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ABSTRACT: Styrene–maleic anhydride (SMA) copolymers containing either 7 or 14%
maleic anhydride were filled with either pine flour or dry-process aspen fiber from a
medium density fiberboard (MDF) plant. Material properties of the filled and unfilled
SMA plastics were compared with those of aspen-fiber-filled and unfilled polystyrene
(PS). The fiber-filled SMA composites were equivalent or superior to unfilled SMA in
strength, stiffness, and notched Izod impact strength. Filled PS composites outper-
formed or matched the performance of filled SMA composites in the parameters tested.
Unnotched Izod impact strength of filled polymers was generally inferior to that of the
unfilled polymers. Water absorption from a 90% relative humidity exposure, a 24-h
soak, and a 2-h boil showed mixed results when compared to the unfilled polymers.
Dynamic mechanical analysis showed no change in glass transition temperature (Tg )
after the addition of filler for either SMA or PS composites. The presence of the anhy-
dride functionality on the polymer backbone did not appear to improve the strength of
the composite. No evidence was found for chemical bond formation between the SMA
and wood fiber. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1567–1573, 1998
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INTRODUCTION search has been directed toward the development
of compatibilizers, which are compounds that re-
duce the initial interphase incompatibility presentWood–polymer composites, wherein the wood is
in the composites.5 Compatibilizers can signifi-dispersed as particles in a thermoplastic matrix,
cantly improve the material properties of the re-have received much research attention in recent
sulting composite. One of the more successfulyears. Such interest is merited because these ma-
compatibilizers is maleic anhydride modified poly-terials hold promise for low cost, improved perfor-
propylene (MAPP), which has been shown to sub-mance composites that may be produced from re-
stantially improve the properties of wood-filled poly-cycled materials.1–4 Research on wood–polymer
propylene composites.6composites has led to commercial products for a

Styrene–maleic anhydride (SMA) copolymers,variety of markets. However, the usefulness of
both unfilled and filled with glass fiber, are usedthese materials remains limited by their mechani-
extensively in the automotive industry for the in-cal properties. This is especially true for those
jection molding and thermoforming of interiormaterials intended for use in construction and in
parts. SMA is preferable to PS in automotive ap-other areas where strength and stiffness are im-
plications because of its higher heat distortionportant considerations. Consequently, much re-
temperature.7 The presence of the maleic anhy-
dride group on the polymer backbone is of interestCorrespondence to: J. Simonsen.
because it may react with the hydroxyl group onJournal of Applied Polymer Science, Vol. 68, 1567–1573 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/101567-07 the wood filler, thus enhancing the material prop-
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erties of the composite, analogous to MAPP.8 The ature reached 2327C, the batch was automatically
discharged from the mixer. The total blend timeuse of low-cost wood fillers to improve the proper-

ties of the final composite might provide impetus varied with the proportions of the batch, but aver-
aged about 2 min.to the recycling of these potentially useful plas-

tics. The compounds were granulated and dried at
1057C for 4 h, then formed into test specimens ofThis study was undertaken to evaluate the ef-

fectiveness of wood fillers in SMA polymers. A approximately 31 121 100 mm with a Cincinnati
Milacron Molder. The specimens were injectionsecondary objective was to acquire information re-

garding the question of interphase bonding be- molded at 2187C; injection pressures varied from
8.3 to 12.4 MPa, depending upon the compound.tween the SMA and the wood filler.

Mechanical PropertiesEXPERIMENTAL
Five 3 1 12 1 100 mm samples for each test and
for each compound were used to determine modu-Materials
lus of rupture (MOR) and modulus of elasticity

Dry-process mixed hardwood fiber, mostly aspen (MOE). Tests were performed in accordance with
(Populus spp.) , from a medium density fiberboard American Society for Testing and Materials
(MDF) plant was used as the fiber filler. Pine (ASTM) standards.9,10 The crosshead speed dur-
(Pinus spp.) flour was contributed by American ing testing was 1 mm/min. Densities were deter-
Wood Fiber (Schofield, WI) as their standard 40- mined by weighing and manually measuring the
mesh pine #4020. ARCO Chemical Company dimensions of rectangular samples, then dividing
(Newtown Square, PA) contributed SMA co- weight by volume. Specific strength was deter-
polymers Dylark 232 (SMA-7) and Dylark 332 mined by dividing the MOR value by the density.
(SMA-14) , which contained 7 and 14%male ic Five samples each were used for notched and un-
anhydride, respectively. Polystyrene (PS) was notched Izod impact tests for each compound.
contributed by Dow Chemical Co. (Midland, MI) Tests were conducted in accordance with ASTM
as product Styron 685D. Material properties for standards.10

the plastics were taken from the suppliers’ litera-
ture.

Water Sorption

For each compound, three 3 1 10 1 10 mm sam-Sample Preparation
ples were cut from pieces of the molded specimens.

Separate composites were made of aspen fiber at The smaller samples were subjected to one of the
20, 30, and 40% (weight) and SMA-7, SMA-14, following tests to determine their susceptibility to
and PS. Pine flour at 20, 40, and 50% (weight) was moisture. Samples were either (1) placed in an
combined with SMA-7. Unfilled control samples environmental chamber maintained at 90% rela-
were made from SMA-7, SMA-14, and PS alone. tive humidity (RH) for 19 days, (2) submerged
All compounds were blended in a high-intensity in distilled water and soaked for 24 h at room
kinetic mixer (Synergistics Industries Inc., St. temperature, or (3) submerged in boiling water
Remi-Napierville, Quebec, Canada) where the for 2 h. The samples were weighed before and
only source of heat was that generated through after each treatment, and the percent weight gain
the kinetic energy of rotating blades. An initial (PWG) was calculated as
trial of various mixer speeds and discharge tem-
peratures was performed on SMA-7 containing
20, 40, and 50% pine flour. The discharged sam- PWG Å (Wf 0 Wo )

Wo
100%

ples were observed visually for fiber dispersion
and filler degradation. The resulting processing

where Wo is the initial weight of the sample; andschedule was selected as the optimum compro-
Wf is the final weight of the sample.mise between maximum mixing time at high tem-

perature and minimum degradation of the wood
filler, as measured by discoloration. Each com- Dynamic Mechanical Thermal Properties
pound was blended at 5500 rpm until its tempera-
ture reached 1497C, at which point the mixer Dynamic mechanical thermal analysis (DMTA) of

samples was conducted with a Rheometrics, Inc.,speed was reduced to 4500 rpm. When the temper-
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reinforcement compared with that of the fiber
filler.11

The strength of fiber-filled SMA-14 composites
leveled off as a function of fiber content, in con-
trast to that of SMA-7 and PS (Figs. 1 and 2).
This may be due to incomplete wetting of the filler
by the plastic; if that were the case, however, we
would then expect to see similar behavior in the
other plastics. A second possible explanation is
that the mixing properties of SMA-14 are differ-
ent from those of SMA-7 and PS due to its higher
Tg . In that case, the leveling off of strength would
be explained by a lack of dispersion of the fiber in
the matrix. If there were bonding between the
anhydride functionality of the copolymer and the
wood surface, the interphase between the two
should be strengthened and the properties of the
final composite might be expected to improve. The

Figure 1 Flexural strength (MOR) of (A) aspen-
lack of improvement in strength suggests that ei-fiber-filled SMA-7, (B) aspen-fiber-filled SMA-14, (C)
ther there is no bonding between the anhydrideaspen-fiber-filled PS, and (D) pine-flour-filled SMA-7.
and the wood surface, or the bonding that exists
does not affect the strength of the final composite.
Further studies are needed to reach a firm conclu-RSA-II Solids Analyzer. One 3 1 12 1 48 mm
sion on this matter.sample was tested for each aspen-fiber composite

and unfilled control. The samples were tested at
MOE57 intervals over the temperature range of from

30 to 807C and at 17 increments from 80 to 1407C, The flexural moduli of all samples increased with
using a three-point bending geometry and a con- increasing filler content, regardless of type. In
stant frequency of 1 Hz. fact, the increase was within the experimental er-

ror of the measurements for all samples. This sup-
ports the hypothesis that the relationship of MOEMicroscopy

Images were obtained with an AmRay 1000A
scanning electron microscope operated at 10 kV
on Polaroid type 55 positive–negative film.

RESULTS AND DISCUSSION

Mechanical Properties

MOR

Both aspen fiber and pine flour added reinforce-
ment to SMA-7 and SMA-14 (Fig. 1); however,
composites of SMA-7 and aspen fiber were sub-
stantially stronger than those of SMA-7 and pine
flour. The specific strength of flour-filled SMA-7
was dramatically lower than that of the fiber-
filled samples (Fig. 2); the strength properties of
fiber-filled SMA-7 and PS were essentially equal.
The flour-filled SMA-7 showed a lower slope of Figure 2 Specific strength (MOR/density) of (A)
strength versus fiber content in comparison to the aspen-fiber-filled SMA-7, (B) aspen-fiber-filled SMA-
fiber-filled plastics. The lower aspect ratio of the 14, (C) aspen-fiber-filled PS, and (D) pine-flour-filled

SMA-7.flour filler is probably responsible for the weaker
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impact energy, whereas in the unnotched sam-
ples, the crack was free to propagate at the weak
points in the composite. The biggest drop in im-
pact strength occurred at low filler contents, but
increasing the amount of filler had little addi-
tional effect. Careful screening or washing of the
filler to remove small particles might mitigate the
decrease somewhat. The impact strength, which
is proportional to the work of fracture, for short
fibers with aspect ratios below the critical aspect
ratio (the aspect ratio required for fiber to break
at its ultimate stress), is proportional to the
square of the fiber length.12 Removing small parti-
cles would thus be expected to increase the aver-
age aspect ratio of the filler and thereby perhaps
improve the impact strength. This is a subject for
future research.

Figure 3 Flexural modulus (MOE) of (A) aspen-
Water Sorptionfiber-filled SMA-7, (B) aspen-fiber-filled SMA-14, (C)

aspen-fiber-filled PS, and (D) pine-flour-filled SMA-7. For most of the samples tested, weight gain
upon exposure to water increased with increas-
ing filler content for all three water absorption

to fiber content is not a strong function of the tests. For all samples, the weight gains were
aspect ratio of the filler (Fig. 3). less than 4%. The water absorptions for the un-

filled plastics were about 0.5% in the 90% RH
test, and 1.5% in both the 24-h soak and 2-h boil.Impact Strength
The standard deviations of the measurements
were typically about {1%; thus, quantitativeNotched Izod impact strength increased for SMA-

14 and PS as the percent of filler increased (Fig. comparisons were difficult. Water absorptions
increased to about 2 to 3% at the highest filler4). The notched Izod impact strength of fiber-

filled SMA-7 at all content levels was not greatly
different from that of unfilled SMA-7. The SMA-
7 composite with pine-flour filler showed a de-
crease in notched Izod impact strength for 20 and
40% filler contents, and then a slight increase
from 40 to 50% filler. Although SMA-14 showed
an increasing impact strength where SMA-7
showed no increase, SMA-14 at 0% filler showed
a lower impact strength than SMA-7. Thus, the
absolute value of impact strength was higher for
SMA-7, even though it did not increase with filler
content. PS showed the best notched Izod impact
strength performance, increasing to 24.1 J/m at
40% filler content.

There appeared to be little difference in un-
notched Izod impact strength between wood-fiber-
and flour-filled SMA-7 samples. All composites
tested showed decreasing unnotched impact
strength as the amount of filler increased (Fig.
4). This may be due to small particles in the wood
creating points of weakness for crack propagation. Figure 4 Notched and unnotched Izod impact
In the notched samples, the notch determined the strength of (A) aspen-fiber-filled SMA-7, (B) aspen-
point where the crack initiated. The presence of fiber-filled SMA-14, (C) aspen-fiber-filled PS, and (D)

pine-flour-filled SMA-7.fibers at the notch may have absorbed some of the
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content in the 90% RH test, 1.5 to 2.5% in the
24-h soak, and 2.5 to 4.0% in the 2-h boil. Thus,
the greatest weight gains, and the greatest vari-
ability in weight gains, were observed with the
2-h boil. The 90% RH test showed weight gains
as great or greater than the 24-h soak. This indi-
cates that water vapor was diffusing into the
composite and being absorbed by the wood filler.
Although that process was probably slower than
the infusion of liquid water, especially at high
filler contents where interfiber interactions are
greater, it was ultimately just as effective for
water absorption by the composites. There were
no statistically significant differences among
the various compositions.

Both the 90% RH and the 2-h boil tests resulted
in higher water absorptions than the 24-h soak.
This may indicate that the wood fillers in the for-
mer two tests were closer to equilibrium than
were those in the 24-h soak. If so, the 24-h soak
may be a less reliable indicator of water absorp-
tion than the other tests, even though it is far
more frequently reported in the literature.

If we assume that all of the water absorption
of the composite occurs in the wood component,
and use a rounded figure of 4% for the maximum
weight gain of a typical 40% filled sample, we can
calculate the maximum weight gain of the wood
component to be 10%. The moisture content of
green aspen solid wood is approximately 100%.13

Therefore, the samples in these tests were proba-
bly far from equilibrium, but the weight gains ob-
served were much less than would be expected
from solid wood samples. We concluded that the
plastic matrix formed a strong, but not impenetra-
ble, barrier to moisture absorption by the wood
component.

Dynamic Mechanical Thermal Properties

The DMTA scans revealed no changes in glass
transition temperature (Tg ) for either the PS or
the SMA composites. In addition, the shape of the
Tg curve showed only the decreasing and upper
temperature broadening typical of reducing the
proportion of a polymer in a composite (Fig. 5).11

This lends further support to the contention that
Figure 5 Tan (d ) versus temperature from dynamicthe maleic anhydride moiety does not interact
mechanical thermal analysis scan for aspen-fiber-filledwith the wood-fiber component. Certainly, if there
(A) SMA-7, (B) SMA-14, and (C) PS.were actual chemical bonding between the SMA

backbone and the wood fiber that represented any
significant proportion of the SMA in the compos- increase the Tg . Because this was not observed,

we conclude that there was no evidence of signifi-ite, we would expect the Tg to be effected. Chemi-
cal bonding to the wood fiber should reduce the cant chemical bond formation between the anhy-

dride and the wood fiber.mobility of the polymer backbone and, if so, would
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Figure 6 Scanning electron microscope photographs of (a) 40% aspen-fiber-filled PS,
(b) 40% fiber-filled SMA-7, (c) 50% pine-flour-filled SMA-7, and (d) 40% fiber-filled
SMA-14.

Microscopy CONCLUSIONS

The mechanical properties of wood-filled polymersImages of samples fractured in tension were ob-
tained in the SEM at 5001 (Fig. 6). Greater flow were superior to those of the unfilled polymers.

There was no apparent relationship between thewas observed in the PS fracture than in the SMA-
7 and SMA-14 samples. This is indicative of the maleic content of the polymer and the properties

of the final composite. In fact, the mechanicalgreater brittleness of the SMA-based polymers.
Fiber bundles were found in all samples [Fig. properties of PS composites were equivalent to

or better than those of SMA composites. Impact6(c,d)] , indicating that mixing was not complete
at the level of individual fibers. The pine-flour- properties varied among composites. Notched

Izod impact strength improved with increasingfilled SMA-7 showed a greater abundance of small
particles and fiber bundles. All images revealed filler content for SMA-14 and PS, held steady for

fiber-filled SMA-7, and decreased for flour-filledevidence of fiber pullout and generally poor adhe-
sion between the fiber surface and the sur- SMA-7. Unnotched Izod impact strength de-

creased with increasing filler content for all sam-rounding matrix, although the PS sample also
showed examples of fiber breakage during frac- ples. The water absorption of the samples varied,

but in all cases was much lower than that of solidture [Fig. 6(a)] .
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