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Abstract The goal of this article was to evaluate the

surface characteristics of the pine fibres and its impact

on the performance of fibre–cement composites. Lower

polar contribution of the surface energy indicates that

unbleached fibres have less hydrophilic nature than the

bleached fibres. Bleaching the pulp makes the fibres less

stronger, more fibrillated and permeable to liquids due to

removal the amorphous lignin and its extraction from the

fibre surface. Atomic force microscopy reveals these

changes occurring on the fibre surface and contributes to

understanding the mechanism of adhesion of the resulting

fibre to cement interface. Scanning electron microscopy

shows that pulp bleaching increased fibre/cement interfa-

cial bonding, whilst unbleached fibres were less susceptible

to cement precipitation into the fibre cavities (lumens) in

the prepared composites. Consequently, bleached fibre-

reinforced composites had lower ductility due to the high

interfacial adhesion between the fibre and the cement and

elevated rates of fibre mineralization.

Introduction

Wood fibre-reinforced cement-based materials have being

increasingly used in most developing countries as more sus-

tainable construction materials [1–4]. The bond between

cellulose fibre and Portland cement is of physical (mechanical

interlocking) or chemical (mainly hydrogen bonds) nature, or

a combination of both [5]. Some previous studies suggested

that the mechanical interlocking (or anchorage) between the

surface of cellulose fibre and cement hydration products, plays

a significant role in bonding formation amongst these phases

[6–10]. The chemical composition of the virgin pulp fibres

(cellulose, polyoses, lignins and extractives) and of the cement

hydration products developed on the fibre surface also exerts

critical influence on the fibre to cement adherence, and con-

sequently on the mechanical performance of the ensuing

composite [11–13].

In addition, the highly alkaline pore water within the

fibre/cement interface can induce the stiffening of the

cellulose fibres by means of the mineralization phenome-

non proposed elsewhere [11, 14–16], which lead to sig-

nificant losses in the mechanical performance of the

composites. The optimal situation would be the protection

of the cellulose fibres from water uptake, which can be

achieved by less hydrophilic surfaces (either natural or
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after an adequate treatment), and without losing the quality

of the fibre bridging that is responsible for the composite

ductility. Although some studies reported of possible

compromise between water absorption (WA) and adhesion

[17, 18], there is still a lack of information about the

influence of the chemical nature and morphology of the

surface of cellulose fibre. Different from the literature,

results presented here are from composites produced via

slurry-dewatering and pressing technique instead of cast-

in-place [16, 19]. Slurry-dewatering and pressing technique

permits obtain composites with lower final water/cement

ratio than those obtained by cast-in-place, influencing

cement hydration and possibly fibre degradation. Slurry-

dewatering and pressing is a simulation of the Hatschek

process, which is currently the most used in the industry for

production of fibre–cement sheets [20]. This study also

shows useful information about the surface and strength of

the pine cellulose fibres, which is currently the most used

cellulose pulp for air cured fibre–cement products [2]. The

effect of pulp bleaching on the chemical nature and mor-

phology of the pine fibre surface, on the fibre strength, and

its consequence on the microstructure and macrostructure

performance of fibre–cement produced by vacuum-dewa-

tering and pressing have not been systematically examined

in the literature. This would lead to better understanding of

mechanisms that affect the performance and the degrada-

tion of cellulose fibre–cement materials produced via

slurry-dewatering. The main objective of this study was

to evaluate the surface properties of the pine cellulose

fibres and its effect on the microstructure, physical and

mechanical properties of the fibre–cement composites.

Materials and methods

Materials

Commercial bleached and unbleached pine (Pinus elliottii)

kraft pulps were used in the experiments. Kappa number of

the pulps was determined following the standard SCAN C

1:77 [21]. The total residual lignin content (TRLC) was

calculated according to: TRLC = (kappa number)/6.546,

as described by Laine et al. [22]. The amount of wood

extractives of the pulps was estimated following the TAPPI

T 204 cm-97 [23] standard. The mean intrinsic viscosity of

the pulps was determined in cupriethylenediamine diluted

solution [24].

High early strength Portland cement (OPC) Type III

according to ASTM C150 [25] and ground carbonate

material were used as the matrix of the fibre–cement

composites. This type of cement is free from mineral

additions (like blast furnace slag or pozzolans) and was

selected because it minimizes the interference of those

additions on the study upon fibre mineralization. Ground

carbonate filler (GCF), commonly used in agriculture, was

used as partial substitution of OPC in order to reduce costs

concerning the production of the fibre–cement. Oxide com-

positions of the OPC and of the GCF were accomplished

by X-ray fluorescence (XRF) spectrometry (PANalytical

Axios-Advanced). Oxide compositions of the OPC and

of the GCF are presented in Table 1. X-ray diffraction

(XRD) was performed using a Philips MPD1880, radiation

Cua, 0.02 (2 h) step and 1 s counting time, for character-

izing the mineral phases in the OPC (Table 1). Particle size

distribution by laser granulometry (Malvern Mastersizer S

long bed, version 2.19) was performed using ethanol as a

dispersion medium. According to particle size distribution,

50% of the particles are smaller than 11.0 and 16.2 lm for

OPC and GCF, respectively. Most of the particles (90%)

are smaller than 27.3 and 64.4 lm for OPC and GCF,

respectively.

Surface morphology of the pulp fibre

Multimode Nanoscope IIIa atomic force microscope

Digital Instrument at tapping-mode (TM-AFM) was used

to study the fibre surface topography, by means of height

and phase imaging data acquired simultaneously. Silicon

cantilever with a spring constant of around 70 N m-1 [26]

and a scan area of 3 9 3 lm2 were used and all the images

were measured in atmospheric (air) environment (temper-

ature ca. 25 �C and relative humidity between 50 and

65%). The higher areas of the fibres were selected for these

measurements, as previously detailed by Tonoli et al. [4].

Table 1 Oxide composition (% by mass) of the cement (OPC) and of the GCF and the cement phases by XRD

CaO MgO SiO2 Al2O3 Fe2O3 Na2O K2O SO3 MnO P2O5 TiO2

OPCa 63.5 3.1 19.4 4.1 2.3 0.2 1.1 3.0 – – –

GCFb 39.1 8.9 9.0 2.2 1.2 0.1 0.4 – 0.1 0.2 0.1

OPC phases by XRD: Ca3SiO5, MgO, Ca(OH)2, CaCO3, SiO2, Ca2SiO4, CaSO4, Ca2Al2O5, Al(OH)3

a Loss of ignition (1000 �C) = 3.3% in mass; b loss of ignition (1000 �C) = 38.7% in mass
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The raw data images were processed and reconstituted

using the software NanoScope� III (v. 5.12b43 2002).

Contact angle (CA), surface energy and water retention

value (WRV) of the pulp fibre

CA measurements were carried out to analyse the surface

energy of the pulps by depositing calibrated droplets of

liquid with different polarities on the surface of cellulose

hand sheets of the investigated pulps using a Pulmac ASF-

C1 to prepare these sheets. The main characteristics of the

liquids used in this study were previously given by Tonoli

et al. [12]. The apparatus was a dynamic CA DataPhysics

OCA absorption tester, equipped with a charge-coupled

device (CCD) camera. The dispersive and polar compo-

nents of the surface energy of the cellulose samples were

determined according to Owens and Wendt [27] approach,

as given by Eq. 1.

cLð1þ cos hÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffi

cD
LcD

S

q

þ
ffiffiffiffiffiffiffiffiffi

cP
LcP

S

q

ð1Þ

where c, cD and cP are the total, dispersive and polar sur-

face energy, respectively. Subscripts L and S refer to the

liquid drop (L) and the solid surface (S), and h denotes the

CA between the solid (cellulose hand sheets) substrate and

the liquid drop.

The WRV of the pulp is an empirical measurement of

the capacity of the fibres to retain water. It was established

according to TAPPI UM–256 [28] standard.

Fibre mechanical and bonding properties

Cellulose hand sheets from unbleached and bleached pulps

were prepared, using deionized water and following the pro-

cedures described by TAPPI T 205 sp-95 [29] standard.

Tensile strength and tensile stiffness of the cellulose hand

sheets were determined according to SCAN P 38:80 [30] and

TAPPI T 494 om-96 [31], respectively. At least eight hand

sheets were used for each test. The fibre strength and fibre

bonding index were measured with a zero-span tester Pulmac

Z2400-C1, according to the standard methods of TAPPI T

273 cm-95 [32] and T 231 pm-96 [33], respectively.

Production of the fibre–cement composites

Cement-based composites were reinforced with pine kraft

unbleached and bleached pulps. Optimal fibre–cement

formulation was chosen based on previous studies [34, 35].

The suspensions with approximately 20% of solids were

prepared using the following constituents (percentage by

dry mass): 10.0% of cellulose pulp, 77.2% of OPC, 12.8%

of ground carbonate material and distilled water. The

correspondent percentage by dry volume of the cellulose

pulp is around 18%. The cement-based composites (flat

pads), measuring 200 mm 9 200 mm and around 6-mm

thick, were produced at laboratory scale using slurry vac-

uum-dewatering process followed by pressing technique,

as described in details by Tonoli et al. [4]. The final water/

cement ratio reached after this process was around 0.3. The

fibre–cement pads were immediately wet sealed in a plastic

bag for the initial cure and kept at room temperature for

2 days, then immersed in lime-saturated water for 26 days.

Pads were wet cut into four 165 mm 9 40 mm flexural test

specimens using a water-cooled diamond saw. Specimens

were tested 28 days after production upon completion of

the immersion curing.

Characterization of the fibre–cement composites

Scanning electron microscopy (SEM) equipped with back-

scattered electron (BSE) detector was used to examine cut

and polished surfaces for characterization of the fibre to

matrix interface. Cementitious phases were identified by

the contrast of atomic number of different chemical ele-

ments using the BSE mode. Dark and light areas are related

to lower and higher atomic numbers, respectively. Identi-

fication of the chemical composition in different spots and

semi-quantitative analysis were carried out by energy-dis-

persive X-ray spectrometry (EDS) in order to complement

the characterization of hydration products. EDS atomic

mapping [12] was also performed in order to localize the

carbon (C), calcium (Ca) and silicon (Si) atoms on the

same polished surface specimens. The preparation of

specimens for BSE and EDS analyses was accomplished

with low pressure (25 kPa gauge) impregnation using

epoxy resin (MC-DUR1264FF). BSE EDS samples were

ground with silicon carbide (SiC) grinding paper as

described by Tonoli et al. [4]. Polished samples were car-

bon coated before being analysed in a LEO Leica S440

microscope with acceleration voltage of 20 kV, current of

150 mA and working distance of 25 mm. In order to avoid

contamination of the EDS analysis from surround phases,

each spot analysed was located at least 2 lm away from

materials clearly consisting of other phases [36]. The semi-

quantitative EDS analyses were the average of several spot

measurements.

The mercury intrusion porosimetry (MIP) technique was

adopted to compare microstructure of the composites, as

usually applied in the characterization of cement-based

materials [37]. MIP was performed using Micromeritics

Poresizer 9320 with pressure of up to 200 MPa. The

parameters values for the mercury were assumed as

0.495 g cm-3 for the surface tension and 13534 kg m-3

for the real density. The stabilization time in both low and

high pressure settings was 10 s. The advancing/receding

J Mater Sci (2012) 47:4167–4177 4169

123



CA was assumed to be 130�. The amount of mercury

intruded at each pressure interval was individually recor-

ded. Specimens were cut with a cubic side length of

approximately 5 mm, dried at 70 �C for 24 h and main-

tained in an air-tight receptacle before evaluation [38].

Physical properties, namely WA, apparent porosity (AP)

and bulk density (BD) values were obtained from the

average of six specimens for each design, following the

ASTM C 948–81 [39] standard.

Mechanical tests were performed using the universal

testing machine Emic DL-30,000 equipped with 1 kN load

cell. Four-point bending configuration was employed to

evaluate the limit of proportionality (LOP), modulus of

rupture (MOR), modulus of elasticity (MOE) and specific

energy (SE) of the specimens, as described elsewhere [12].

The deflection values were divided by the major span

(135 mm) of the bending test, and called specific deflection

(e). The specific deflection at MOR (SDM) is the value of

specific deflection at the point of higher stress (r); it gives

an indication of the capacity of deformation and toughness

of the material under evaluation in the bending test. The

composites were tested wet after immersion for 24 h in

water in order to normalize for the humidity condition.

Results and discussion

Fibre surface properties of interest to fibre–cement

interface

As it was expected, unbleached pulp contained higher

amount of TRLC (*4.0% w/w) comparing to the negli-

gible value determined in bleached counterpart (TRLC

*0.1% w/w). The amount of wood extractives was very

similar and very low for both pulps (around 0.2% by mass).

Bleaching of the pine kraft pulp resulted in surface

modification of the fibres, although no significant changes

were observed in the diameter and length of the fibres.

As presented by the AFM micrographs (Fig. 1), granular

structures were observed on the surface of unbleached pine

fibres that are believed to be, associated with the presence

of lignin and wood extractives [40, 41]. Gustafsson et al.

[40] and Koljonen et al. [41] identified amorphous non-

carbohydrates compounds on the fibre surface of slash pine

and assigned them to the lignin and extractives content.

Laine et al. [22] and Johansson [42] have used X-ray

photoelectron spectroscopy (XPS) and established a lignin

layer with thickness of about 10 nm on the fibres surface.

In this study, the granular phase was correlated with the

high TRLC as reported elsewhere [43].

Figure 2 (arrows) shows the typical fibrillar structures

on the surface of the bleached fibres, with microfibrils

measuring around 50 nm of average diameter, whilst the

average diameter of the granular structures on the

unbleached fibre surface is around 200 nm (arrow in

Fig. 1d). In the fibre–cement composites, the higher the

fibrillar surface of the fibres, the higher is their capacity to

bond with the cement matrix [44].

Unbleached pine pulp had higher contact angles with

water and other polar liquids like glycerol or ethylene

glycol. This lead to lower surface energy compared to the

bleached pine pulps (Fig. 3a).

Figure 3a presents the polar and dispersive contributions

to the surface energy of unbleached and bleached pulps.

Bleaching of the pulps increased the surface energy of the

fibres, due to the increasing in the dispersive and polar

components. The increase in the polar component and

WRV (Fig. 3b) in bleached fibres indicates an improve-

ment of their hydrophilic character due to the cleaning of

the fibre surface from non-carbohydrates constituents of the

fibres [45], such as wood extractives (surfactant-type

molecules) and residual lignin.

Fig. 1 a–c Typical AFM phase images in three unbleached pine fibres; d AFM topography image of unbleached pine fibre [image size is

3 lm 9 3 lm 9 500 nm (z)]. Arrow in (d) shows the granular structures that form the surface of the unbleached pine fibre
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It is known that the bleaching reagents react mainly with

lignin, breaking unsaturated bonds and producing carbonyl

and carboxyl end structures and thereby increasing the

hydrophilic character of fibres [46]. In the bleached pulps,

the number of free OH groups in the fibre surface is higher

than that exhibited by the surface of unbleached counter-

parts [47]. This can explain the reason why unbleached

pine pulp had lower surface energy and WRV, when

compared to the corresponding bleached pulp. The lower

affinity of unbleached fibres to water is a remarkable sur-

face property ensuring the preservation of the fibre from

chemical degradation, since alkaline pore water is the main

agent of fibre weakening within the cementitious matrix

[48].

Figure 4 presents the strength characteristics of unbleached

and bleached cellulose hand sheets. Tensile strength (Fig. 4a)

of the cellulose hand sheets decreased with pulp bleaching

because of decreasing the individual fibre strength (Fig. 4b)

with carbohydrate depolymerisation reactions resulting from

hydrolysis of glycosidic bonds and fibre structure defects

induced by oxidation reaction that takes place during the

bleaching procedures [49, 50]. This statement is supported by

Fig. 2 a–c Typical AFM phase images in three bleached pine fibres; d AFM topography image of bleached pine fibre [image size is

3 lm 9 3 lm 9 500 nm (z)]. Arrows in (d) show the fibril-exposed surface that form the bleached pine fibre

Fig. 3 a Surface energy components (polar and dispersive); and

b average WRV and standard deviation of the unbleached and

bleached fibres

Fig. 4 Average and standard deviation values of a stiffness of

cellulose hand sheets in function of their tensile strength and b fibre

strength in relation to fibre bonding index. Black and white triangles
are related to unbleached and bleached pine pulps, respectively

J Mater Sci (2012) 47:4167–4177 4171
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the drop of the intrinsic viscosity caused by the decrease

of cellulose chains with degradation observed for the

studied fibres, before (*930 cm3 g-1) and after bleaching

(*610 cm3 g-1). Other incremental remark is that bleaching

also caused softening of fibre cell walls, resulting in a decrease

of fibre stiffness (Fig. 4a) and presumably increasing of the

diffusivity of the cement pore solution into the fibres. Despite

the pulp strength loss with bleaching, the increased fibre

bonding index (Fig. 4b) suggests the improvement in hydro-

gen bonding amongst the bleached fibres. This assertion is

supported by the CA measurements, where the surface free

energy of the bleached fibres is higher than that of unbleached

homologues.

Effect of fibre surface on fibre–cement microstructure

and physical properties

The SEM micrographs (BSE) of cut and polished fibre–cement

sections after 28 days of cure are presented in Figs. 5 and 6.

Despite the fibres seem to be shrunken in both composites

series (unbleached and bleached), probably due to vacuum

used during epoxy impregnation, the mineralization of the

bleached fibres is evident. For the composites with unbleached

pine pulp, the EDS spectra show a low amount of calcium

(O/Ca ratio of 6.8 ± 1.1) in the fibre cell wall (spot 1 in

Fig. 5b) and the lumens are free from visible deposition of

cement hydration products (arrow in Fig. 5a). This phenom-

enon was attributed to the presence of macromolecular film

rich in lignin and wood extractives on the fibre surface, cor-

respondent to the residual media lamella. Thus, cement

hydration in the unbleached fibre vicinities was severely

inhibited, or was even stopped at the initial stage of cure, as

observed by the voids around the fibres (arrow in Fig. 5b). This

observation corroborates with the results of MIP (Table 2;

Fig. 7), because the median pore diameter (Table 2) and the

amount of mercury intruded in pores large than 0.1 lm (Fig. 7)

were higher in composites reinforced with unbleached fibres.

Despite the limitations in provide a true pore size dis-

tribution, the MIP technique showed to be efficient as a

comparative index of the pores at the transition zone

between cellulose fibres and bulk matrix and in the fibre

lumen, which pore sizes are in the range of 1–10 lm, as

indicated by the microscopic examination (arrow in

Fig. 5b). The smooth wavelike behaviour of the cumulative

intrusion curves in Fig. 7 is an indicative of the ink-bottle

pores effect in the cellulose fibre-reinforced composites, as

also stated in the literature for other cement-based mate-

rials [51, 52]. Winslow and Diamond [53] brought the idea

of a threshold pore radius based on the hypothesis that an

initial percolating network of pores is formed when the size

of the pores is equal to or larger than this threshold radius,

and then mercury intrudes the innermost part of the sample.

Most of the pores larger than the threshold radius should be

intruded when the corresponding pressure is reached and

the remaining intrusion presumably shows fewer charac-

teristics of the ink-bottle effect [52]. In this study (arrow in

Fig. 7), the mercury intrusion in the range of pores higher

than 10 lm takes place in the unbleached fibre composite

before than the bleached fibre composite. Therefore, the

threshold pore radius for unbleached fibre composites is

systematically higher than for bleached counterpart, clearly

indicating the higher size of the pores disregarding the

Fig. 5 Typical SEM BSE

images of the polished surfaces

of composites reinforced with

unbleached pine pulp, after

28 days of cure (a, b). EDS

spectra are signalized in the

corresponding micrographs

(spots 1–3). Arrows in (a,

b) show fibre lumen free from

deposition of cement hydration

products, and void around the

fibre, respectively
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actual volume of mercury intruded. According to Diamond

[51], such MIP uses do appear to be valid as a comparative

index within the restrictions imposed by the nature of the

mercury intrusion technique.

According to the literature [54, 55], the minimum size of

pores detected by MIP is about 7 nm. Mindess and Young

[54] suggested that pores smaller than 10 nm do not con-

tribute to water and ionic transport and therefore they were

not considered in this article.

The film rich in lignin and extractives on the surface of

unbleached fibres results in fewer Ca2? and Si4? and other

ions released into the cement solution around these fibres

and consequently lower rates of precipitation into the fibre

lumens. Mohr et al. [19] reported that lignin and wood

extractives play a protecting role against fibre mineraliza-

tion in cast-in-place composites, acting as a chemical and

physical barrier to the penetration of Ca2? ions into the

fibres. In this study, whose the composites were produced

via slurry-dewatering, this chemical and physical barrier in

unbleached fibres is equally important because difficult the

Fig. 6 Typical SEM BSE

images of the polished surfaces

of composites reinforced with

bleached pine pulp, after

28 days of cure (a, b). EDS

spectra (in the right column) are

signalized in the corresponding

micrographs (spots 1–3).

Arrows in (a) show cement

hydration products precipitated

in the fibre lumens

Table 2 MIP data of composites reinforced with unbleached and

bleached pine pulps

Mercury intrusion porosimetry

data

Unbleached Bleached

Median pore diameter: volume

(lm)

0.298 ± 0.015 0.111 ± 0.009

Median pore diameter: area (lm) 0.015 ± 0.009 0.016 ± 0.005

Average pore diameter: 4 V A-1

(lm)

0.06 ± 0.01 0.05 ± 0.01

BD (g cm-3) 1.52 ± 0.02 1.55 ± 0.01

Apparent (skeletal) density

(g cm-3)

1.99 ± 0.03 2.05 ± 0.01

Fig. 7 Cumulative MIP of the composites reinforced with unbleached

and bleached pine pulps. Arrow indicates the large mercury intrusion in

higher pore sizes for unbleached fibre composite
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entrance of cement solution into the fibres during the

vacuum steps throughout the fibre–cement manufacture.

Moreover, the precipitation of cement hydration products

around the unbleached fibres after 28 days of cure was

practically inexistent, as evidenced by the arrow in Fig. 5b.

The EDS spot analyses show that the elemental composi-

tion of the hydration products in the cement paste (spot 2,

Fig. 5b) present Si/Ca ratio in the range of 0.28–0.43, S/Ca

ratio in the range of 0.02–0.04 and Al/Ca ratio in the range

of 0.05–0.08.

For the composites prepared with bleached fibres; the

lumens are visibly filled by cement hydration products rich in

calcium (arrows in Fig. 6a), and as evidenced by the EDS

spectra (spots 1 and 2, Fig. 6b). The rougher fibrillated surface

(Fig. 2d), and the higher surface energy (Fig. 3a) of the

bleached fibres suggest their higher capacity of adhesion with

other phases. In the bleached fibres, the lignin and wood

extractives were practically fully removed, which allows the

ion diffusion process at the fibre to cement interfacial zone.

Cement ions move and precipitate at the fibre surface (spot 2,

Fig. 6b) and permeate into the cell wall and the fibre lumens

resulting in accelerated mineralization of the cell wall (spot 1,

Fig. 6b). Such phenomenon occurred due to the high con-

centration gradients of cement ions at fibre surface [16].

Therefore, bleaching turned the fibres to be more susceptible

to mineralization.

A large cement precipitation around the bleached fibres

is observed. As a consequence, a decrease in the pores and

spaces in their vicinities is induced as shown by the arrow

in Fig. 6b and with the results of MIP (Fig. 7). The EDS

spot analyses show that the elemental composition of the

hydration products in the bleached fibre cell wall (spot 1,

Fig. 6b) presents a O/Ca ratio of 3.4 ± 0.8, in the fibre

lumen (arrows in Fig. 6a) and at the interface (spot 2,

Fig. 6b) presents Si/Ca ratio in the range of 0.05–0.45,

S/Ca ratio in the range of 0.01–0.08, and Al/Ca ratio in the

range of 0.02–0.08. Cement paste (spot 3, Fig. 6b) in the

composites with bleached fibres presents Si/Ca of

0.49 ± 0.01, S/Ca of 0.04 ± 0.01 and Al/Ca ratio of

0.08 ± 0.03. Based on this results, one could speculate that

Ca(OH)2 crystals and some sulphate-rich phases (e.g.

monosulphate and ettringite) that exist in the fibre lumen

and at the interface, may be beneficial to interlocking

between fibre and cement. It could also result in better

bond strength by means of intermolecular forces [15, 56,

57].

The higher precipitation rates in the fibre lumens and in

the fibre to matrix interface with bleached fibres corrobo-

rates the results of MIP (Table 2) and physical properties

(Table 3), where median pore diameter, WA and AP was

lower and BD and apparent (skeletal) density was higher in

the bleached fibre-reinforced composites, comparing to the

same parameters observed for unbleached fibre-reinforced

counterparts. The precipitation of hydration products, such

as Ca(OH)2 or sulphate-rich species, in the fibre–matrix

transition zone, can restrain fibre swelling and shrinkage

upon wetting and drying, respectively [19].

Finally, in the EDS atomic mapping of the calcium

atoms of the polished surfaces corresponding to bleached

fibres-reinforced composites, calcium (green) is located

within the fibre cell wall (Fig. 8d). The concentration of

carbon (red) decreased in the fibre cell wall. In the com-

posites reinforced with unbleached fibres, the carbon atoms

are still present in great amount within the fibre cell wall

(Fig. 8b). Thus, the components of fibre cell wall in the

unbleached fibres seem to play an important role in mini-

mizing the mineralization and degradation of the fibres

during curing.

Effect of fibre surface properties on fibre–cement

mechanical performance

Table 4 depicts the summary of the mechanical properties

achieved with composites reinforced with unbleached and

bleached pulps. LOP and MOR values do not seem to be

influenced by the fibre bleaching, whilst MOE values

increased with bleaching due to the increase of fibre to

cement adherence. Mineralization of the fibre cell wall

increases the affinity of the fibre surface to cement [16]. If

fibres adhere more to the cement or their lumens are filled

with cement precipitations, the incidence of pulled-out

fibres is drastically reduced in a more packed structure in

the composites (Table 2). Then, fibre rupture may occur

and the fibre–cement composites absorb less energy from

fibre to cement friction [9, 10]. For this reason, pulp

bleaching decreased the values of SE and SDM of the

fibre–cement composites (Table 4).

The fact that unbleached fibres present smoother sur-

face, lower surface energy, higher fibre strength and

absence of precipitation in their boundaries provides them

the capacity to dissipate higher energy through the mech-

anism of pull out than their bleached counterparts. Con-

sequently, composites reinforced with unbleached fibres

had higher values of SE and SDM (Table 4). Also,

unbleached fibres in the composites were usually free from

Table 3 Average and standard deviation values of physical proper-

ties of composites reinforced with unbleached and bleached pine

pulps

Physical property Composite

Unbleached pine fibres Bleached pine fibres

WA (%) 23.2 ± 1.0 21.1 ± 1.2

AP (%) 33.8 ± 0.7 33.0 ± 1.2

BD (g cm-3) 1.46 ± 0.03 1.57 ± 0.04
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hydration products in their cavities (lumen), as evidenced

by the EDS spectrum with high carbon content (spot 2,

Fig. 5b) and by the EDS atomic mapping (Fig. 8a, b),

which makes them more flexible and less brittle than the

bleached homologues.

Figure 9 shows the comparison between the typical stress

versus specific deflection curves of the fibre–cement com-

posites. In both samples, the presence of fibre guaranteed the

pseudo-plastic behaviour of the composites at the age of

28 days, with the peak strength (MOR) occurring after the first

crack strength (LOP). However, composites reinforced with

bleached pulp fibres exhibited a fracture process less stable

because they presented a major drop in the post-cracking

region, comparing to the composites reinforced with

unbleached pulp, as illustrated in Fig. 9. In the case of

bleached fibres, the adhesion could be higher than the fibre’s

strength and therefore they may rupture, instead of performing

the complete frictional slip process.

Conclusion

AFM and surface energy measurements demonstrate

clearly the changes on the fibre surface owing to bleaching.

Fibres with lower polar contribution to the surface energy,

that was the case of unbleached pine fibres, presented lower

WRV, suggesting they are less hydrophilic than bleached

counterpart. Unbleached fibres have high strength and

stiffness, and present a thin lignin and extractives-rich layer

on their surface, which reduces water intake and acts as a

physical and chemical barrier to cement penetration into

the fibre cavities (lumens). As a result, unbleached pulps

were less susceptible to mineralization after curing in the

fibre–cement composites. Different from the literature,

Fig. 8 Typical SEM BSE

images (left) and EDS atomic

mapping (right) of C (red), Ca

(green) and Si (blue) of the

polished surfaces of composites

reinforced with a, b unbleached

pine fibres and c, d bleached

pine fibres. Images obtained

after 28 days of cure (Color

figure online)

Table 4 Average and standard deviation values of mechanical

properties of composites reinforced with unbleached and bleached

pine pulps

Mechanical property Composite

Unbleached pine fibres Bleached pine fibres

LOP (MPa) 5.0 ± 0.5 5.7 ± 1.4

MOR (MPa) 9.9 ± 1.2 9.4 ± 1.4

MOE (GPa) 8.6 ± 1.4 10.0 ± 0.5

SE (kJ m-2) 4.9 ± 0.4 3.5 ± 1.1

SDM (lm mm-1) 67.5 ± 12.0 33.3 ± 6.0

Fig. 9 Typical stress versus specific deflection curves for composites

reinforced with unbleached and bleached pine pulps, after 28 days of

cure
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results presented here are from composites produced via

slurry-dewatering and pressing technique, instead of cast-

in-place. The lumens of the bleached fibres are filled with

cement hydration products, probably Ca(OH)2- and sul-

phate-rich present phases, and presented an improved fibre

to cement adherence due to the fibril-exposed surface and

precipitation of that cement hydration products in the fibre

vicinities. MIP and microscopic examination show com-

paratively the impact of bleaching on the composite

microstructure. Fibres that strongly adhere to cement will

rather fracture instead of being pulled out from the matrix

with greater dissipation of energy. Consequently, fibre–

cement composites reinforced with bleached pulp pre-

sented lower toughness than those made with unbleached

homologues. This contribute to better understanding of the

impact of fibre surface properties on the fibre–cement

interface, on the composite performance and on the

mechanisms that affect the degradation of cellulose fibre–

cement materials produced via slurry-dewatering. In gen-

eral, the use of bleached instead of unbleached pine fibres

allows obtaining stiffer but more brittle composites.

Otherwise, the use of unbleached instead of bleached pine

fibres contemplates a cheaper cellulose fibre alternative,

providing economy in the manufacture and presumably

improvements in the durability of the fibre–cement

product.
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