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� Hornification treatment does not deteriorate the fiber quality.
� Hornificated pulps show good behavior as reinforcement for composites at early ages.
� Hornification process presents potential to be used as a treatment for cellulosic pulps.
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This study evaluated the effect of the hornification process on cellulosic fibers of bleached pine and
unbleached eucalyptus with in order to improve its durability and volume stability to be used as rein-
forcement in cementitious matrices. The study indicated that the treatment did not deteriorate the prop-
erties of viscosity and index of crystallinity and decreased the capacity of water retention. Composites
reinforced with hornificated and untreated pulps with thermal curing or accelerated aging were pro-
duced and evaluated to assess their physical and mechanical behavior. The use of hornificated fibers as
reinforcement generated improvements in the modulus of rupture and specific energy of the composites.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that construction industry is responsible for
solid waste production, large consumption of non-renewable
resources for several materials production and release of green
house effect gases to the atmosphere [1,2], being responsible for
the generation of approximately 30% of CO2 world emissions [2].
Thus, a necessity of minimizing environmental and health prob-
lems arose which stimulated different research studies to develop
new materials from alternative raw material sources, remarking
vegetable fibers as reinforcement materials in cementitious matri-
ces [3,4]. The use of this type of fiber generated great interest by
offering a wide number of advantages, which stands its low cost
when compared to synthetic fibers, high availability, low density,
renewable resource nature and solid waste reuse [3]. In addition,
composites made from these fibers have shown good performance
of thermal properties [5].

The use of long fibers (e.g. Pinus) as reinforcement is common
in fiber cement products on the current market [6]. These fibers
generally perform better than short fibers (e.g. Eucalyptus) [7,8],
as they have higher anchorage length. Moreover, they are thicker
fibers with thick cell walls and therefore, they are stronger com-
pared to fibers with thin cell walls [8]. Regarding short fibers, its
use is economically more favorable [6], their lower fiber length
allows a higher concentration of fibers per gram, improving their
dispersion and distribution within the matrix [9], favoring the per-
formance of the material.

The reinforced composites have a different behavior compared
to not reinforced composites when its maximum tensile strength
is overcome. The latter show an abrupt break with null strain, typ-
ical for brittle materials. The main purpose of reinforcing fragile
cement matrices from plant fibers is to obtain a better mechanical
performance for the composite in practical applications [10]. The
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Table 1
X-ray fluorescence chemical analysis of the cementitious matrix materials in mass
percentage.

Oxide composition Portland cement – CP V-ARI Limestone

CaO 63.5 51.7
MgO 2.32 3.04
SiO2 19.1 1.70
Al2O3 4.44 0.21
Fe2O3 2.68 0.17
Na2O 0.36 0.01
K2O 1.10 0.09
SO3 2.63 –
MnO <0.10 0.04
P2O5 0.21 0.08
TiO2 0.24 0.03

Loss on ignition (1000�) 3.52 43.1
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material must display superior functional characteristics when
compared with the conventional material, for example, an increase
in flexural strength reaching a ductile behavior, greater energy
absorption capacity before failure, cracking control and prevention.
It also allows the use of the material in post-cracked conditions
[11] and a better fatigue and thermal conductivity resistance
[12]. Several studies showed positive results regarding the perfor-
mance of cementitious matrices reinforced with vegetable fibers
[13–15].

However, the use of vegetable fibers as reinforcement in
cementitious composites exhibits some drawbacks associated to
two factors which are considered crucial: (1) degradation of the
fiber constituents (lignin and hemicellulose) and reduction of the
degree of polymerization in the alkaline environment of the matrix
and (2) physical incompatibility (lack of adherence) between the
fibers and the matrix in relation to dimensional variations of the
fibers by its hygroscopicity. The decrease in the degree of rein-
forcement in the composites can be attributed to the decrease in
fiber pullout, being this decrease explained by several factors
working in conjunction, such as weakening of the fibers caused
by the alkaline attack, mineralization of the fibers by migration
of cement hydration products to the core of the fibers and gener-
ated gaps by fiber dimensional change [16].

Several alternatives to extend the life of the plant fibers can be
based either on the fiber processing or on modification of the
cementitious matrix [17,18]. The hornification treatment arises
as a pre-treatment of the fibers. Hornification is a technical term
to describe changes and structural alterations in the cellulosic
fibers originated from either dewatering or recycling of the fibrous
pulp [19]. During the hornification process, inside the fibers, the
fibrils are in contact after drying [20] and the cellulose polysaccha-
ride chains are grouped closely together (firm packaging) with
water removal [21], causing the binding of microfibrils as a flat
strip [22,23]. This all leads to the irreversible loss of water reten-
tion capacity of the fibers [22,24] and the collapse of the vegetable
fiber without dramatically altering their strength properties
[25,26].

The reduction of the water retention capacity of the cellulosic
fibers may have beneficial effects when incorporated as a rein-
forcement for cement matrices, since these fibers have greater
dimensional stability, providing better adhesion between fiber–
matrix and reducing the formation of fouling hydroxide calcium
on the surface and lumen of the fibers, resulting in a reduction in
the degradation of cellulose in the cement matrix [27].

In this study, physical–mechanical performance of cement
matrices reinforced with unbleached eucalyptus and bleached pine
pulp hornificated by four drying and wetting cycles was analyzed.
The physical–mechanical behavior of composites was evaluated
after thermal curing and 200 accelerated aging cycles.

2. Materials and methods

2.1. Materials

Unbleached hardwood kraft pulp of eucalyptus (Eucalyptus grandis e Eucalyptus
urophylla) and commercial bleached softwood kraft pulp of pine (Pinus radiata) sup-
plied by private companies were used as a reinforcement. Unbleached eucalyptus
pulp (UnBE) was taken at the beginning of the bleaching process and disintegrated
with 65% relative humidity and bleached pine pulp (BP) was presented in a dry
sheet form with 10% relative humidity. As cementitious matrix high early strength
Portland cement (CPV-ARI) according to ASTM-C150 Standard [28] and limestone
were used. The oxide composition of the components of the matrix is showed in
Table 1.

2.2. Pulp treatment

The hornification process of the pulps consisted of four cycles of drying and
rewetting, as follows: (1) pulp drying in an oven with air circulation at 60 �C for
7 h; (2) rewetting by immersion in water at room temperature for 15 h; (3) disin-
tegration of wet cellulose pulp in a disintegrator (3.000 revolutions – 10 min)
according Ref. [29]; (4) pulp suspension filtering through a Buchner funnel
equipped with a wire screen (150 mesh). At the end of the process (after 4 cycles),
the fibers were stored in sealed plastic bags until their subsequent use. The horni-
fication methodologies was taken and modified from Claramunt et al. [27].
2.3. Pulp characterization

2.3.1. Water retention value
The water retention values were determined after and before the hornification

process according to the standard Tappi UM 256 [30].
2.3.2. X-ray diffractometry
To measure the crystallinity index of the cellulose pulp before and after the

treatment, the technique of X-ray diffractometry (XRD) was used. The crystallinity
index of cellulose pulps was determined according to the empirical method sug-
gested by Segal, [31]. This method consists in calculating the index of crystallinity
for cellulose (Cr.I.), according to the following Eq. (1):

Cr:I: :
l002 � lam

l002
� 100 ð1Þ

where l002 corresponds to the maximum intensity of diffraction (crystalline) of plane
(002) and lam refers to the intensity of the background scatter (amorphous). The val-
ues l002 and lam were obtained directly from diffractograms of studied pulp.
2.3.3. Viscosity measurements
The viscosity measurements were determined after and before the hornification

process according to the standard Tappi 230 om-04. [32]
2.4. Composites production

4 sets of samples composed of 16 specimens each were prepared. The purpose
of this stage was to evaluate the behavior of composites reinforced with bleached
and unbleached hornificated and untreated fibers, according to their mechanical
properties and durability of the fibers before and after the accelerated aging test.
One set was prepared with untreated pulp and the other one with hornificated pulp.
8 specimens of each series were subjected to accelerated aging treatment. The
experimental composition of the specimens was fixed in mass percentages as fol-
lows: 68% cement, 27% limestone and 5% pulp.

For the production and characterization of the composites, flat plates of cement
with dimensions of 200 � 200 � 5 mm were molded. The production method is
based on raw materials mixing with an excess of water that is removed by vacuum
drainage and subsequent mechanical pressing (3.5 MPa for 5 min) according to the
procedure described by Savastano et al. [33]. Dried pulps were previously dispersed
in water by means of a pulp disintegrator at 3000 rpm for 10 min. Other inputs
were added and homogenized for another 10 min using a high speed mechanical
stirrer (1700 rpm). The formed suspension was transferred to a molding chamber.
For each formulation, plates were pressed individually, and sealed in plastic bags
in saturated conditions for two days and then submitted to thermal curing (con-
trolled environment of 90% RH and 55 �C) for 5 days. Upon completion of the cure,
the plates were cut into four specimens (160 � 40 mm) with water cooled diamond
saw. Series consisting of 8 specimens for each formulation were tested in the satu-
rated conditions (immersed in water 24 h before mechanical testing) and another
series of 8 specimens were intended to accelerate aging.
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2.5. Mechanical and physical characterization

The eight specimens obtained from flat plates were subjected to physical tests
to determine the properties water absorption (WA), bulk density (BD) and apparent
void volume (AVV) according to ASTM C-948-81 Standard [34]. Mechanical proper-
ties determination was carried out by means of four point bending tests, using uni-
versal testing machine (Emic DL-30000 model), equipped with a 1 kN load cell. The
deflection speed used was of 1.5 mm/min in order to determine the values of a
module of rupture (MOR), limit of proportionality (LOP), module of elasticity
(MOE) and specific energy (SE). Setting test were adapted to recommended by
RILEM Committee 49 TFR procedure [35] and adapted by Savastano, et al. [33] for
determination of specific energy. The test was performed until the decrease in
the load carrying capacity to 5% of the maximum load. The specific deflection
was calculated by dividing the deflection by the length of the greater span. For sta-
tistical analysis of mechanical and physical proprieties was used a completely ran-
domized design to compare the means and the Tukey test at 0.05 significance level
using the program S.A.S 9.3 (Statistical Analysis System).
2.6. Accelerated aging method

The specimens were subjected to accelerated aging by a procedure of immer-
sion and drying in order to study the behavior of the cellulosic fibers after aging.
This test was adapted from the standard EN 494 Standard [36], and carried out in
a climatic chamber, (Marconi, model MA 035). Each cycle of complete immersion
in water has a duration of 170 min. Heating cycle to 70 ± 5 �C is kept for the same
period of time. A complete cycle is represented by a full period of immersion and
drying. Between each period of immersion and drying there is an interval of
10 min. The specimens were subjected to 200 cycles of accelerated aging.
2.7. Microstructural characterization of the reinforced composites

Samples of composites reinforced with treated and untreated pulp resulting
from the mechanical tests after thermal curing and accelerating aging were used.
Samples were placed in a low vacuum scanning electron microscope (SEM), brand
Hitachi – model TM-3000, coupled with X-rays microanalysis system by energy dis-
persive spectroscopy. Working with low vacuum allows observing the samples
without metallic covering. A voltage of 15 kV was used. The images were formed
by acquisition of backscattered electrons at different magnifications.
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Fig. 1. Typical stress � strain curves for composites reinforced by bleached pine
(BP), bleached pine treated (BP-T), bleached pine aged (BP-ag) and bleached pine
treated aged (BP-T-ag).
3. Results and discussion

3.1. Physical–chemical characterization of pulp

The physical–chemical characterization of the pulps fibers are
showed in Table 2.

The results shown in Table 2 indicate that after wetting and
drying cycles, mean levels of water retention tended to decrease
for all types of pulps as a result of the collapse of its surface and
pore volume loss [37]. Similar results after hornification cycles
were found by Letkova et al. [38] for kraft pulps bleached eucalyp-
tus, with reductions around 20% in WRV values.

The effect of repeated wetting and drying cycles caused a
decrease in WRV contents for the pulp without treatment, approx-
imately 10% for BP and approximately 24% for UnBE. It was
expected a further reduction in WRV levels for BP in relation to
the absence of lignin and hemicellulose of this kind of pulp, which
promotes the formation of strong bonds between cellulose pulp,
hindering the access of water [26]. However, the greatest reduction
was shown by UnBE fibers, explained by the fact that these fibers
had a condition ‘‘never before dry” before treatment, therefore, it
was expected a greater drop in WRV content.
Table 2
Physical and chemical characterization of cellulosic pulps.

Cellulosic pulp Hornification treatment Water retent

Bleached pine 0 cycles 122.6
4 cycles 110.6

Unbleached eucalyptus 0 cycles 221.2
4 cycles 167.9
The crystallinity indices of the pulps obtained from XRD pat-
terns are shown in Table 2. Considering the behavior of crys-
tallinity after four cycles of hornification, an overall decrease in
the levels is observed, with reductions of about 10% for UnBE and
5% for BP, which can be considered a minimal reduction related
to the treatment effects. This statement is confirmed by several
authors with similar results with insignificant decrease in crys-
tallinity levels for different types of vegetable pulps subjected to
drying and wetting cycles [39,40]. Thus, whereas the degree of
crystallinity influence the physical and mechanical properties of
the fibers [37] and, especially, the elastic modulus [41] it can be
concluded that that these fiber properties are kept after treatment.

The results of the viscosity test are shown in Table 2. This test,
commonly employed as an indirect parameter to measure the cel-
lulosic fiber strength, is related to the average degree of polymer-
ization, where reductions indicate a degree of degradation of the
components of the fiber. The higher viscosity values are displayed
for the UnBE pulp. Viscosity results are consistent and explained by
the degradation suffered by the bleached pulps submitted to the
pulping and bleaching process [42]. After pulp hornification in all
cases a reduction of about 8% for UnBE and 1% for BP is observed.
The decrease of the degree of polymerization is related to the
hornification process of the fiber cell wall, which may cause hydro-
lytic cleavage of covalent bonds linking one monomer to another
[43]. However, this decrease can be considered insignificant and
does not negatively influence the performance of the pulps.
According Claramunt et al. [26], the lessening of viscosity values
about 8% might be regarded as evidence of an insignificant degra-
dation level that will not negatively affect the pulp strength.

3.2. Mechanical and physical performance of the composites reinforced
with treated fibers

In Figs. 1 and 2 typical flexural strength vs specific deflection
curves are observed. These curves were obtained during the bend-
ing test of UnBE and BP reinforced composites with thermal curing
ion value (%) Index of crystallinity (%) Viscosity (cm3/g)

80.7 730
77.0 725

81.8 919
73.4 848
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Fig. 2. Typical stress � strain curves for composites reinforced by unbleached
eucalyptus (UnBE), unbleached eucalyptus treated (UnBE-T), unbleached eucalyp-
tus aged (UnBE-ag) and unbleached eucalyptus treated aged (UnBE-T-ag).
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and after 200 accelerated aging cycles. It is shown primarily the
contribution of the cement matrix in the elastic region until the
first cracking phenomenon and after that point the reinforcing
effect of vegetable fiber, characterized by the transfer of forces
from the matrix to the fibers, which allows up the ductile behavior
in the composite in rather than the typical abrupt rupture of fragile
cementitious matrices.

Composites reinforced with BP fibers as reinforcement behave
similarly to hornificated BP (Fig. 1). Furthermore, similarity can
be seen between the maximum strength value and bending energy
absorption, indicating that hornification is not deteriorating the
fibers to the point of affecting the strength properties though not
significant improvement is perceived. Respect for UnBE reinforced
composites (Fig. 2), it is noted clearly a better performance for
those with treated fibers, resulting in a higher flexural strength
(10.6 MPa) compared to reinforced with untreated fibers
(8.9 MPa). Also the deformation and energy absorption are supe-
rior for hornificated UnBE. Particularly specific energy is approxi-
mately 87% higher for treated UnBE (4.5 kJ/m2) than UnBE
(2.4 kJ/m2).

For every type of pulp, after accelerated aging test a loss of rein-
forcing capacity of the fibers is observed (Figs. 1 and 2) that is rep-
resented by the drastic fall of the stress–strain curve immediately
after reaching the MOR.

Table 3 shows the average values of the physical properties of
water absorption (WA), bulk density (BD) and apparent void vol-
ume (AVV), and mechanical properties of modulus of rupture
(MOR), the limit of proportionality (LOP), MOR/LOP ratio, modulus
of elasticity (MOE), and specific energy (SE) for cementitious com-
posites reinforced with BP and UnBE pulp, treated and untreated,
subjected to thermal curing and accelerated aging (200 cycles).

For unaged composites reinforced with treated and untreated
pulps of UnBE, it is observed slight change in the absence of a sig-
Table 3
Physical and mechanical properties of composites reinforced by pine and eucalyptus treat

Cellulosic pulp WA (%) AVV (%) BD (g cm�3) MOR (MPa)

BP 18.4 ± 1.1a 31.7 ± 1.1b 1.72 ± 0.05a 8.7 ± 0.5a
BP-ag 16.4 ± 0.4c 28.2 ± 0.8c 1.73 ± 0.02a 5.5 ± 1.0b
BP-T 20.5 ± 0.3a 33.6 ± 0.2a 1.64 ± 0.01b 8.5 ± 1.1a
BP-T-ag 18.3 ± 0.1b 30.1 ± 0.3b 1.64 ± 0.01b 3.6 ± 0.8c

UnBE 20.9 ± 0.7a 32.9 ± 0.6a 1.57 ± 0.03a 8.9 ± 1.0a
UnBE-ag 17.2 ± 1.1b 27.5 ± 1.3b 1.6 ± 0.06a 5.7 ± 0.6c
UnBE-T 21.1 ± 0.7a 33.3 ± 0.6a 1.58 ± 0.03a 10.6 ± 0.9b
UnBE-T-ag 17.5 ± 0.4b 27.7 ± 0.2b 1.59 ± 0.03a 6.0 ± 1.1c

*Values with different letters in the same column have statistical difference from Tukey
nificant difference (p > 0.05) when applied Tukey test with a signif-
icance level of 5% of the properties WA, BD and AVV, indicating
minor influence of the treatment. Otherwise for composites rein-
forced with BP, it exists significant variation (p < 0.05) between
treated and untreated fibers.

After accelerated aging process, a trend to decrease in WA and
AVV values for BP and UnBE treated and untreated may be seen.
In general, as noted in Table 3, no significant difference appears
(p > 0.05) for BD values after 200 aging for composites with treated
or untreated pulps.

Composites reinforced with UnBE fibers with and without treat-
ment with thermal curing have the highest WA values and one of
the highest AVV values when compared with pine fibers. This
behavior, according Pehanich et al. [44] can be explained by the
greater number of fibers per gram (short fiber) compared to the
long fibers, since they lead to a higher porosity due to a larger
amount of lumens (more fibers). Even if treated eucalyptus fibers
show a higher porosity, high surface roughness generated by
hornification treatment can ensure better interface with the
cement matrix. The highest WA values were observed for UnBE
and UnBE-T, possibly as a result of the increased presence of hemi-
cellulose component that favors the absorption of moisture.

As a consequence of aging cycles a fall in WA and AVV values
and a tendency to increase in BD is shown, all in relation to the
existing gaps filling in the cement matrix with cement hydration
products and fiber–matrix interface modification [45]. According
Tonoli et al. [46], accelerated aging cycles favors the re-
precipitation and dissolution of cement hydration products around
the fibers or inside of them, causing a reduction of said porosity.

Hornificated fibers showed the highest values of WA and AVV, a
situation explained by their morphology, since the collapse and the
greater roughness of these fibers can impede the drainage of water
during the production stage of the composite.

In previous studies conducted by Tonoli et al. [46], for compos-
ites reinforced with eucalyptus pulps chemically treated to modify
its surface (6% by weight), values between 16.4% and 17.7% of WA,
29.0% and 30.8% of AVV and 1.75 and 1.79 g/cm3 of BD were
obtained, and after 200 accelerated aging cycles values ranging
from 13.5% to 16.2% of WA, 24.6–27.9% of AVV and 1.72–1.83 g/
cm3 of BD were obtained, so no significant differences were
observed in physical properties compared to fibers used for either
case.

The results indicate that the average levels of physical proper-
ties are close to those found in the literature. Furthermore, it is
noteworthy that the WA values for the different formulations are
below 37%, and this percentage the limit established by the NBR
5640 [47], so it may considered that the average values of this
property are acceptable.

For mechanical properties as shown in Table 3 and Figs. 1 and 2,
when compared to composites reinforced with the same type of
pulp treated and untreated, no significant variation is observed
(p > 0.05). Before the cracking of the matrix, regarding the LOP, it
is unclear significant treatment effect (p > 0.05) for any of the cases
ed (T) and untreated with thermal curing or aging (ag).

LOP (MPa) MOE (GPa) Specific energy (kJ m�2) MOR/LOP

4.7 ± 0.7a 10.6 ± 1.2a 4.3 ± 1.1a 1.9a
4.8 ± 1.4a 11.9 ± 2.8ab 0.1 ± 0.1b 1.2bc
5.0 ± 0.8a 12.1 ± 1.6ab 4.4 ± 1.0a 1.7ab
3.6 ± 0.8a 13.7 ± 1.5b 0.02 ± 0.1b 1.0c

5.0 ± 0.5a 9.9 ± 1.2a 2.4 ± 0.6a 1.8b
5.3 ± 1.0a 10.4 ± 0.9a 0.1 ± 0.1c 1.1c
4.6 ± 0.5a 9.1 ± 1.0a 4.5 ± 1.0b 2.3a
4.5 ± 1.0a 9.2 ± 1.5a 0.2 ± 0.1c 1.3c

test (p < 0.05).



Fig. 3. Micrographies of fracture surface of composites thermal cured and reinforced with pulps of BP (a), UnBE (b), BP-T (c), and UnBE-T (d).
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in this study. Similar behavior was observed for the MOE. The
MOR/LOP ratio showed no significant changes for BP. For UnBE a
significant increase is noted for composites with treated fibers
indicating a better performance of the fiber as reinforcement.

For MOR, variation is observed of approximately 3% between
the average values of composites reinforced with treated and
untreated pulp BP. For composites reinforced with UnBE a signifi-
cant increase (p < 0.05) in MOR of about 19.4% is shown. This result
may have been influenced by the viscosity and a greater hornifica-
tion degree (Table 2), as well as improved fiber–matrix interface
and better distribution.

Considering the length of the fiber to SE ratio, the composites
reinforced with BP have the highest values. Thus, a stress which
causes a debonding of the fiber from the matrix produces a large
friction on the interface, so the energy required to collapse a rein-
forced composite is directly proportional to the length of the rein-
forcing fiber [48]. After hornification treatment an increase in SE
levels of approximately 3% for BP samples and 87.5% for UnBE is
achieved. The best results for hornificated UnBE may be related
to the best distribution in the matrix and the rougher the surface
thereof as compared with the BP pulp, thus generating proper
anchoring and performance after matrix cracking.

According to Claramunt et al. [27], cementitious composites
reinforced with modified pine pulp and cotton by four cycles of
drying and wetting showed an increase in toughness of approxi-
mately 20% for pine pulp samples and 5% for cotton, compared to
untreated fiber composites.
The significant increase in SE and MOR for composites rein-
forced with UnBE after thermal curing suggests that this type of
pulp has the best mechanical performance before aging. Therefore,
this behavior may indicate a favorable interface between the fiber
and the cement matrix [49].

When subjected to accelerated aging, the composite showed a
reduction of the MOR values with statistical significance
(p < 0.05) for all types of fiber, as can be seen in Table 3.

The composites with untreated fibers showed a slight increase
in the value of the LOP, whereas composites with treated pulp pre-
sented a slight reduction. There was no significant variation
(p > 0.05) for any of the cases. Similar results were presented by
Tonoli et al. [46] for aged composites (200 cycles) and reinforced
with silane-modified pulps, where not variation of LOP was
observed by the influence of the modification of the fiber.

The MOR/LOP ratio decreases without significant differences
(p > 0.05) between the different formulations, indicating deteriora-
tion of reinforcing capacity. The MOE values show a slight ten-
dency to increase, without any statistical significance (p > 0.05).
This trend relates to continuous aging cycles that cause densifica-
tion of the composite, increasing the fiber–matrix adhesion and
promoting further hydration of the cementitious matrix [46].

For SE, it is observed an intense decrease of the values of this
property, with over 90% reductions in all cases. As stated by Tonoli
et al. [49] the decline of toughness is presented as a function of dis-
solution and re-precipitation of the hydration products that gener-
ates an improved fiber–matrix adhesion and brings on fiber



Fig. 4. Micrographies of fracture surface of composites after accelerated aging reinforced with pulps of BP-ag (a), UnBE-ag (b), BP-T-ag (c), and UnBE-T-ag (d).
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breaking instead of pullout, hence the rougher surface of treated
fibers in addition to the deterioration of fiber quality contributed
to the drop in toughness. When comparing the mean values of
the composites reinforced with the same type of treated and
untreated fibers, there is no statistical deference (p > 0.05).

According to Claramunt et al. [27], for hornificated unbleached
pine pulps, the results for non-treated pine showed a decrease of
MOR (23%) and SE (71%). For treated pulp a decrease of MOR
(20%) and SE (48%) was shown. These results indicate better
preservation of the properties of the treated fibers reinforced com-
posites as compared to the current study. Thus, this situation can
be explained by the difference in accelerated aging processes used.

According to the NBR 15498 Standard [50] for flat plates of
asbestos-free fiber-cement tested in saturated state, values of
MOR of 4 as Category 2 and from 7 MPa as Category 3. So after
accelerated aging test (200 cycles), the composites produced with
treated or untreated pulp were classified in Category 2.
3.3. Microstructural characterization of the reinforced composites

SEM micrographs for fractured surfaces of cement composites
reinforced with untreated and hornificated UnBE and BP fibers
and subjected to thermal curing are shown in Fig. 3.

In Fig. 3a and b, a higher incidence of detachment of the cemen-
titious matrix fibers is observed, possibly as a consequence of
hygroscopic fibers variations. This detachment, pointed by black
arrows, when it occurs, leaves empty spaces where previously
occupied by the fibers. The white arrows indicate a low-adhesion
fiber–matrix interface.
In Fig. 3c and d a better matrix–fiber adhesion is perceived and
a pullout of fibers treated after thermal curing is revealed, as indi-
cated by the white arrows. This event may be explained as a result
of the less dimensional variation of the treated fibers as a conse-
quence of its lower water absorption capacity, as evidenced in
the WRV tests (Table 2).

The trend to increase SE for composites reinforced with hornifi-
cated BP and UnBE, and MOR for hornificated UnBE can corroborate
the hypothesis of a better adhesion between fiber and matrix,
enhancing the gradual pullout of fibers.

SEM micrographs for fractured surfaces of cement composites
reinforced with untreated and hornificated UnBE and BP fibers
and subjected to accelerate aging are shown in Fig. 4.

In the micrographs of aged composites reinforced with
untreated fibers (Fig. 4a and b), fractured fibers (circles) and some
degree of adhesion loss fiber–matrix (arrow) are noticed. With
respect to composites reinforced with treated fibers
(Fig. 4c and d) it is displayed a greater amount of fiber fracture
and a lower loss of adhesion when compared to untreated fibers.

This can be explained due to the higher fiber–matrix adhesion
exceeding the tensile strength of the fiber, resulting in its fracture
or break instead of pulling-out [45,49] and an SE decrease, since
the amount of energy absorbed during the pull-out is greater than
that absorbed during the break. The decrease in WA and AVV after
aging (Table 3), can be attributed to the voids filing within the
matrix and alterations of the fiber–matrix interface. Thus, a matrix
with higher AVV may favor fiber pull-out, while a less porous
matrix may promote fiber break [51]. The composites with horni-
ficated fibers showed the highest values of WA and AVV, indicating
a possible increase in fiber–matrix adhesion.
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As shown in Fig. 4, neither cement hydration products are found
filling the lumens of the fibers nor severe deterioration of the sur-
faces thereof.

4. Conclusions

When assessing the effect of hornification treatment on BP and
UnBE pulps by observing the crystallinity index and viscosity char-
acteristics, it is noted that the process does not generate any signif-
icant change to the studied fibers.

The hornification process resulted in a reduction in water reten-
tion values for all the pulps, being this effect more significant on
the UnBE pulp (24%) compared with BP (10%). This result indicates
a loss of the swelling capacity of the fiber and thus greater dimen-
sional stability and improved adhesion fiber–matrix.

Composites reinforced with hornificated UnBE and BP fibers
after thermal curing, showed no significant changes in physical
properties (WA, AVV, BD) compared to those reinforced with
untreated fibers. After accelerated aging test (200 cycles) decreas-
ing of WA and AVV were observed, which can be explained by the
filling of the voids in the matrix and the interface between fiber
and matrix with the hydration products.

For SE, an increase was observed for all formulations with trea-
ted reinforcing fibers. Treated UnBE stood out as the reinforcing
fiber that generated the best mechanical performance composites,
leading to significant improvements in the properties of MOR and
SE. This result can be attributed to greater degrees of hornification
obtained by this fiber, in addition to being the only virgin fiber of
the study. Subsequent to accelerated aging, all formulations
showed a drop of MOR and SE, while MOE increased, indicating
the matrix densification reducing the material toughness due to
the predominance of fibers break instead of its progressive pull-
out from the matrix.
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