. This observation substantiates the premise that the fiber/matrix interphase may include network formation
with the cell-wall polymers, and that this extensive boundary is important to the overall properties of the urethane composite.

CONCLUSIONS

Figure 6 Scanningelectronmicrographof the failure
surface of the polyurethane compositeprepared with
unprocessedTMP fiber and tri-functional polyol. Original magnification x200 (top) and x20 (bottom).

curs in the triol/rMP composites.The contrast
presented by water swelling data is interesting
becausethe observedtrends more closelyparallel
those found for compositeMOR. The greater degree of swelling by water for the TMP composites
may indicate more ineffective crosslinks created
by isocyanate reaction with the cell-wall polymers. This would lead to an interphase structure
best characterized as a semi-interpenetrating
network, which would create an efficient stress
transfer mechanism without significantly altering the desirable properties of the fiber through
the developmentof internal crosslinks.
Scanning Electron Microscopy
Scanning electron microscopy of failure surfaces
was used for direct observation of composite
structure, and particularly to evaluate adhesion

Polyurethane compositesbasedon lignocellulosic
fibers offer an interesting system with extensive
opportunity to manipulate properties using the
wide array of raw materials. Mechanical properties of the compositeshowedthat both the fiber
type and the synthetic polyol functionality impact
performancecharacteristicsof the materials. Unprocessedthermomechanical pulp fibers consistently produced superior properties when compared with composites prepared with recycled
newsprint fiber. Further improvements were
found for the tn-functional polyol systems.Both
dynamic mechanicalanalysis and swelling experiments suggestthe presenceof a phaseboundary
that was important to the development of
strength properties. Although the effect of total
hydroxy functionality dominates performance
characteristics, the structure of the interphase
alsoplays an important role. Increasedaccessibility to the internal structure of the fiber wall,
either through fiber origin or solubility of the
synthetic polyol component,was also suspectedto
be an important factor in determining composite
properties. This observationprovides somedirection for further investigations into the potential
engineeringof this versatile material system.

FIBER REINFORCED POLYURrrHANE
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