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In this study the switchgrass (Panicum virgatum L.), a biomass crop being developed in
North America and Europe, was tested as a stiffening and reinforcing agent in
polypropylene (PP) composites with and without maleic anhydride grafted PP (MAPP) as a
compatibiliser and to evaluate the effect of pulping and different sources of switchgrass on
composite characteristics. The refiner pulping yield for two switchgrass varieties was
estimated between 70–80%. The addition of 30% (by weight) switchgrass pulp resulted in
an increase of the flexural modulus by a factor of about 2.5 compared to pure
polypropylene. Which was only slightly lower than values found for jute and flax. The
flexural strength of PP composites reinforced with pulped switchgrass and MAPP was
almost doubled compared to pure PP and approached values found for jute and flax. The
compatibilising effect of MAPP has been visualised by micrographs. The good mechanical
properties are achieved despite the severe fibre length reduction as a result of
thermoplastic compounding which is shown by fibre length analysis. The impact strength
of switchgrass/PP composites was much lower than for pure PP. The use of different
switchgrass varieties and harvesting time had a minor to no effect on the mechanical
performance of the respective composites. The chemical composition of different varieties
was fairly constant. The low price and the relatively good mechanical characteristics should
make switchgrass an attractive fibre for filling and stiffening in thermoplastic composites.
Further improvement of composite mechanical properties should be possible.
C© 2003 Kluwer Academic Publishers

1. Introduction
Agrofibres are increasingly being used as a reinforcing
material in composite materials [1–3]. For example in
the automotive industry agrofibres are used as a rein-
forcing fibre because of their low weight compared to
glass fibres which contributes to reduced costs [1].

Switchgrass (Panicum virgatum L.) is a perennial C4
grass native to North America. The grass has a wide
range of adaptation from Central America to deep into
Canada but it is also grown in South America and
Africa. It has high yields under poor, low input condi-
tions and is used for forage production, soil conserva-
tion and as an ornamental crop. During the last 10 years
it has been developed for energy and fibre applica-
tions in North America, Canada and more recently in
Europe [4–7]. Production costs of switchgrass are much
lower compared to annual fibre crops or compared
to other biomass crops like short rotation willow and
Miscanthus, this is mainly due to the low establishment
costs and low input requirements [8, 9]. Switchgrass
has been evaluated for use in paper pulp [10, 11], and
in hardboard and medium-density fibreboard (MDF)
[12]. Switchgrass pulp produced in the Kraft process
was found to have short fibres with a high portion of

fines, making it suitable for substitution of hardwoods
in paper pulp [11]. Economic analysis of the use of
switchgrass for pulp production has been performed
for Ontario (Canada) indicating that switchgrass may
be an attractive crop especially on marginal soils [13].
Switchgrass fibres may be an interesting reinforcing
and filling agent for thermoplastic composites because
they provide relatively good quality fibres that can be
produced at low cost and in a sustainable way.

Polypropylene (PP) is a widely used polymer in
which often filling and reinforcing material is used.
Chalk and talk are used as filling materials in order to
lower the costs and to increase the material stiffness.
When a more pronounced mechanical performance is
required, PP is reinforced by fibres. To obtain opti-
mal composite characteristics, the fibres should be op-
timally adhered to the PP. For agrofibres, which are
composites by themselves [14], this can be achieved
by sufficient opening of the agrofibres. Opening of the
agrofibres to fibres with a smaller diameter increases the
interaction area between the fibre and the matrix and
at the same time yields fibres with a higher strength
than the starting fibres [14]. This opening of agrofibres
is partially realised during extrusion compounding of
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agrofibres as shown for flax and jute in PP. Depending
on the degree of shear forces introduced during com-
pounding, the strong elementary fibres can be obtained.
To ensure fibre opening, however, the agrofibres can be
pulped before compounding.

An additional route to achieve optimal fibre adhesion
is to optimise the fibre-matrix interaction. The interac-
tion between the polar agrofibres and the a-polar PP can
be enhanced using so called compatibilisers. Maleic an-
hydride grafted PP (MAPP) is a compatibilising agent
commonly used to increase the bonding between PP
and reinforcing fibres, like agrofibres [2, 3, 15], and
glass fibres [16].

The objective of this study was to test the perfor-
mance of switchgrass as a stiffening and reinforcing
agent in PP composites with and without MAPP as
a compatibiliser and to evaluate the effect of pulp-
ing and different sources of switchgrass on composite
characteristics.

2. Materials and methods
2.1. Plant material
Experiments were conducted with air-dry switchgrass
samples from southern England and from Quebec,
Canada. Samples were harvested from a mature stand
of variety Cave-in-Rock in Quebec, Canada after over-
wintering in the spring of 1998 (A) and shortly after
maturing in the fall of 1998 (B). The other samples of
the varieties Kanlow (C) and Cave-in-Rock (D) were
harvested in winter 1998/1999 from 6 year old stands
in southern England.

2.2. Pulping procedure
Switchgrass samples A and B (1.5 kg per sample) were
soaked in 0.1 molar NaOH for 16 h with a water to dry
matter ratio of 15:1. Both samples were washed in a
single step by pressing out the water to 30% dry matter
content using a screw press and adding clean water up to
a 5% dry matter content slurry. This slurry was refined
at 100◦C and atmospheric pressure in a Sprout-Bauer
12-1 cp refiner. After this refiner stage water was
pressed out of the pulp up to 30% dry matter content
and a second refiner stage was performed. The overall
refiner energy input was circa 500 kWh/ton. After pulp-
ing the pulp was stored frozen for two weeks and then
air dried at 60◦C overnight just before compounding.

2.3. Chemical composition
Kanlow and Cave-in-Rock switchgrass from 2nd year
harvest was milled to pass a 0.5 mm sieve. Ash was de-
termined by ignition at 575◦C. Extractives were deter-
mined after successive extraction with ethanol/toluene
(2:1 v/v), 95 vol% ethanol and hot water. The con-
tent of neutral sugars and lignin was determined after
a two-step hydrolysis with 12 M sulfuric acid for 1 h
at 30◦C and at 1 M sulfuric acid for 3 h at 100◦C ac-
cording to modified TAPPI methods [17, 18]. Neutral
sugars were determined in the neutralised hydrolysate
with HPLC on an anion exchange column (Dionex,
CarboPac PA1) and pulsed amperometric detection

[19]. Uronic acids in the sulfuric acid hydrolysate were
spectrophotometrically determined at a wavelength of
520 nm [20].

2.4. Compounding procedure
Pulped (A and B) and untreated switchgrass samples
(A, B, C and D) were kneaded with PP pellets (ELTEX-
P HV651, homopolymer, MFI2.16,230 = 11, provided
by Solvay) in a 30:70 wt% ratio using a Haake Rheomix
300 equipped with roller rotors. The kneading was per-
formed during 12 min at a temperature of circa 185◦C
and at a rotor speed of 100 RPM. Each fibre grade
was kneaded as well with a 10:90 wt% blend of PP
and maleic anhydride grafted polypropylene (MAPP)
(GP12, provided by Solvay). As a reference PP and
the blend of PP and MAPP was compounded as well.
The kneaded composites were subsequently granulated
using a KT Handling Ltd. peletiser before injection
moulding.

2.5. Injection moulding of flexural
and impact test bars

The granulated composite material was injection
molded using a Demag ERGOtech 25–80 to flexu-
ral/impact test bars with dimensions 80 × 10 × 4 mm3.
The test bars were conditioned at 50% relative humidity
and 23◦C for 7 days before mechanical testing.

2.6. Mechanical performance tests
The flexural properties were measured on a Zwick 1445
according to ISO 178 at a crosshead speed of 2 mm
min−1 and a support length of 64 mm. The flexural
strength and modulus was determined from 5 test bars
per batch. The Charpy unnotched impact strength was
determined using a Ceast pendulum impact tester ac-
cording to ISO 179 using an impact hammer of 4J at
a speed of 2.9 m/s. The Charpy impact strength was
determined from 10 test bars per batch.

2.7. SEM photography
SEM micrographs were made from fracture surfaces
of cryo-broken composite samples using a Jeol JSM-
5600 LV scanning electron microscope. All obser-
vations were made on compounds of sample B,
switchgrass variety Cave-in-Rock harvested in Quebec,
Canada shortly after maturing in the fall of 1998.

2.8. Switchgrass fibre dimensions
Three grams of injection moulded compound B, con-
taining Cave-in-Rock variety harvested in Quebec,
Canada, shortly after maturing in the fall of 1998, was
put into 125 ml of xylene and heated up to 140◦C
for three h. The resulting switchgrass fibre-xylene dis-
persion with dissolved PP was filtrated over a heated
Büchner funnel. The remaining fibre material was
heated again in 125 ml xylene at 140◦C for three more
hours and filtrated again. Part of the obtained fibres were
put on an object glass and the visual length and diameter
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of circa 200 fibres was determined using optical mi-
croscopy. The same procedure was performed for three
grams of pulped switchgrass/PP composite sample.

3. Results
3.1. Pulping and chemical compositions
The pulp yield of the switchgrass batches was esti-
mated between 70–80%. The chemical composition of
Kanlow and Cave-in Rock switchgrass varieties is pre-
sented in Table I. Differences in chemical composition
between the two varieties were minor. The extractives
and cellulose content was slightly higher for Kanlow,
the lignin and hemicellulose content was slightly higher
for Cave-in-Rock. Ash and pectin were similar for both
varieties. The chemical composition of refiner pulped
Cave-in-Rock switchgrass fibres is included in Table I.
Pulping results in an increase of the cellulose and lignin
content of the switchgrass.

3.2. Flexural modulus
As is shown in Table II, the addition of 30 wt% switch-
grass enhanced the flexural modulus of PP by a factor

T ABL E I Chemical composition of untreated and pulped spring harvested switchgrass samples from different sources

Pulped
Kanlow Cave-in-rock Cave-in-rock Radiotisa Madakadzea

Ash 1.9 1.8 2.6 1.5 4.8
Extractives 10.4 9.5 –b 1.6c 6.9d

Lignin 18.9 19.5 22.5 21.8 23.9
Cellulose 30.5 28.8 33.6 43.4e 43.4e

Hemi-cellulose 30.4 31.2 31.5 35.9 30.5
Pectin 1.4 1.3 1.7 – –

aLiterature references: [6] for Radiotis et al. and [11] for Madakadze.
bPulp characterised without prior extraction.
cAlcohol/benzene extractives.
dCold water, hot water and acetone extractives.
eAlpha-cellulose.

TABL E I I Flexural and Charpy impact properties of switchgrass fibre reinforced PP and PP/MAPP composites

Charpy unnotched
Flexural modulusb Flexural strength Strain impact strength

Fibrea MAPP (MPa) (MPa) (%) (KJ m−2)

– No 1210 ± 74 42.6 ± 1.5 6.9 ± 0.2 51.8 ± 12.5
– Yes 1384 ± 43 45.9 ± 0.6 6.7 ± 0.2 93.2 ± 8.2
30% A No 2764 ± 105 47.0 ± 0.6 3.6 ± 0.1 7.0 ± 0.9
30% B No 2718 ± 44 48.8 ± 0.8 3.7 ± 0.1 7.0 ± 1.8
30% pulped A No 2841 ± 42 47.5 ± 0.6 3.1 ± 0.2 9.5 ± 1.4
30% pulped B No 2900 ± 203 48.2 ± 0.5 3.0 ± 0.1 10.0 ± 0.7
30% A Yes 2721 ± 159 56.6 ± 1.1 3.5 ± 0.1 8.3 ± 1.1
30% B Yes 2672 ± 101 58.7 ± 0.6 3.7 ± 0.2 8.1 ± 1.2
30% C Yes 2650 ± 126 54.1 ± 0.9 3.4 ± 0.2 7.6 ± 1.5
30% D Yes 2795 ± 88 58.6 ± 1.2 3.4 ± 0.2 8.3 ± 1.4
30% pulped A Yes 3003 ± 58 69.6 ± 0.5 4.1 ± 0.2 15.1 ± 1.3
30% pulped B Yes 3147 ± 81 70.7 ± 0.5 4.1 ± 0.2 16.9 ± 1.3

30% jutec Yes 3500–3900 64–77 4.5 25
30% flaxc Yes 3500 76 4.5 25

aA = Cave-in-Rock switchgrass, harvested in spring Canada; B = Cave-in-Rock switchgrass, harvested in fall in Canada; C = Kanlow switchgrass,
harvested in winter at Rothamsted; D = Cave-in-Rock switchgrass, harvested in winter at Rothamsted.
bValues are ± standard deviation.
cData obtained during separate research programs at ATO. These data are included for comparison reasons only.

of 2 to 2.5 depending on fibre pre-treatment. The in-
crease in modulus was similar for all four switchgrass
samples (A, B, C, D) tested. The flexural modulus was
slightly higher for the PP composites reinforced with
pulped switchgrass compared to the PP composites re-
inforced with untreated switchgrass. Addition of pulped
switchgrass fibres resulted in a flexural modulus of up to
2900 MPa compared to 2718 MPa for untreated switch-
grass. The use of MAPP as a fibre-matrix compatibiliser
did not promote the flexural modulus of the (untreated)
switchgrass compounds. When pulped switchgrass fi-
bres were used, the addition of MAPP led to a very
small increase in flexural modulus (from 2841 to 3003
MPa for sample A and from 2900 to 3147 MPa for sam-
ple B). As is shown in Table II, the modulus of pulped
switchgrass compounds was somewhat lower than for
flax and jute compounds (2850–3150 MPa vs. 3500–
3900 MPa).

3.3. Flexural strength
The flexural strength of the switchgrass/PP composites
is presented in Table II. Addition of switchgrass fibres,
either pulped or untreated, did only slightly contribute
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to the strength. Additional use of MAPP, however, in-
creased the strength by between 20 and 50%, depend-
ing on the fibre pre-treatment. Cave-in-Rock switch-
grass (D) contributed slightly more to the composite
strength than Kanlow (C). Harvesting in fall (B) yielded
a slightly higher composite strength than harvesting
in spring (A). The pulped switchgrass compounds ap-
proached the flexural strength of jute/PP and flax/PP
compounds ranging between 64 and 77 MPa [21].

3.4. Strain at failure
The strain at failure of PP compounds was reduced by
the addition of switchgrass to PP (Table II). The change
in strain at failure was very similar for all four switch-
grass samples tested. Addition of untreated switchgrass
to PP with or without MAPP reduced the strain at maxi-
mum stress 3.6% compared to 7% for pure PP. Addition
of pulped fibres yielded a strain at failure of 3.1%. When
MAPP was used the strain at failure was 4.1%.

3.5. Charpy impact strength
The impact strength of untreated switchgrass/PP com-
posites ranged between 7.0 and 8.3 kJ m−2, irrespec-
tive of the use of MAPP as a fibre-matrix compati-
biliser. This was much lower than the impact strength
of pure PP which ranged between 52 and 97 kJ m−2.
The impact strength of pulped switchgrass/PP ranged
from 9.5 kJ m−2 for pure PP to 16.9 kJ m−2 for PP
with 10% MAPP as a compatibiliser. The Charpy im-
pact strength of switchgrass composites appeared to
be significantly lower than for flax and jute reinforced
composites which have an impact strength of approx-
imately 25 kJ m−2. The Charpy impact strength was
similar for all four switchgrass samples tested.

3.6. SEM photographs
Untreated switchgrass fibres in PP composites (Fig. 1A
and C) were much coarser than pulped fibres (Fig. 1B
and D). The pulped fibres were not 100% defibrated to
elementary fibres, though. Small bundles of elementary
fibres bonded together can be seen. The pulled-out fi-
bres in both the untreated and pulped switchgrass/PP
samples show fibre surfaces with no PP adhered. The
addition of MAPP to the switchgrass/PP composite
resulted in fibre splitting (Fig. 1C), the fibre halves
being still stuck to the two composite parts. Addi-
tion of MAPP to the pulped switchgrass/PP sample re-
duced the fibre pull out length to nearly zero (Fig. 1D).
Fig. 2 shows SEM micrographs of technical fibres in the
switchgrass/PP composite. The fibres show pull-out of
their own elementary fibres and a rather porous struc-
ture of the technical fibre (Fig. 2B). The switchgrass el-
ementary fibres have different structures. Fig. 3 shows
SEM micrographs of different switchgrass fibres at the
fracture surface of the pulped switchgrass/PP compos-
ite. Most elementary fibres appear to be circular with
a diameter of circa 10–15 µm, some of which have a
concentric layer structure (Fig. 3A) and some of which
have a structure with an outer and inner ring (Fig. 3B).

TABLE I I I Dimensions of untreated and pulped Cave-in-Rock
switchgrass fibres after compounding and injection moulding in PP

Fibre Arithmetic Length weighed

L (µm) d (µm) L/d L (µm) L/d

Untreated 1014 ± 761 303 ± 278 4.3 ± 2.5 1582 4.5
Pulped 243 ± 172 51 ± 39 6.7 ± 5.1 365 7.8

Some elementary fibres have a flat layered structure and
seem partly hollow (Fig. 3C).

3.7. Switchgrass fibre dimensions
The Cave-in-Rock switchgrass fibres have a flat
form after recovering from injection moulded switch-
grass/PP composites, i.e., the cross section is not circu-
lar. This holds for both the untreated and pulped switch-
grass fibres. The length of the switchgrass fibres, which
were recovered from injection moulded switchgrass/PP
specimens, range from 150 to 4100 µm for untreated
fibres and from 40 to 1150 µm for pulped fibres. The fi-
bre diameters range from 50 to 1500 µm for untreated
fibres and from 10 to 250 µm for pulped fibres. The
arithmetic and length weighed averages of fibre length
and diameter are presented in Table III. The cumulative
length over diameter (L/d) distributions of untreated
and pulped switchgrass fibres, after recovering from
injection moulded switchgrass/PP composites, are pre-
sented in Fig. 4. The averages are given in Table III.
The average L/d ratio of the pulped fibres is about 1.5
times larger than of the untreated fibres.

4. Discussion
The chemical composition of the mature Kanlow and
Cave-in-Rock switchgrass is very similar (Table I). The
data are comparable with switchgrass data presented by
Radiotis et al. [6] and Madakadze [11]. The differences
in chemical composition are mainly explained by the
difference in analysis methods applied.

After pulping of Cave-in-Rock switchgrass, the cel-
lulose and lignin content of pulped Cave-in-Rock is
approximately 15% higher than in untreated material.
During the pulping process extractives and hemicellu-
lose are removed easier than cellulose and lignin, thus
increasing the relative amount of these components. It
is generally accepted that higher cellulose and lignin
content have a positive effect on mechanical strength
and stiffness of fibres.

In composites, the L/d aspect ratio of the fibres has
a more direct relation to composite properties than the
fibre length. Therefore, the fibre dimensions in the com-
posite are presented as L/d aspect ratios in Fig. 4.
As a result of the relatively low L/d values, the arith-
metic and length weighed averages differ only slightly
(Table III). The L/d values are similar to fibre aspect
ratios which can be derived for compounded jute bast
fibres in PP from experimental results presented by
Karmaker and Youngquist [22].

For switchgrass fibres, as far as the authors know,
only fibre length and no L/d values are reported.
Madakadze reports arithmetic and length weighed
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(A)

(B)

Figure 1 SEM micrographs of a fracture surface of switchgrass/PP composites: untreated switchgrass/PP (A), pulped switchgrass/PP (B), untreated
switchgrass/PP/MAPP (C), pulped switchgrass/PP/MAPP (D). The magnification is indicated via the scale bar in the micrographs.
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(C)

(D)

Figure 1 (Continued ).
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(A)

(B)

Figure 2 SEM micrographs of switchgrass fibres in the fracture surface of an untreated switchgrass/PP composite: pulled out elementary fibres
(A) and holes from which elementary fibres have been pulled out (B).
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(A)

(B)

Figure 3 SEM micrographs of a cross section of three different fractured pulped switchgrass fibres (A, B, C).
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(C)

Figure 3 (Continued ).

averages for pulped Cave-in-Rock switchgrass fibres
of 0.32 and 0.76 mm, respectively [11]. These fibres
are, however, not compounded in a thermoplastic poly-
mer. The pulped, compounded and injection moulded
switchgrass fibres from this study have arithmetic and
length weighed average lengths of 0.24 and 0.37 mm
respectively. These values are close to the arithmetic
and length weighed average lengths of compounded
kenaf bast fibres as determined by Snijder et al., being
0.28 and 0.44 mm, respectively [23] Apparently, the
thermoplastic compounding process has a pronounced
fibre length reducing effect. This effect has been found
previously for jute and kenaf bast fibres as well [22, 23].
Since fines, in contrast to paper properties, hardly af-
fect composite properties, they are not specifically ad-
dressed in this paper.

The switchgrass fibres were pulped in order to ob-
tain the elementary fibres, which are, similar to other
agrofibres, expected to be stronger than the untreated
fibres [14]. Pulping, followed by compounding and in-
jection moulding, however, did not entirely split up
the switchgrass to elementary fibres (Fig. 1B and D).
The elementary fibres have a diameter of 10 to 30 µm
(Fig. 3), whereas the visual diameter of pulped fibres,
after recovery from injection moulded PP compounds
by extraction with xylene, ranges from 10 to 250 µm.
The limited splitting into elementary fibres during com-
pounding and subsequent injection moulding is experi-
enced before for flax core fibres, also called shives [24].
The pull-out of elementary switchgrass fibres from their

technical fibre during composite fracture (Fig. 2), how-
ever, indicates that the bonding between the elementary
fibres must be quite weak. Therefore, it is surprising that
the combined effort of pulping, compounding and in-
jection moulding is not sufficient to yield elementary
switchgrass fibres.

For comparison, Goel et al. obtained mainly entirely
separated elementary switchgrass fibres after pulping
with diameters ranging between 10–15 µm [25]. Their
switchgrass fibres, on the other hand, were very inten-
sively pulped in 14% active alkali at 160◦C during 1 h.
The intensive pulping of Goel et al. also resulted in a
low pulping yield of 45% whereas our pulping yield
was estimated to be in the range 70–80%. Our pulping
yield could not be measured precisely because of losses
of the relatively small amount of switchgrass pulped in
a pilot scale Sprout-Bauer refiner.

The flexural modulus of switchgrass composites is
lower than of the flax and jute composites. Since the
matrix material is similar for these composites and since
the fraction of fibres in the composites could be very
well selected as a result of the batch compounding pro-
cedure, the limited stiffness must be caused by the lower
switchgrass fibre modulus.

The flexural stiffness of switchgrass composites
seems to increase—though the increase is small—on
pulping the switchgrass fibres and on adding MAPP.
This trend can be explained by the larger amount of
shear sensitive regions in untreated switchgrass fibres
compared to pulped fibres. The presence of these shear
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(A)

(B)

Figure 4 Cumulative length over diameter distribution of switchgrass
fibres, recovered from injection moulded switchgrass/PP compounds:
untreated fibres (A) and pulped fibres (B).

sensitive regions can be derived from Fig. 2 where the
poor bonding between—part of—the individual ele-
mentary fibres is clearly visible. Pulping of the switch-
grass apparently reduces the effect of these shear sen-
sitive regions by partly removing them. Addition of
MAPP also shows a small positive effect on the flex-
ural modulus of the pulped switchgrass/PP composite.
These data indicate that the fibre-matrix interface in the
switchgrass/PP composites is a shear sensitive region
as well. A similar, though more pronounced, trend has
been found previously for the flexural modulus of flax
fibre/ PP composites [26].

Bendzala and Kokta presented tensile results on
switchgrass reinforced polyethylene (PE) and found
an increase in stiffness by a factor of 3–4 by adding
45 wt% switchgrass fibre to PE [27]. Since they used
a PE grade with a modulus of 400 MPa, a fourfold
stiffness increase by adding 45 wt% switchgrass can be
easily achieved. The increase in stiffness by the addi-
tion of 30 wt% switchgrass to PP is similar to that of
40 wt% chalk or 50 wt% waste newspaper flour in PP,
viz. 3100 MPa and 3000 MPa, respectively [15, 28].

The addition of untreated and pulped switchgrass to
PP only yielded a limited increase in strength. This is
caused by the small L/d ratios of the switchgrass fibres
in the composites (Table III and Fig. 4) and by a limited
fibre-matrix adhesion as illustrated by the clean fibre
surfaces in Fig. 1. The increase of the flexural strength
by addition of MAPP, thus improving the fibre-matrix

adhesion, supports this idea. Similar to the flexural
modulus, the effect of MAPP on the strength of pulped
fibre/PP composites is larger than for the untreated fi-
bre based composites. The MAPP compatibiliser can
enhance the fibre-matrix interaction, the weak regions
inside the untreated fibre, however, are unaffected.

The pulped switchgrass composites have a relatively
high strength compared to flax and jute compounds,
70 vs. 77 MPa. This might be called a remarkable re-
sult since elementary flax fibres, which are present in
optimal flax compounds, have strength properties close
to those of glass fibres; circa 1500 MPa [14]. It should
be remarked here, however, that the full potential of the
flax fibres is not utilised in the respective composites,
which is mainly due to the relatively short fibre length
which remains after extrusion compounding and injec-
tion moulding. Compared to commercial chalk filled
PP, which yields a strength of up to 48 MPa [15], the
optimal switchgrass/PP/MAPP compound from this re-
search scores excellent with a strength of 70 MPa. In or-
der to determine the full potential of switchgrass fibres,
however, the tensile and compression properties of the
elementary switchgrass fibres—which to our knowl-
edge are not yet known—need to be determined.

The Charpy impact strength of agrofibre reinforced
compound materials is usually limited compared to
that of pure PP material [3]. This is mainly due to
the decreased failure strain. Moreover, the brittle na-
ture of agrofibres after processing at elevated temper-
atures causes a limited fibre pull-out. The low Charpy
impact strength of switchgrass/PP composites (from 7
to 16.9 kJ m−2) compared to flax/PP and jute/PP (ap-
proximately 25 kJ m−2) is related to the lower stiffness,
strength and failure strain of the switchgrass compos-
ites. The larger impact strength for pulped switchgrass
fibre filled PP compared to the untreated switchgrass
equivalent, both with and without MAPP as a fibre-
matrix compatibiliser, is due to the larger L/d ratio of
the pulped fibres and less weak regions inside these
fibres.

The Charpy impact strength was also lower than for
waste newspaper flour filled PP composites. Yuan et al.
found values up to 23 kJ m−2 for 50 wt% newspaper
flour filled PP with optimised fibre-matrix adhesion
[28].

5. Conclusions
The presented results give a first indication of the per-
formance of switchgrass/PP kneading compounds. In
these compounds, the switchgrass is not entirely split
up into elementary fibres, not even for the pulped fibres.
The fibre length over diameter ratio appears to be small
after kneading, around 4.5 and 6.5 for untreated and re-
finer pulped switchgrass fibres, respectively. The flex-
ural stiffness of PP is nevertheless increased by a factor
of circa 2.5 by addition of 30 wt% switchgrass. This
stiffness approaches that of 30 wt% flax and jute/PP
composites and equals or even surpasses the stiffness of
40 wt% chalk and 50 wt% waste newspaper flour filled
PP composites. Addition of switchgrass fibre to PP does
not enhance the flexural strength significantly. For a
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significant increase in strength of switchgrass/PP com-
posites, the fibre-matrix adhesion has to be improved
via e.g., MAPP. The improved adhesion has been vi-
sualised by micrographs and results in an increase in
flexural strength of 30% compared to PP. Opening of
the switchgrass fibres via refiner pulping yields an extra
increase in flexural strength of PP up to 55% at a fibre
fraction of 30 wt%. This performance approaches the
strength of jute/PP and flax/PP composites. The refiner
pulping yield was estimated between 70 and 80%. The
impact strength of switchgrass/PP composites is much
lower than for PP. Using pulped fibres and simultaneous
use of MAPP as a compatibiliser increased the impact
strength by 100%, however, these values are still some
50% lower than for flax, jute or newspaper flour filled
PP. The difference in switchgrass varieties and harvest-
ing time had no significant effect on the mechanical
performance of the respective composites. The chem-
ical composition of different switchgrass varieties is
also fairly constant.

It is expected that composite mechanical properties
can be improved when the performance of the elemen-
tary switchgrass fibres can be utilised. This should be
possible with an optimised pulping via biorefinery.
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