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Tensile Strength Assessment of Injection-Molded High
Yield Sugarcane Bagasse-Reinforced Polypropylene
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Sugarcane bagasse was treated to obtain sawdust, in addition to
mechanical, thermomechanical, and chemical-thermomechanical pulps.
The obtained fibers were used to obtain reinforced polypropylene
composites prepared by injection molding. Coupling agent contents
ranging from 2 to 10% w/w were added to the composite to obtain the
highest tensile strength. All the composites included 30% w/w of
reinforcing fibers. The tensile strength of the different sugarcane bagasse
fiber composites were tested and discussed. The results were compared
with that of other natural fiber- or glass fiber-reinforced polypropylene
composites. Pulp-based composites showed higher tensile strength than
sawdust-based composites. A micromechanical analysis showed the
relationship of some micromechanical properties to the orientation angle,
critical length, the intrinsic tensile strength, and the interfacial shear
strength. The pulps showed similar intrinsic tensile strengths and were
higher than that of sawdust. The properties of the sugarcane bagasse
composites compared well with other natural fiber-reinforced composites.
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INTRODUCTION

Sugarcane is currently the most important raw material used in the production of
ethanol in tropical and subtropical regions. Sugarcane bagasse is the residue of the
extraction of sugarcane juice from sugarcane, and it is used as a combustible material for
supplying energy to sugarcane factories, as a pulp raw material in papermaking industries
(Khakifirooz et al. 2013; Diab et al. 2015; Jesus Vargas-Radillo et al. 2015), as a fiber in
fiberboards (Hoareau et al. 2006; Ashori et al. 2009), and as reinforcement/filler for
composite materials (mineral or degradable matrix-based) (Cao et al. 2006; Karim et al.
2013; Boontima et al. 2015; El-Fattah et al. 2015). The annual production of sugarcane
amounted to 184 million tons in 2013 (Theng et al. 2016), and the bagasse amounts usually
measure at 260 kg of moist bagasse per sugarcane ton (Lois-Correa 2012). Consequently,
bagasse fibers are a reliable source of fibers in tropical and subtropical regions.

The amount of exploitable bagasse fibers depends on the morphology of the wastes
and the process used in their preparation (Fuentes Talavera et al. 2007). The residue
generally contains 50 to 55% by weight of vegetal material for the production of high
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quality fibers and 30 to 35% by weight of pith, which results in lower quality fibers; the
rest consists of other vegetable components (vessels, skin, etc.) and extractives (Lois-
Correa 2012; Jesus Vargas-Radillo et al. 2015). It is possible to apply high-yield treatments
to lignocellulosic materials to obtain sawdust or reinforcing fibers for composites. These
treatments mainly include mechanical pulping (MP), thermo-mechanical pulping (TMP),
and chemical-thermomechanical pulping (CTMP) (Nourbakhsh and Kouhpayehzadeh
2009; Reixach et al. 2013a; Samariha et al. 2013). Usually, thermal and chemical
treatments involve the extraction of fiber components such as lignin, hemicelluloses, and
extractives (Li et al. 2001). The yield of the resulting reinforcements varies from almost
100% in the case of sawdust to 85% for CTMP (Reixach et al. 2013a). In agreement with
the principles of green chemistry, a process that makes use of a by-product and generates
less by-product itself is preferable to another process that generates higher amounts of by-
products (Anastas and Warner 1998). Consequently, the material with the highest
properties will not always be the best because the importance of the relative property must
be weighed against the process yield. Recently, the differences in yield did not justify
marginal improvements in the tensile strength of CTMP-reinforced composites, such that
MP-reinforced composites were favored (Reixach et al. 2015). In any case, when the
matrix is a polypropylene, the use of MAPP is essential for obtaining a good interphase
between the matrix and the reinforcement/filler; this requirement is independent of the
nature of the fibers. For sugarcane bagasse, it is possible to make full use of the by-product
to obtain reinforcing fibers. From a chemical point of view, both the fiber and pitch
fractions have similar chemical compositions of 68 to 69% holocellulose and 21 to 22%
lignin (Jesus Vargas-Radillo et al. 2015). Consequently, the fibers and the coupling agent
should have a similar affinity.

Polypropylene (PP), which is commonly used on an industrial scale because of its
relative low cost, good mechanical properties, easy processing, and availability
(Bhattacharya et al. 2008; Harun et al. 2008), is also used in fiber-reinforced composites.
One disadvantage of polypropylene natural fiber-reinforced composites is that the fibers
are usually hydrophilic and the matrix hydrophobic, which can create difficulties in
forming the composite interphase. Coupling agents such as maleic anhydride (MAPP) are
employed during processing to obtain a good interphase between the fibers and the matrix
(Rodriguez et al. 2010; Girones et al. 2011; Serrano et al. 2013). MAPP reacts with the
cellulose hydroxyl groups; the resulting chemical bond and entanglement of the PP chains
allows for a suitable dispersion of the reinforcing fiber in the matrix (Kazayawoko et al.
1999). Good compatibility at the interphase leads to better stress transfer between the two
components, which then improves the mechanical and physical properties of the
composites (Youssef et al. 2008).

Natural fibers are used as thermoplastic matrix reinforcements in a wide range of
fields due to their economic benefits and renewability (Vallejos et al. 2006; Arrakhiz et al.
2013). The main advantages of natural fibers over traditional reinforcing materials are their
good specific strength properties, low cost, low density, good thermal properties, enhanced
energy recovery, and biodegradability when compared with mineral fibers such as carbon
or glass. In contrast with other industrial crops such as jute, sisal, hemp, or bamboo (among
others), bagasse fibers have been poorly studied as a source of naturally reinforcing fibers
for plastic composites (Lashgari et al. 2011). Furthermore, analysis of the scarce
bibliography (only the last 10 years) is also difficult due to the nature of the sugarcane
bagasse fibers used to prepare the composites. There are some terminology issues, as there
are mentions of whole or depicted sugarcane bagasse.
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There are also different preparation methods: the bagasse could be prepared by
means of mechanical, semi-chemical, or chemical treatments. Additionally, the methods
used to prepare the specimens also vary (compression, injection molding, etc.). There are
also discussions on the methods to ensure a good interphase (using or not using coupling
agents). All the aforementioned issues add more difficulty to understand clearly the actual
state of the art of the sugarcane bagasse reinforced composites. In any case, the authors
understood “whole” as the fully exploitation of the biomass, and intended to prepare the
reinforcements after a complete exploitation of the initial sugarcane bagasse.

For wood plastic composites, the tensile strength increases slightly when a filler is
added (up to 16 % with a 30% w/w and MAPP), or slightly decreases when no MAPP is
used (Naghmouchi et al. 2015). Only one study has reported on compression-molded
composite materials reinforced with sugarcane bagasse sawdust (Samariha et al. 2013), but
this study does not provide the tensile strength of the PP matrix, making it difficult to
predict the behavior of the composite. Other sawdusts, such as corn stalk waste, have
rendered up to 16% increases utilizing 30% w/w sawdust contents (Flandez et al. 2012).
Another study using 30% w/w sawdust gathered from wheat straw and corn stalk obtained
very remarkable and surprising increases of around 40% in tensile strengths while always
using coupling agents (Panthapulakkal and Sain 2006). However, there are also studies that
have reported poor results despite using coupling agents, such as using mold-injected
ground sunflower and ground corn cod sawdust and obtaining a slight descent in the 30%
w/w reinforced composites (Fuqua et al. 2013). Another similar example of negative
effects on tensile strength in the absence of coupling agent occurs in core pulp sawdust
composite materials, where the tensile strength decreases abruptly against the filler
percentage (Ramaraj 2007), or even in the case of alkali-treated bagasse fibers (Karim et
al. 2013). For mechanical fibers involving MP, TMP, and CTMP, there has been only one
publication related to sugarcane bagasse, which achieved a low 16% increase in the tensile
strength of the matrix with a reinforcement content of 30% w/w, even while using MAPP
as a coupling agent (Nourbakhsh and Kouhpayehzadeh 2009). Another study achieved a
30% increase in the tensile strength of the matrix using a 40% w/w corn stalk TMP content
and 6% MAPP (Flandez et al. 2012).

In this work, four types of reinforcement were prepared from sugarcane bagasse
biomass using high yield processes to make sawdust, mechanical, thermomechanical, and
chemical-thermomechanical pulps. The fibers were obtained after a full exploitation of the
sugarcane bagasse biomass. These materials were morphologically characterized to assess
their reinforcement capability. Composite materials were prepared with 30% w/w
reinforcement content using polypropylene as a matrix.

To enhance the fiber-matrix interphase, MAPP was used as a coupling agent.
Different percentages of MAPP were assayed, and the percentage that rendered the highest
tensile strength was identified. The resulting composite materials were injection-molded,
obtaining standard tensile specimens that were tested to obtain their tensile strengths and
their elongations at break.

Finally, the interphase micromechanics were studied using Kelly-Tyson equations
(Kelly and Tyson 1965) that were reformulated to establish critical length as a main factor
(Lee et al. 2014).
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EXPERIMENTAL

Materials

Sugarcane bagasse (SB) (Saccharum officinarum) was provided by the University
Pontificia Bolivariana (Medellin, Colombia). The composites were prepared using
polypropylene (PP) homopolymer (Isplen PP099 G2M) with an average melt flow rate
(230 °C; 2.16 kg) of 55 g per 10 min and a density of 0.905 g/cm?, kindly provided by
Repsol-YPF (Tarragona, Spain). To promote the compatibility between the matrix and the
fiber, maleic anhydride-grafted polypropylene Epolene G3015 with an acid number of 15
mg KOH/g (MAPP) was used as a coupling agent, provided by Eastman Chemical Products
(San Roque, Spain).

Other reactants that were used include decahydronaphtalene (decalin) to dissolve
the PP matrix in the fiber extracted from the composites process and sodium hydroxide
used in the preparation of the fibers. The above reagents were provided by ScharLab, S. L.
(Barcelona, Spain). Anthraquinone was provided by BASF (Tarragona, Spain).

Methods
Preparation of sugarcane bagasse sawdust and fibers

The SB was put through a cutter-mill and screened in a 5-mm sieve. To prepare the
sawdust, SB biomass was ground to 0.2 mm. Mechanical pulp (MP) was obtained by
passing the SB through a manually adjusted Sprout-Waldron 105-A defibration device
(Muncy, USA). For thermomechanical pulp (TMP), the biomass was treated at 160 °C for
15 min at a liquor ratio of 6:1. For bagasse chemi-thermomechanical fibers, the biomass
was submitted to a sodium hydroxide/anthraquinone (AQ) digestion process (5% NaOH
wiw, 0.1% AQ w/w) at a liquor ratio of 6:1 and 160 °C for 30 min. Afterwards, the slurry
was washed using a 400 mesh (37 um) filter. The TMP and CTMP processes were finalized
with a defibration using Sprout-Waldron equipment.

Compounding

Sawdust and fibers were dried for 24 h at 105 °C and were then mixed (30% w/w)
with 0 to 10% of MAPP contents in a Gelimat kinetic mixer model G5S by Draiswerke
(Mahaw, USA) at 2500 rpm for 2 min until a discharge temperature of 210 °C was
achieved. The obtained mixtures were granulated in a knives mill.

Injection molding

The obtained materials were used for the production of dog bone specimens in a
Meteor 40 injection-molding machine (Mateu & Solé, Barcelona, Spain). The specimens
were conditioned in a climatic chamber at 23 °C and 50 % relative humidity for 48 h before
the tensile tests were performed, according to the ASTM D618-13 (2013) and ASTM
D638-14 (2014) standards.

Mechanical characterization

The tensile tests were performed according to standard ASTM D638-14 (2014).
The samples were tested in a dynamometer DTC-10 supplied by IDMtest (San Sebastian,
Spain), fitted with a loading cell of 5 kN and working at a speed of 2 mm/min. At least five
specimens were evaluated for each formulation.
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Morphological characterization

Fiber length distributions, diameters, and the percentage of fines were measured in
a MORFI analyzer (Techpap, Grenoble, France). The equipment measured between 25000
and 30000 fibers. Four samples of each type of fiber were analyzed.

Tensile strength micromechanics
The intrinsic strength of the fibers (o) was defined by the following modified rule
of mixtures (Thomason 2002; Lee et al. 2014).

atC = f, 'UtF VF+(@1-V F).atm* (1)

where £ is the compatibility factor; in the case of favorable interphases, fc is supposed to

be 0.2. ai” and &® are the ultimate intrinsic tensile strength of fiber and the tensile strength
of the composite material, and o™ is the tensile strength of the matrix at the breaking point
of the composite.

The interfacial shear strength (7) measures the maximum load that the interphase
could transmit from the matrix to the reinforcement. Previous research showed that for
good interphases, 7 could be adjusted using the Von Mises criterion (Vallejos et al. 2012),

r=ar /B @

where o™ is the ultimate strength of the matrix.

Attending to the shear load theory, the reinforcing fibers, in the case of a short fiber
reinforced composite, can be classified as subcritical or supercritical. A supercritical fiber
is completely charged, and it is able to accumulate loads up to its intrinsic tensile strength.
A subcritical fiber is unable to reach its intrinsic tensile strength. The critical length, L.,
was estimated using the following equation (Li et al. 2009),

d¥.of
LF=" "t
‘ 2.7 3

where dF is the mean width of the reinforcing fibers.

Although the Kelly and Tyson equation usually shows 3 unknowns and the solution
provided by Bowyer and Bader allows its solution, the formula was rewritten to establish
the critical length as the main factor (Kelly and Tyson 1965; Bowyer and Bader 1972),

LlIF.vF] & L -vF -
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where 7¥is the volumetric fraction of the fiber in the composite and, Ii¥ and I;F are the
percentage length distributions of the subcritical and the supercritical fibers, respectively.
When all the other factors are known, the remaining unknown is the orientation factor (1)
(Lopez et al. 2011; Reixach et al. 2013b; Serrano et al. 2013; Lee et al. 2014).
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RESULTS AND DISCUSSION

Sugarcane Bagasse Morphological Characterization

Sugarcane bagasse was submitted to different treatments. Table 1 shows the yield
of each process against the initial amount of biomass and the morphological
characterization of each type of filler/reinforcing material.

Table 1. Morphological Characterization of the Obtained Fibers

Test Sawdust MP TMP CTMP

Yield (%) 99.2 97.11 87.63 85.07

Fiber length* (um) 261 521 602 685

Fiber diameter (um) 27.73 24.02 26.57 25.45

Fines content™ (%) 87.94 59.01 38.32 34.25

Aspect ratio 9.4 21.7 22.6 26.9
*: weighted

*: percentage in length

Table 1 also shows that the yield against the biomass was lowered according to the
aggressiveness of the treatment applied to the fiber. For sawdust the yield was 99.2%,
whereas for the CTMP it was 14 points lower. Processes that add thermal or chemical
treatments modify the chemical composition of the fiber surface. For SB fibers, it is
probable that surface hydroxyl group density increased due to the progressive elimination
of a small fraction of lignin and extractives. Reixach et al. (2013b, 2015) obtained yields
of 99.1% for MP, 94.7% for TMP, and 90.1% for CTMP for orange tree pruning. These
values are comparable to those achieved with SB. The CTMP treatment increased the
average length of the fibers. This result may have been caused by the initial use of chemical
treatments that separated individualized fibers without mechanical loads. The lower mean
length that occurred in the MP fibers may have been due to the fact that the
individualization is based only on mechanical energy, which could have damaged and
broken the fibers.

The mean length of the fibers increased with the intensity of the treatments, as
thermal treatment eliminates or softens some lignin and extractives, promoting
individualization during the mechanical treatment (Flandez et al. 2012). The fiber diameter
changed little between MP, TMP, and CTMP, but was slightly bigger in sawdust. The
values could be considered the same at around 26 um (95% confidence).

Table 1 also shows that fines decreased with the aggressiveness of treatment, due
to the softening of the raw material that resulted in an easier separation of the fiber bundles.
The aspect ratio (ratio between fiber length and diameter) also increased with the intensity
of the treatments. Fibers with aspect ratios higher than 10 tend to act as reinforcements (if
a good interphase is achieved), while phases with lesser aspect ratios tend to act as fillers.
The obtained aspect ratios are in line with previous studies (Flandez et al. 2012; Vallejos
etal. 2012).

Effect of the coupling agent on tensile strength

As mentioned previously, the matrix and fibers have hydrophobic and hydrophilic
natures, respectively. Consequently, it is difficult to properly wet fibers with a matrix and
create the bonds necessary to ensure a good interphase. The addition of small amounts of
MAPP improves the quality of the interphase. The maleic anhydride in MAPP creates
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hydrogen bonds with the hydroxyl groups of the cellulose on the fiber surface. However,
the polypropylene portion of the MAPP diffuses in the polymeric matrix. Figure 1 shows
the behavior of the tensile strength versus the MAPP content. As predicted, a fast increase
in the tensile strength was observed when 2 to 4% MAPP was added to the composites.
For the 6% MAPP sample, the tensile strength showed a local maximum. Further additions
of MAPP slightly decreased the tensile strength of the composites. Higher percentages of
MAPP result in self-entanglements, which decrease the composite strength (Bledzki and
Gassan 1999; Franco-Marques et al. 2011). Consequently, 6% MAPP achieved the best
interphase, and, thus, the highest tensile strength.
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Fig. 1. Composite tensile strength versus MAPP content

Other studies showed that similar percentages of MAPP achieved the highest tensile
strengths. In studies of stone groundwood (SGW) and orange tree pruning, 6% MAPP was
the optimum dosage, with the exception of CTMP, which only required 4% MAPP (Lopez
et al. 2012a; Reixach et al. 2013b). In untreated kenaf strands, the optimum dosage was
2% MAPP (Sanadi et al. 1995). Generally, NaOH treatment (CTMP) enhances the
interaction with MAPP, allowing for better tensile strength (Lopez et al. 2012a). As
previously mentioned, due to the treatment intensity and the expected higher presence of
cellulose and hydroxyl groups on the fiber surface, CTMP was expected to produce higher
tensile strengths than MP. Because the tensile strengths were almost equal for MP, TMP,
and CTMP, all treatments produced fibers with similar affinity for MAPP and possibly
similar surface chemical compositions.

Tensile strength properties

Table 2 shows the tensile strength (&), maximum elongation at breaking point
(), and toughness of the prepared composites. As a consequence of the previous section,
6% MAPP was added to all composites. Table 2 also shows the contribution of the matrix
to the final strength of the composite, as represented by the mean value of the stress in the
strain stress curve at the strain at break. To compute the value of o™, the experimental
stress strain curve of the matrix was approximated to a 4™ order polynomial:
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o" =-0.0159(g)* +0.3721(°)° - 3.674(° ) +14.8953(¢) +0.0493 (5)

For all treatments, the tensile strength of the composites improved compared with
the matrix, with increases of 18.2% for sawdust, 46.7% for MP, 46.34% for TMP, and
41.9% for CTMP. The addition of sawdust slightly increased the tensile strength, and it
behaved more as filler than reinforcement. Other studies on wood plastic composites
showed similar values. The results were 15% lower compared with a 30% w/w SGW/MP-
reinforced PP. The decreased tensile strength is probably due to decreased intrinsic tensile
strength of the fibers and a lower aspect ratio (Lopez et al. 2011). The low aspect ratio
limited the area of the interface and the ability of transmitting shear loads from the matrix
to the fiber, and the decreased intrinsic tensile strength limits the amount of stress that a
fiber could admit without breaking.

Table 2. Tensile Strength Properties of Different Treatments on Bagasse

. VF o & Toughness o™
Composite (%) (MPa) (%) kImd) | (MPa)
PP 0 2760+ |930£001| 367 ]

0.35
PP + 30% Sawdust | 0218 | 3263+ |211:007 | 005

203 16.01
PP + 30% MP 0212 | 4051+ |371+026| 009

o 20.22
PP + 30% TMP 0212 | 4039+ |389+006| 011

>3 20.40
PP + 30% CTMP 0213 | 3918+ |330+031| 009

e 19.59

Note: all composites contained 6% MAPP

Figure 2 shows the tensile strength of composites with different matrices and
treatments. The standard deviation of the values showed that there was little variation.
Although the tensile strength of the MP, TMP, and CTMP were different in mean value,
ANOVA showed that they were not statistically different (95% confidence).
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Fig. 2. Tensile strength of PP composites with sawdust, MP, TMP, and CTMP reinforcement, and
6% MAPP
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The elongation at the break decreased with the addition of the reinforcement,
obtaining increasingly rigid and fragile materials. This behavior is similar to that observed
in other natural fiber-reinforced composites. Compared with SGW-reinforced composites,
the elongation at the break was 4.2% and was 4% for MP orange pruning fibers, where in
all cases 30% reinforcement and 6% MAPP were added to the composite (Lopez et al.
2011; Reixach et al. 2015). Toughness is associated with the stress and strain at break as
well as the shape of the stress-strain curve. The obtained values were very similar for MP,
TMP, and CTMP, which were higher than the sawdust, showing their greater ability to
absorb mechanical energy. The percentage of the matrix contribution is in line with similar
studies (Reixach et al. 2013a; Serrano et al. 2013).

Fiber tensile strength factor

In previous works, some of the authors defined a fiber tensile strength factor (FTSF)
that accounts for the net contribution of the reinforcements to the final strength of the
composite. The modified rule of mixtures for the tensile strength (Eg. 1) presents two
unknowns, the intrinsic tensile strength and the coupling factor. When both factors are
united and renamed FTSF, the equation can be solved. The resulting FTSF accounted for
the slope of the regression curve between 0 and the net contributions of the fibers to the
final strength of the composite against the fiber volume fraction (Lopez et al. 2012a;
Reixach et al. 2013a). The rearranged version of the rule of mixtures is:

of —(L-V o™ =1f,-0/V" =FTSF-VF (6)

The computed FTSF for the sawdust, MP, TMP, and CTMP was 92.24, 115.91,
114.67, and 111.55, respectively. It is clear that the MP fibers had a higher strengthening
potential. Nonetheless, the TMP and CTMP showed similar results. The sawdust showed
25% less strengthening potential. This value is similar to that of SGW, with a 109.4 FTSF
(Lopez et al. 2011). Nonetheless, the sugarcane bagasse fibers showed a slightly higher
strengthening potential than the fibers from orange tree pruning, with FTST from 90.3 to
97.2 (Reixach et al. 2015).

Because the FTSF calculation does not require morphological data, it is an industry-
friendly method that can differentiate the potential of various fibers without expensive or
time consuming methods or machinery. For a more thorough analysis, a morphological
study of the fibers inside the composite is needed.

Morphological characterization

During mixing and injection, the reinforcing fibers are submitted to attrition
phenomena that reduce the mean length of the fibers. Therefore, a sample of the reinforcing
fibers was obtained from inside one of the composites to determine the fiber length
distribution (Fig. 3). The values of the average twice-weighted lengths within the
composite were 200, 418, 480, and 514 um for sawdust, MP, TMP, and CTMP,
respectively. The sawdust displayed lesser length decreases than the rest of the fibers. TMP
and CTMP showed notable decreases in their mean length, resulting in similar weighted
values around 500 um. The shape of the length distribution (Fig. 3) varied from one type
to the other. Usually the length distribution inside the composite is independent of the
distribution outside the composite, but in the case of SB, a slight similarity between both
length distributions was found, and there was a linear correlation between the mean lengths
inside and outside the composite.
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Fig. 3. Fiber length distributions inside the composite material. Length percentage versus fiber
length for sawdust, MP, TMP, and CTMP

Modeling tensile strength micromechanics

Once the obtained tensile strengths were compared with other composite materials
reinforced with natural fibers, it was assumed that adding 6% MAPP created a good
interface between the fibers and the matrix. Thus, a value of 0.2 was assumed for the
coupling factor in the rule of mixtures for the tensile strength (Eq. 1). The computed
intrinsic tensile strengths for the fibers were 461, 579, 573, and 558 MPa for the sawdust,
MP, TMP, and CTMP, respectively. The values are lower than those obtained for SGW
(617 MPa) (Lopez et al. 2011, 2012a,b). However, as previously mentioned, the SB fibers
showed comparatively lower aspect ratios than SGW, and as such, the lower intrinsic
tensile strengths were also expected.

The Von Mises criterion (Eq. 2) allowed the computation of a value for the interface
shear strength, which was 15.93 MPa. The Von Mises criterion slightly overestimates the
value of 7, but it is a good tool for providing for the upper bounds of .

Once the values of 7 and ai" and the morphological properties were established, it
was possible to compute a value for the critical length (Eg. 3), as shown in Table 3.

Table 3. Matrix Contribution to Composite Strength and Micromechanic Tensile
Strength Properties of the Composites

Sample (Mgga) (LLJ;) U(ti@'li%n;c i
PP + 30% sawdust | 461.24 305.37 78.50 0.305
PP + 30% MP 579.56 487.36 93.95 0.315
PP + 30% TMP 573.39 438.99 97.86 0.298
PP + 30% CTMP 557.77 392.03 100.36 0.280

The proposed Kelly and Tyson modified equation (Eqg. 4) was also needed to
evaluate the contribution of the matrix to the composite strength (ai™) (Table 1). Given
the strain at break of the composite (Table 1), it was possible to compute the value of the
contribution (Table 3). Table 3 also shows the value of a hypothetically aligned composite
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(71=1) (o aiigned®). Given these input values and considering the restructured Kelly-Tyson
model, the orientation factor (1) became the only unknown. Table 3 shows the computed
values.

The values of the orientation factor (1) were close to 0.3 for sawdust, MP, TMP,
and CTMP. The value of the orientation factor was highly related to the equipment used to
prepare the specimens. In past reports, the values were between 0.25 and 0.35.
Consequently, the obtained value validates assumptions to evaluate the intrinsic tensile
strength and the interfacial shear strength.

Kelly and Tyson’s modified equation (Eq. 4) divides the contributions to the final
composite strength into three main factors: subcritical fibers (X), supercritical fibers (Y),
and matrix (Z). Equation 4 can be rewritten as: oi° = X + Y + Z, where

e

Y == Zl( i {1_ L; |VFJ :|]'6t': (8)

F_ | F
I =L¢

Z=@1-VF)-o™ )

Figure 4 shows the percentage contributions for X, Y, and Z. The higher
contributions were derived from the supercritical fibers and the matrix, while the subcritical
fiber contributions were minor, remaining around 10% in all cases. The highest percentage
contributions belonged to the supercritical fibers.
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Fig. 4. X, Y, and Z percentage contributions to composite strength

If the combined contributions of the subcritical and supercritical are added together,
then the fibers contributed to around 60% of the total strength. This value is similar to the
52% obtained for a 30% hemp-reinforced PP (Vallejos et al. 2012). For higher fiber
amounts, the fiber contribution (X+Y) could grow up to around 75% (Vallejos et al. 2012).
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Fig. 5. SEM micrographs of 30% w/w PP reinforced with (a) sawdust and (b) CTMP

SEM analysis

To assess differences in the fiber behavior within the matrix, Fig. 5 shows SEM
images of 30% w/w for the PP composite materials reinforced with SB. The MP, TMP,
and CTMP showed similar characteristics, while sawdust images showed different
behaviors.

Figure 5a shows a slipped-out fiber. The broken fiber shows a two stage crack,
where the first is at the base of the fiber and the second was an individualized fiber that
slipped out of a bundle. There were no voids around the fibers, showing the effect of the
coupling agents. Possibly due to the inferior length of the fibers and its superior diameter,
the interface area was reduced, and when the fibers were submitted to axial forces, they
tended to slip out of the matrix. The rest of the reinforcing fibers (Fig. 5b) corresponded to
CTMP fibers. The microphotography also showed a good interface, without the presence
of voids around the fibers but with higher individualization. It also shows that the fibers
tended to break at inferior lengths, supporting the hypothesis of higher interfacial areas,
and thus the ability to sustain higher loads without breaking or slipping out.

CONCLUSIONS

1. Sugarcane bagasse fiber reinforcements, derived from the fully exploitation of the
initial biomass, adds value to a by-product and extends the value chain of the
agricultural industry. Its use can also provide low cost alternatives to wood fibers and
simultaneously reduce CO. emissions due to its combustion.

2. The MP, TMP, and CTMP provided fibers with aspect ratios higher than sawdust. MP,
TMP, and CTMP could be used as reinforcing fibers in the field of natural fiber-
reinforced composites, and sugarcane sawdust could be a good alternative filler for
wood plastic composites.

3. The MP-, TMP-, and CTMP-reinforced composites yielded improved mechanical and
micromechanical tensile strength properties compared with neat PP. A significant
increase in the mechanical properties of the composites was obtained for composites of
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PP with 30% MP in the tensile strength property, with a 97.11% vyield against the
sugarcane bagasse initial biomass.

4. MP, TMP, and CTMP showed significant strengthening capabilities, with FTSF values
similar to other natural fibers.

5. The micromechanical properties revealed a good interphase between the
reinforcements and the matrix.

6. Insum, 30% in weight of reinforcing fibers contributed to more than 50% of the final
strength of the composite. The main contribution was due to the supercritical fibers,
i.e. the difference between the total content of fibers and the critical value.

7. SEM micrographs showed a good interphase between the fibers and the matrix.
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