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� The high specific surface area of NC
improves the fiber-matrix bonding.

� The NC improves the stress transfer
when the composite is subjected to
load.

� At 28 days the hybrid composite
presents a higher modulus of rupture.

� In the hybrid composite, the NC acts
as nanoreinforcement after
accelerated ageing.
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The use of cellulose nanofibers as reinforcement may contribute for improving particle packing and
decrease the crack growth rate of composites at nanoscale. Additionally, the high specific surface area
of cellulose nanofibers contributes to improve the adhesion between the cement particles. Thus, the
aim of this work was the study the performance of hybrid composites reinforced with 8% pulp and 1%
nanofibrillated cellulose compared to composites reinforced with only 9% of pulp produced by the extru-
sion process. The accelerated aging process by means of 200 wet and dry cycles was carried out to assess
composite degradation. In the hybrid composites the nanofibrillated cellulose improved the mechanical
behavior compared to the composite without nanofiber. This improvement may be associated with
greater adherence between the nanofibrils and the cement matrix. After accelerated ageing, the compos-
ites with and without nanofibers showed no reduction in mechanical performance, which is attributed to
the lower alkalinity provided by the accelerated carbonation. Therefore, the nanofibrillated cellulose
showed to be a promising material for use as nanoreinforcement of the extruded hybrid cement-based
composites.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The cementitious materials are ceramic that originally present a
brittle behavior when is subjected to a load i.e. it presents a yield
strength similar to tensile strength. A brittle fracture initially takes
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place at the nano and/or interatomic scales without prior plastic
deformation during elastic loading, because the ions-covalent
bonds of ceramics do not allow the movement of the dislocations
at room temperature due the electrostatic restrictions. In fiber-
cement it is important to consider the nanomechanical behavior
of the calcium silicate hydrate (C–S–H), the binding phase in all
cementitious materials, is one of the most complicated and intrigu-
ing material systems in materials science and engineering [1,2].

A means of minimize the problem of cracking is through the
incorporation of fibers in the cementitious matrix, and conse-
quently the toughness, flexural strength, resistance to cracking
and crack propagation are improved. The main advantage of the
use of fibers as reinforcement of the cementitious materials is in
it post-cracking behavior [3–6]. In this way, mechanical behavior
of fiber-cement composites is also characterized by an interfacial
transition zone in the vicinity of the reinforcing inclusion, in which
the microstructure of the matrix is considerably different from that
of the bulk matrix, away from the interface.

The incorporation of nanofibers in the cementitious matrix is a
partial solution to the challenge of the cracking, due the nanofibers
acting as stress transfer bridges in the nano-cracking. Many studies
have been conducted about the use of the nanofibers and carbon
nanotubes [7–9], which act as bridges over the cracks in order to
create reinforcement mechanisms and to retard cracking in the
nanoscale. Thus, there are improvements in flexural and compres-
sive strength of these materials [10–16].

1.1. Nanofibrillated cellulose

The nanofibers from vegetable origin are an alternative for use
as nanoscale reinforcement of cementitious materials, since they
have additional advantages, such as, abundance worldwide,
renewable, have low density and high mechanical strength and
stiffness [17–21].

A method for obtaining vegetable nanofibres is the mechanical
nanofibrillation. This method causes irreversible changes in the
fibers by isolating cell wall. The nanofibrillation occurs from the
use of shear force without the need for chemicals, such as hydrol-
ysis in acid. Mechanical fibrillation increases the potential for
bonding by modifying the morphology and reducing the size of
the fibers [21–23].

According to Ardanuy et al. [24] the high specific surface area of
the nanofibrillated cellulose provides a good fiber-matrix bonding.
Furthermore, the increase of hydroxyl groups available on the cel-
lulose enables the formation of the hydrogen bonds between
nanofibrillated cellulose and cementitious matrix.

1.2. Inorganic matrices reinforced with nanofibrillated cellulose

Some studies have been reported the use of cellulose nanofibers
as reinforcing cementitious materials. Ardunay et al. [24] used 3.3%
(by mass) of nanofibrillated cellulose from sisal as reinforcement of
mortar. The authors reported an increase of the 26.4% in the flexu-
ral strength and 41.5% in the modulus of elasticity in the mortar
reinforced with nanofibrillated cellulose in comparison to mortar
reinforced with the pulp.

Onuaguluchi et al. [25] produced cement pastes by the incorpo-
rating of nanofibrillated cellulose from bleached pine pulp at levels
of 0.05%, 0.1%, 0.2% and 0.4%. The results showed that the pastes
reinforced with 0.1% of nanofibers presented an increase of 106%
in flexural strength and 184% in energy absorption, comparing to
pastes without nanofiber.

The results of this work show that the use of fibers at the
nanometer scale is effective for increasing the mechanical perfor-
mance of cementitious materials. Additionally, in hybrid compos-
ites, two or more fibers with different characteristics and scales
are combined to produce a new material, which derives benefits
of each individual fiber and displays a synergistic response [26].

In the hybrid composite, microfibers in the pulp form can con-
tribute to a better packing in the cementitious matrix. Hence, it is
possible to use higher fiber contents of around 10% by mass, with a
good anchoring of the fiber in the matrix and higher number of fil-
aments for a given volume of reinforcement, resulting in improve-
ments in the flexural strength and toughness [27–29].

The fibers of different dimensions, in hybrid composites, act to
provide a dense packing and with a better dimensional stability,
and from the use of micro and nanometric fibers, they work as
reinforcements in the corresponding scales and according to their
dimensions.

Besides, there is the reduction of lignocellulosic fiber durability
is caused mainly by the alkaline (pH around 12) environment of
the cement matrix. The pore water, with high alkalinity, damages
the macromolecular chains by means of hydrolysis of the cellulose,
which causes their rupture and a consequent decrease of the
degree of polymerization of the cellulose chains [30].

The curing process may positively influence the performance of
micro and nanometric reinforcements in the cementitious matrix.
The accelerated carbonation curing contributes for the refinement
of the porous structure and decreasing alkalinity of the cementi-
tious matrix, and thereby there is a better adhesion interface
between the particles of the matrix and fibers and better durability
of lignocellulosic fibers [31]. As a result there are better stress dis-
tribution with nano-reinforcement, densification of the matrix and
improvement of the mechanical performance of composites.

Thus, the aim of this study was to evaluate the hybrid cementi-
tious composite reinforced with nanofibrillated cellulose and pulp
using as reference composites reinforced only with pulp in order to
investigate the effect of the nano-reinforcement in the physical,
mechanical and microstructural performance in the extruded
composites.
2. Materials and methodology

2.1. Preparation and characterization of pulp and nanofibrillated
cellulose

The pulp was obtained from bamboo by the organosolv pulping
method, according to Correia et al. [21,32,33]. The pulp was chem-
ical composed by 1.5% of extractives, 14.4% of lignin, 8.8% of hemi-
cellulose and 76% of cellulose, which were, respectively,
determinated according to Tappi Standards [34,35] and Morais
et al. [36].

The nanofibrillated cellulose was produced from unbleached
bamboo organosolv pulp by the grinding method, using a commer-
cial grinder, Supermasscolloider Mini, model MKCA 6-2, with two
grinding stones of aluminum oxide (Al2O3), model MKGA 6-80#,
produced by Masuko Sangyo Co., Ltd., Japan. The nanofibrillation
was produced after 10 nanofibrillation cycles, according to Correia
et al. [21].

The average distributions of the length and width of the pulp
were analyzed using a PulptecTM MFA-500 Morphology Fibre and
Shive Analyser — MorFiTrac, according to Tonoli et al. [37] and Cor-
reia et al. [33]. The structure and the size of the nanofibrillated cel-
lulose were examined from the images obtained via Scanning
Transmission Electron Microscopy (STEM) (FEI Magellan 400 L
Scanning Electron Microscope), according to Correia et al. [21].
The average width of 150 fibers for each sample was measured
from the STEM images using the free software for image analysis
called ImageJ. The scale of the software was calibrated using the
scale bar on the STEM images.



Table 1
X-ray fluorescence chemical analysis of the particulate raw material (% by mass).

Oxide composition Ordinary Portland cement
CP V-ARI

Limestone filler

SiO2 19.1 1.70
Al2O3 4.44 0.21
Fe2O3 2.68 0.17
MnO <0.10 0.04
MgO 2.32 3.04
CaO 63.50 51.7
Na2O 0.36 0.01
K2O 1.10 0.09
TiO2 0.24 0.03
P2O5 0.21 0.08
SO3 2.63 –
SrO 0.14 0.14
Loss on ignition

(1050 �C)
3.52 43.1
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The specific density of the pulp and nanofibrillated cellulose
was measured by means of gas pycnometer (Quantachrome Instru-
ments, Multipycnometer 1000).

2.2. Matrix constituents

The inorganic matrix was composed by the Ordinary Portland
cement (OPC) type CP V-ARI correspondent to ASTM-C150 Type I
[38] and by the ground limestone filler. The quantitative chemical
analysis of OPC and limestone filler was carried out by X-ray fluo-
rescence equipment PANalytical Axios Advanced. The oxide com-
positions are listed in Table 1. The loss on ignition is related with
the quantity of moisture, impurities, organic matter or CO2 lost
in the raw materials at a specified temperature. The specific den-
sity of OPC and limestone filler was 3.07 g.cm�3 and 2.76 g.cm�3,
respectively, which was measured by means of gas pycnometer
(Quantachrome, Multipycnometer 1000).

2.3. Composites production

The hybrid composites and the composites reinforced only with
pulp were produced by the extrusion process. The formulations
listed in Table 2 were inspired in the previous work by Correia
et al. [33].

The water soluble polymers, hydroxypropyl methylcellulose
with 86,000 average molecular weight and 5.39 cP viscosity (at
2% concentration in water at 20 �C), provided by Aditex, and high
range water reducer polyether carboxylic (commercially named
ADVA 190 and provided by Grace) were used as rheological modi-
fiers to promote pseudo-plastic behavior of the extruded compos-
ite. Each additive was applied in the proportion representing 1% of
the total mass of the particulate rawmaterials, and was required to
enable the extrusion process.

The mixture was homogenized in a mechanical intensive mixer
high energy from Eirich (capacity of 10 L) during 5 min at high
speed. The mixture was transferred to a Gelenski MVIG-05 labora-
Table 2
Composition of the extruded fiber-cement composites.

Raw materials Content (% by mass)

Formulation 1 Formulation 2

Ordinary Portland cement (CP V-ARI) 75 75
Limestone filler 25 25
Bamboo organosolv pulp 8 9
Nanofibrillated cellulose 1 –

W/C ratio 0.57 0.51
tory extruder following the procedures adjusted in previous works
[39,40]. The linear speed of the extruder was approximately 4 mm.
s�1. The mixture was re-circulated into the extruder for 2 times
before tailoring the samples. Samples of 200 mm � 50 mm � 15
mm were extruded and immediately transferred to the steel plates
for initial curing and hardening.

The composites of the both formulations were cured in a total
time of 28 days, of wherein, during 2 days the composites were
kept in a saturated environment within the hermetically sealed
packaging at ambient temperature. After 2 days of initial cure the
composites were subjected to accelerated carbonation.

The accelerated carbonation conditions were adopted based on
the adaptation of the methodology used by Almeida et al. [31],
which was used 15% of CO2 in a climate chamber at 45 �C and
70% of relative humidity during 26 days.

2.4. Accelerated aging test

After curing a part of the composites at 28 days was subjected
to characterization in dry condition and another part was sub-
jected to accelerated aging test for the evaluation of durability of
the composites. The samples were submitted to 200 cycles of
immersion and drying (as utilized by Correia et al. [33] and Tonoli
et al. [37], based on reccommendations by the EN 494 Standard
[41] modified.

The accelerated aging test aims to simulate natural weathering
using immersion and drying cycles. The specimens were succes-
sively immersed in water at 20 ± 5 �C for 170 min and heated to
60 ± 2 �C for 170 min in a ventilated oven for drying capillary pore
system. The samples were then stored at room temperature for 10
min prior to the next cycle. The alternation of the immersion and
drying cycles were performed in automatic climate chamber.

2.5. Mechanical tests

Mechanical tests were carried out according to methodology
adopted by Santos et al. [40]. Prismatic specimens from extruded
and cured samples were machined and polished the specimen
sides to obtain nominal dimensions of 80 mm � 20 mm � 15
mm. A servo-hydraulic mechanical testing machine MTS model
370.02, controlled by MultiPurpose TestWare System, was used
for perform the mechanical tests. The three-point bending test
configuration with span of 64 mm, based on the concepts of frac-
ture mechanics were carried out using a load cell of 2.5 kN. Specific
type of specimen and parameters of test were used for each
mechanical propriety: modulus of rupture (MOR), fracture tough-
ness (KIC) and fracture energy (FE). The fracture toughness and
fracture energy were determined using the single-edge notch bend
SENB-type specimens.

The modulus of rupture (MOR) was determined using prismatic
specimens and test configuration as mentioned previously. The
cross-head speed was 5 mm/min. The Eq. (1) was used in calcula-
tion of the MOR.

MOR ¼ 3 � Pmax � LV
2 � b � h2

� �
ð1Þ

where Pmax is the maximum load value, Lv is the major span, b and h
are the specimen width and depth respectively.

Fracture toughness, KIC, was determined to evaluate the initial
crack growth resistance in cement matrix. The prismatic speci-
mens were prepared, with a centred flat notch with depth equal
to 10% of the specimen height and notch tip profile in the shape
of a ‘‘V”, with angle of about 30� using a diamond disc of 0.5 mm
thick to simulate a sharp crack in order to establish the critical
defect size and catastrophic fracture. A cross-head speed of 15
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mm/min was applied. According to Santos et al. [40], the Eq. (2)
was used in calculation of the KIC.

KIC ¼ Pmax

b �w1=2 � yð/Þ ð2Þ

where y(a) is a geometric factor. The ratio a = a/w of initial notch
length to specimen height was 0.1 (or 10% as mentioned before).

The factor y(a) is written as:

yðaÞ ¼ S
w

� 3a1=2

2ð1� aÞ3=2
" #

� 1;99� 1;33a� ð3;49� 0;68aþ 1;35a2Þ � að1� aÞ
ð1þ aÞ2

" #

ð3Þ
where S is the span; a is the relative length of the notch, which, in
turn, is the ratio of the original length of the notch; and w is the
height of the specimen.

The fracture energy was obtained to evaluate the toughness and
the interaction between fiber and matrix with stable crack growth
rate. The specimens with a centred flat notch with 30% of specimen
height and notch tip in ‘‘V” with angle of about 30� were prepared
using diamond disc of 0.5 mm thick. A cross-head speed of 10 mm.
min�1 was adopted and controlled by the actuator displacement to
guarantee stable growth of the crack.

According to Santos et al. [40], the work done by the machine to
completely propagate the crack along the specimen divided by two
times the projected area of the fracture surface (cross-section of
the specimen) was used to obtain the fracture energy, cWoF. The
integration of the load-displacement curve was made up to the
point where the force decreased to 10% of its maximum value
reached during the test.

The dynamic Young’s modulus of the composites was measured
by impulse excitation of vibration. Prismatic specimens with nom-
inal dimensions of 160 mm � 20 mm � 15 mm were used. The
tests were performed in the flexural vibration mode and the calcu-
lation by the Eq. (4) according to ASTM E1876 [42] Standard.

E ¼ 0;9465
m � f 2f

b

 !
� L3

t3

 !
� T1 ð4Þ

where E is the dynamic Young’s modulus; m is the weight of the
specimen (g); L is the length (mm); b is the width (mm); and t is
the height of the specimen (mm); ff is the fundamental flexural res-
onant frequency (Hz); and T1 is a correction factor for the funda-
mental flexural mode, which depends on Poisson ratio (l) and
aspect ratio of the specimen. This correction factor is calculated
by the Eq. (5).

T1 ¼ 1þ 6;585 � ð1þ 0;0752 � lþ 0;8109 � l2Þ � t
L

� �2

� 0;868 � ðt
L
Þ
4

� 8;34 � ð1þ 0;2023 � lþ 2;173 � l2Þ � t
L

� �4
1þ 6;338 � ð1þ 0;1408 � lþ 1;536 � l2 � ðtLÞ

2

" #
ð5Þ
Table 3
Number of specimens used for mechanical tests.

Composites MOR

28 days 8% pulp + 1% NC 10
9% pulp 10

Aged (200 cycles) 8% pulp + 1% NC 10
9% pulp 10
Table 3 shows the number of specimens used for mechanical
tests of the hybrid composites and composites reinforced only with
pulp at 28 days and after accelerated aging.
2.6. Physical tests

Non-destructive physical tests were used to determine the
water absorption, bulk density and apparent void volume of the
hybrids composites and composites reinforced with pulp, accord-
ing to ASTM C-948-82 [43] and Correia et al. [33]. At 28 days eight
specimens of the hybrid composites, and seven specimens of the
composites reinforced with pulp were evaluated. After accelerated
aging, six specimens of each type of composite were used.
2.7. Microstructural analysis of the composites

Mercury Intrusion Porosimetry (MIP) measurements were used
to determine the pore size distribution using a Micromeritics Pore-
sizer 9320 to compare the pore structure of the hybrid composites
and composites reinforced with pulp at 28 days and after acceler-
ated aging test.

The conditions of analysis were: mercury pressure up to 200
MPa; stabilization time in the low and high pressure settings of
10 s; an assumed surface tension of 0.485 N.m�1 and a contact
angle of 130�, which was used in the Washburn equation to con-
vert the applied pressure to the pore diameter. Even though this
technique loses its accuracy for ‘‘ink-bottle” pores and fractures
can be possibly induced in samples under high intrusion pressure,
according to Diamond [44], the MIP measurement is the preferred
method for pore structure evaluation due to its large range of pore
size measurements and easy operation [31].

The polished surfaces of the hybrid composites and composites
reinforced only with pulp were examined by Scanning Electron
Microscopy (SEM) using a FEI Inspect S50. The specific surface area
of the nanofibrillated cellulose and its bonds potential was studied,
analyzing the surrounding of the fibers and its adherence with
matrix. Samples were prepared based on the methodology adopted
by Correia et al. [33]. The polished surfaces of the samples were
covered with gold particles by the sputtering method, for the
material to conduct electrons during analysis.
2.8. Statistical analysis

Statistical analysis was performed using SAS software (version
9.2, SAS Institute). After the analysis of ANOVA assumption, an
assessment was defined by completely randomized design (CRD)
and a comparison between the average values by Tukey test at
5% significance level. A statistical analysis of unbalanced data
was carried out for comparison the physical and mechanical per-
formance of the hybrid composites and composites reinforced only
with pulp.
KIC FE Dynamic
MOE

8 8 7
8 8 6

8 8 7
8 8 6



Table 4
Morphological and physical characteristics of pulp fibers and nanofibrillated cellulose
[21,33].

Fibers Length Width Specific
Density
(g.cm�3)

Bamboo organosolv
pulp [33]

0.8 mm 19.8 mm 1.55

Nanofibrillated
cellulose [21]

Several micrometers [48] 16.2 nm 1.70
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3. Results and discussion

3.1. Pulp and nanofibrillated cellulose

Fig. 1 presents the modifications in the fibers caused by the
nanofibrillation. The Fig. 1A shows the surface of the pulp fiber
with a diameter in microscale. Fig. 1B presents the fiber after
nanofibrillation, which caused irreversible modification in the sur-
face and opened hierarchical structure of the fiber, increasing its
specific surface area.

The high specific surface area of the fibers improve the fiber-
matrix bonding when it is used as reinforcement in cement based
composites, but this require more water demand to maintain an
adequate rheological behavior in the extrusion process. The
water/cement ratio of the hybrid composites (0.57) was higher
than the ones reinforced with pulp (0.51).

Table 4 contains the morphological characteristics and specific
density of the fibers before and after nanofibrillation. The higher
specific density of the nanofibrillated cellulose compared to pulp
is due to the high density of hydroxyl groups on the surface of
the nanofibrillated cellulose, which can strongly interact and lead
to agglomeration and formation of highly entangled network
[45,46], and therefore, increase the specific density of the fibers.

The decrease of length and width of the pulp after nanofibrilla-
tion is due the application of shear force generated by the discs of
the grinder in the cell wall structure of the fiber. The cell wall
structure of the fiber is formed by structured nanofibers in multi-
layer and hydrogen bonds, which were broked during nanofibrilla-
tion, producing nanoscale fibers from the pulp [47,21,32].
3.2. Physical and microstructural characteristics of the composites

The physical characteristics of the extruded hybrid composites
with 8% of pulp + 1% of nanofibrillated cellulose and the compos-
ites reinforced with 9% of pulp at 28 days and after 200 cycles of
immersion and drying cycles are showing in Table 5.

The results of water absorption and apparent void volume show
that there were no statistical differences between both composites
at 28 days. However, the hybrid composite at 28 days was statisti-
cally less dense than the reinforced with pulp. After accelerated
aging, the water absorption and apparent porosity of the compos-
ites decreased due to continued hydration of the matrix and, even-
tually, the carbonation [40].

The extruded composites are heterogeneous materials com-
pounded of domains of different materials (phases), in the length
scale between hundreds of nanometers to several hundred
microns. Thus, the physical characteristics obtained of the compos-
Fig. 1. Pulp fiber surface before nanofibrillation (A) and structural and m
ites are resulted of positives and negatives combined effects of dif-
ferents microstructural parameters, such as specific surface area of
the nanofibrillated cellulose, nanofiber packing density, particle
packing density (Portland cement + limestone) and accelerated
carbonation that contributed to refining pores of the matrix in
the hybrid composites.

Each phase and its characteristics contributed of different way
in the construction of the structure of the composites. The volume
fraction and the distributions of the nanofiber and pulp fiber orien-
tations as well as width, lengths and curvatures were important for
these results. Besides, it is known that the particle packing density
of the cement based composites and chemical additives had an
important influence for decreasing water demand in the extrusion
process.

The use of nanofibrillated cellulose of reduced hydrophilicity
improves strength, but increases the water requirement for pro-
cessing. However, the nanofibers can contribute to decrease the
wall effect that occurs when the coarse particles create additional
voids in the vicinity of the periphery, i. e., adding and dispersing
nanofibers in the cement based microstructure helps filling up
these voids.

The fatigue by immersion and drying caused defects (microc-
racks) in the aged hybrid composites and, therefore its water
absorption and porosity were higher than composites reinforced
only with pulp.

Fig. 2A present the hybrid composites at 28 days and Fig. 2B
present the hybrid composites after 200 cycles of immersion and
drying. The Fig. 2 shows the high surface area of the nanofibrillated
cellulose and its ability to form bonds and improve the packing
with the particles of the matrix (cement + limestone).

3.3. Pore structure of hybrid composites and composites reinforced
with pulp

The cumulative pore size distribution and differential pore size
distribution are shown in Fig. 3A and B, respectively.
orphological modifications after 10 nanofibrillation cycles (B) [21].



Table 5
Physical characteristics of hybrid composites and composites reinforced with pulp at 28 days and after accelerated aging.

Composites Water Absorption (%) Apparent Void Volume (%) Bulk Density
(g.cm�3)

28 days 8% pulp + 1% NC 22.6a 33.7a 1.49a
9% pulp 22.6a 34.7a 1.53b

Aged (200 cycles) 8% pulp + 1% NC 17.3a 26.8a 1.55a
9% pulp 15.8b 24.6b 1.55a

* Average values followed by the same letters do not differ significantly by the Tukey test (p < .05).

Fig. 2. Micrographs of polished surfaces of the hybrid composites at 28 days (A) and
hybrid composites after 200 cycles of immersion and drying (B), indicating the
fibers and the bonds of nanofibrillated cellulose with the matrix.
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The porosity of cement-based materials is basically composed
by capillary pores and gel pores. Capillary pores are permeable
spaces, which are not filled by solid products of hydration cement.
Whereas gel pores have direct relation with hydration products,
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after accelerated aging.
calcium silicate hydrate (C-S-H) in particular. C-S-H is a colloidal
amorphous gel and contains pores, which are called gel pores
[49,50].

The cumulative and pore size distribution curves show that
hybrid composites and composites reinforced with pulp, at 28 days
and after accelerated aging, are majority composed by small capil-
lary pores, between 0.05 and 10 mm. The critical pore diameter of
all composites are presented in the differential pore size distribu-
tion curves (Fig. 3B) between 5.76–0.30 mm.

The curves show a higher volume of mercury intruded in aged
composites than composites at 28 days, in the range of small cap-
illary pores and gel pores. Additionally, the aged hybrid composites
had a higher volume of mercury intruded in the large capillary
pores. It’s believed that the immersion and drying cycles caused
higher incidence of pores in the nanoscale and also great defects
(10–100 mm) as result of microcracks caused by the aging cycles.

At the initial period of the immersion cycles, lignocellulosic
pulp could absorb the water from the cementitious microstructure
since the surrounding water concentration is greater than within
the fibers. At a later stage of drying cycles, the moisture content
within the fibers pulp dry out and thus, fibers shrink to a smaller
size. The shrinkage of the fiber pulp generates microcracks
between the fiber and cement matrix, which weakness interfacial
transition zone.

On the other hand, It is well known that, during curing, the
hydration product forms a shell around the unhydrated cement
particle (i.e., the high density CSH), slowing down the diffusion
of water to its interior. This phenomenon limits the hydration rate
and, as a result, the cores of the cement particles hydrate slowly.
When nanofibrillated cellulose are present in the cement paste, it
initially adhere to the cement particles and remain in the hydra-
tion product shell (i.e., the high density CSH), they could form a
path to transport water from the pore water to the inner unhy-
drated cement core. This may facilitate a larger portion of cement
reacting with water compared with the cement pastes without
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nanofibrillated cellulose. The mechanism of water molecules dif-
fusing along the nanofibrillated pulp networks in the hydration
products shell is here referred as short-circuit diffusion [51].

Thus, there is in the cementitiuous microstructure, reinforced
with lignocellulosic pulp and nanofibrillated cellulose, a balance
between both phenomena: formation of microcracks and forma-
tion of CSH in the interfacial transition zone.

3.4. Mechanical performance of the composites

The mechanical performance was evaluated from modulus of
rupture (MOR), fracture toughness (KIC), fracture energy (FE) and
dynamic Young’s modulus (Dynamic MOE) of the extruded com-
posites at 28 days and after 200 cycles of immersion and drying.
The average values are listed in Table 6.

The value of the modulus of rupture of the hybrid composite is
statistically higher in comparison to the composite without nano-
fibers at 28 days and after accelerated aging. The main contribution
of the fibers in cement based composites takes place in the post-
cracking zone, where the fibers bridge across cracks that have
propagated in the brittle matrix, and thus prevent catastrophic fail-
ure. For this reason, the modulus of rupture is directly associated to
interface between fiber and matrix and performance of the fibers
used as reinforcement, i.e., it indicates of the ability nanofibers to
improvement the stress transfer along the specimen volume when
subjected to load.

It is believed that at 10 nanofibrillation cycles the exposure of
the S2 layer, after removing residual amorphous components of
the fiber (hemicellulose and lignin), which contains proportion-
ately more crystalline cellulose, increase the Young’s modulus of
the nanofibrillated cellulose [21]. Thus, the nanofibers contributed
to increase physical and chemical adhesion; friction; mechanical
anchorage induced by high surface area or by overall complex
geometry in the flexural strength of the extruded composite. This
contribution is shown in Fig. 2A for hybrid composites at 28 days
and in Fig. 2B for the aged hybrid composites.

As for fracture toughness, that represents the initial crack
growth resistance in cement matrix, the results indicate that the
nanofibers present a higher contribution to delay the onset of crack
propagation, mainly after 200 cycles of immersion and drying. The
results of fracture toughness shows that after accelerated aging the
nanofibrillated cellulose preserved its ability to form bonds, once
the fibers have remained undamaged. Fig. 2B shows that in the
hybrid composite, the nanofibrillated cellulose continued acting
as nanoreinforcement after accelerated aging.

The results of fracture toughness of the hybrid composites and
composites reinforced only with pulp are higher than the results
obtained by Santos et al. [40]. The authors produced composites,
reinforced with 3% eucalyptus pulp and 2% of sisal fibers, produced
by the extrusion method and subjected to accelerated carbonation
curing in the supercritical condition. The authors also submitted
the composite to 200 cycles of immersion and drying. The average
results obtained by the Santos et al. [40] was 0.9 MPa.m1/2 and
0.85 MPa.m1/2, for the unaged and aged composites, respectively.

The dynamic Young’s modulus of the aged hybrid composite
was statistically higher than aged composites reinforced only with
Table 6
Mechanical performance of hybrid composites and composites reinforced with pulp at 28

Composites MOR (MPa)

28 days 8% pulp + 1% NC 19.9a
9% pulp 14.8b

Aged (200cycles) 8% pulp + 1% NC 20.1a
9% pulp 17.8b

* Average values followed by the same letters do not differ significantly by the Tukey te
pulp. This results suggest that there was a more effective filling of
pores with the hydration products and natural carbonation and
consequently increased the rigidity of the aged hybrid composite.
However, at 28 days there was no statistical difference in the
dynamic Young’s modulus of hybrid composites and composites
reinforced with only pulp.

The values of fracture energy presented no statistical difference
between hybrid composites and composites reinforced only with
pulp at 28 days and after accelerated aging. These results suggest
that, on the average, the modifications in the extruded composites
with and without nanofibrillated cellulose, as well as the acceler-
ated aging curing were no sufficient to differ the ability of such
composites to absorb energy.

Fig. 4 shows the representative typical stress versus strain
curves of the hybrid composites and composites reinforced only
with pulp at 28 days and after accelerated carbonation.

Comparing the composites with and without nanofibrillated
cellulose at 28 days, the hybrid composite presented a higher mod-
ulus of rupture. This result indicates the ability of the nanofibril-
lated cellulose to form bonding with the matrix, as showed in
the Fig. 2A, and its potential to act as stress transfer bridges in
the nano-cracking. However, the toughness was similar for both
composites at 28 days and after accelerated carbonation, which
can be observed by the similarity of the areas under the curves.

After accelerated aging, the modulus of rupture of the compos-
ites without nanofibers increased and the hybrid composites
showed no significant difference. This performance indicates that
there was no degradation in the fibers and in the composites by
applying of the immersion and drying cycles.
3.5. Correlation between mechanical and physical performance and
microstructure of the composites

The mechanical properties of the cement matrices are directly
influenced by the volume, size and morphology of pores [49].
The relationship between porosity and strength in cement based
materials is inverse, where, in general, pores are detrimental to
strength. However, the interlayer space with the C-S-H structure
and the small pores, which are within the influence of the van
der Waals forces of attraction, and the impermeable pores, such
as gel pores are not considered detrimental to strength. This is
due the stress concentration and subsequent rupture on applica-
tion of load that starts in the large capillary pores and in the micro-
cracks, which are present in the matrix [52].

The physical results presented in Table 5 show a decrease of the
apparent porosity based in the accelerated aging cycles, and a
higher mechanical performance (MOR, KIC and Dynamic MOE) for
such aged composites (hybrid and composites reinforced with
pulp) (Table 6). As cement hydration and carbonation continues
during accelerated aging, the apparent porosity decreases due
the filling of permeable pores (capillary pores) with the hydration
products and natural carbonation. Thus, the aged matrices of
hybrid composites and of composites reinforced with pulp were
densified and consequently, presented a higher stiffness, which is
certified by the Dynamic MOE results.
days and after 200 cycles of immersion and drying.

KIC (MPa.m1/2) FE (J.m�2) Dynamic MOE (GPa)

1.15a 421.8a 10.1a
1.02a 394.7a 9.6a

1.3a 382.2a 13.4a
1.0b 379.1a 12.0b

st (p < .05).
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However, the curves obtained from MIP analysis and presented
in Fig. 3A and B, show a higher volume of mercury intruded in aged
composites in comparison to composites at 28 days. As discussed
in Section 3.3, the higher volume of mercury intruded in the capil-
lary pores of aged composites, mainly for the hybrid composites,
was due the defects caused (microcracks) by fatigue during immer-
sion and drying cycles.

Despite this, the hybrid aged composites have a higher porosity
in the range of gel pores. Gel pores are specifically associated with
the C-S-H gel phase, which is the primary hydration product of
cement [49]. The apparent presence of C-S-H in hybrid aged com-
posites can provide an indicative of better mechanical performance
of these composites, once C-S-H gel contributes to the long-term
strength of cement matrix. Additionally, C-S-H is nanoporous com-
ponent with high specific surface area [53,54] that can have
favoured the packing with nanofibrillated cellulose in the hybrid
composites.
4. Conclusion

The results of this work showed that, in general, at 28 days the
extruded composites with and without nanofibrillated cellulose
presented a similar physical performance. The high specific surface
area of the nanofibrillated cellulose allowed the improvement of
the packing of the nanofibers with the particles of the matrix
(cement + limestone). Hence, the water absorption and apparent
void volume of the hybrid composites were no higher than com-
posites without nanofibers at 28 days, although the higher water/
cement ratio of the composites with nanofibers.

Additionally, the extrusion process contributed significantly to
the mechanical performance of the hybrid composites due to the
ability of this process to distribute the fibers and align them in
the most favorable direction to withstand the flexural stresses.

The content of 1% of nanofibrillated cellulose associated with 8%
of pulp was sufficient to form stress transfer bridges in the nano
and micro cracking, which was confirmed by the higher modulus
of rupture of the hybrid composites. Mechanical tests have also
shown that nanofibrillated cellulose no presented degradation
after accelerated aging of composites, once the values of the mod-
ulus of rupture and fracture toughness of the hybrid composites
were not decreased.

The accelerated carbonation curing contributed to the densifi-
cation of the matrix and increase the dynamic modulus of elasticity
of the composites after accelerated aging. Although nanofibrillated
cellulose works to increase the mechanical strength of extruded
fiber cement, it does not contribute to the increased toughness.

Considering to explained previously and the intrinsic character-
istics of the nanofibrillated cellulose, such as, abundance world-
wide, renewable resource and mainly have a high aspect ratio
and specific surface area, this vegetable material showed to be a
promising material for use as nanoreinforcement of the extruded
hybrid cement-based composites.
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