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a b s t r a c t

This paper evaluates the advantages of using hardwood short fibre pulp (eucalyptus) as alternative to
softwood long fibre pulp (pinus) and polymer fibres, traditionally used in reinforcement of cement-
based materials. The effects of cellulose fibre length on microstructure and on mechanical performance
of fibre–cement composites were evaluated before and after accelerated ageing cycles. Hardwood pulp
fibres were better dispersed in the cement matrix and provided higher number of fibres per unitary
eywords:
ibre–cement
nterface
hort fibres
rainage

weight or volume, in relation to softwood long fibre pulp. The short reinforcing elements lead to an
effective crack bridging of the fragile matrix, which contributes to the improvement of the mechanical
performance of the composite after ageing. These promising results show the potential of eucalyptus
short fibres for reducing costs by both the partial replacement of expensive synthetic fibres in air curing
process and the energy savings during pulp refining.
urability
icrostructure

. Introduction

In developing countries, there is an urgent need for low cost
sbestos-free fibre–cement products with acceptable performance
nder aggressive climates. Therefore, there is a demand for alterna-
ive raw-materials, as appropriate fibres and binders, to substitute
he conventional ones, which involve high cost and great con-
umption of energy in their processing (Coutts, 2005). Another
oncern is the durability of the products. Mechanical properties
f fibre–cement composites are very sensitive to the uniformity of
olume distribution (dispersion) of the fibres in the cement matrix.
ccording to Bentur and Mindess (2007), a geometrical parame-

er which is of significance in controlling the performance of the
omposites is the distance (spacing) between the fibres. Usually,
racks initiate and advance from the section of a composite that
as larger fibre-free matrix regions and fibre clumping (Akkaya
t al., 2000). The initiation of a crack requires less energy if the
ize and number of matrix regions that are not reinforced by fibres

ncreases. This phenomenon is more pronounced if it is considered
s the progressive embrittlement of the cement matrix throughout
ts ageing.

∗ Corresponding author. Tel.: +55 19 3565 4269; fax: +55 19 3565 4114.
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Campbell and Coutts (1980) showed the advantages of using
long fibres, i.e. softwood pulps from Pinus sp to replace asbestos
fibre as reinforcement in commercial cement-based products.
However, the potential use of short fibres to decrease the incidence
of unreinforced matrix regions has been insufficiently explored.

Due to the need of reducing costs, considerable research efforts
have been carried out during the last years to explore the potential
of fast growing and cheap fibre alternatives (Coutts and Ni, 1995;
Savastano et al., 2003, 2005). In tropical regions, eucalyptus is a
fast growing hardwood species with good fibre qualities and rela-
tively cheap market price (Campinhos, 1999). Although eucalyptus
pulp has been widely employed in the paper industry throughout
the world, there is limited information in the scientific literature
concerning its use as reinforcement in fibre–cement. Eucalyptus
pulp presents shorter fibres than pinus pulp. Using short fibres is
possible to have higher number of fibres per volume or weight
in relation to long fibres and, therefore, to reduce the fibre-free
areas, i.e. the distance between the fibres. Additionally, the smaller
the fibre length (which generally relates to lower aspect ratio), the
easier the fibre dispersion (Chung, 2005).

Furthermore, pinus fibres are usually highly refined in order to

improve malleability, fibrillate their surface and improve fibre to
cement bonding, processing and strength of the fibre–cement com-
posites produced by the Hatschek process (Coutts, 2005). However,
there was no prior evidence that refining improves the durability
performance of products reinforced with eucalyptus pulp. Avoiding

http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:gustavotonoli@usp.br
dx.doi.org/10.1016/j.indcrop.2009.10.009
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r decreasing the intensity of fibre refining could be great advan-
age during the stock preparation due to the savings in refining
nergy as well as to the minimization of damages caused in the fibre
ell wall, which, in general, decrease their strength. Therefore, short
ellulose fibres may improve the processing of the fibre–cement
roduct with minimal costs in their preparation (Tonoli et al., 2009).

There is still a lack of information regarding the influence of the
ellulose fibre length in the mechanical performance and durabil-
ty of the fibre–cement composites. The present work shows the
rogress in the engineering issues of cement-based composites
y the use of hardwood short fibre pulp to improve its reinforce-
ent characteristics into the composite. A deep investigation at
icrostructural level has been carried out to explain some com-

lex interactions between the fibre properties and the final product
ehaviour. Furthermore, the current research also investigates the
otential of partial replacement of more expensive synthetic fibres
y the eucalyptus pulp.

. Experimental

.1. Pulp characterization

Morphological properties (e.g., length, diameter and fibrillation)
f fibres were analyzed by a PulptecTM MFA-500 Morphology Fibre
nd Shive Analyser – MorFiTrac. This equipment consists basically
f a CCD (charge-coupled device) camera that captures images of
he fibre/water suspension and records them for further analy-
es by software that operates the measurements and statistical
orrections (Wätzig, 2008). Detailed procedure and other morpho-
ogical characteristics of these pulps were presented in Tonoli et al.
2009).

For the characterization of the fibre surface the Tapping-mode
tomic force microscopy (TM-AFM) was used to obtain height
nd phase imaging data simultaneously, with Nanoscope III-Digital
nstruments. Silicon cantilever with spring constant of around
0 N/m (Digital Instruments, 1996) and a scan area of 3 �m × 3 �m
ere used. All images were measured in air. Images were collected

rom around 10 different fibres for each sample so that the main
xis of the fibre was parallel to the slow scan axis of the AFM, with
n accuracy of some degrees. The samples were prepared in the lab-
ratory environment with temperature around 25 ◦C and relative
umidity between 50% and 65%. To avoid contamination and cut of
bres during sheet formation, the samples were evaluated as indi-
idualized fibres. Pulp was dispersed at 0.06 g/L concentration and
ome drops were deposited on the glass microscopic slide. Prior to
FM imaging the fibre samples were dried on the glass slides and
onded on the sample stubs.

Test cellulose sheets were prepared in a Pulmac ASF-C1 in
rder to determine the individual fibre strength and the fibre
onding index, which was measured in a zero-span tester Pul-
ac Z2400-C1. The fibre bonding index evaluates the fibre to fibre

nteractions and gives an idea of the hydrogen bonding capacity
f the fibres. The effect of pulp bleaching for unbleached euca-
yptus and pinus, and the effect of pulp refining for unbleached
ucalyptus were evaluated on the fibre strength and fibre bonding
ndex.

.2. Refining cellulose pulp

Conventional bleached and unbleached eucalyptus and pine

raft pulps were used in the experiments. Pulps with fibre con-
entration of 100 g/L were refined in the PFI lab refiner following
he procedures described by Tappi T 248 sp-00 (2000) Standard
or fibre fibrillation. The Canadian Standard Freeness (CSF) test is
widely recognized standard measure of the drainage properties
nd Products 31 (2010) 225–232

of pulp suspensions (Coutts and Ridikas, 1982). It relates well to
the initial drainage rate of the wet pulp pad during the dewatering
process. Pulps were refined from around CSF 700 mL to CSF 70 mL,
and the energy consumption during refining was registered. CSF
values were determined after each refining level following Tappi T
227 om-99 (1999) Standard.

2.3. Floc properties

Flocculation processes and floc properties were studied using
focused beam reflectance measurement system FBRM M500LF
manufactured by Lasentec, Mettler Toledo, Seattle, USA. Accord-
ing to the methodology developed by Blanco et al. (2002) the
FBRM offers the possibility of particle characterization in a wide
concentration range and provides the chord length distribution
of the particles in the suspension in real time. This distribu-
tion depends on the shape, size and concentration of particles.
Each measured chord, denominated “count”, is calculated from
the duration of the reflected light from these particles when a
laser beam highly focused in a focal point rotates at a fixed
high speed, across the particles in the suspension (Negro et al.,
2006a).

Fibre–cement suspensions were prepared using the following
constituents (percentage by dry mass): 10% of pulp (at different
refining intensities), 77.2% OPC (ordinary Portland cement) and
12.8% ground carbonate material. Flocculation experiments were
performed in 400 mL fibre–cement suspension of 50 g/L at around
28 ◦C, as described in detail in Tonoli et al. (2009). Three replicates
were carried out for each experiment.

2.4. Vacuum drainage tester (VDT)

Retention and drainage studies were performed with the vac-
uum drainage tester (VDT) previously described by Negro et al.
(2006b). This equipment consists basically of two jars separated
by a barrier (usually a rubber membrane): the upper jar is used to
keep the fibre–cement suspensions stirred until the homogeniza-
tion. After the necessary stirring time the barrier is removed and the
suspension is drained to the second jar in which a filter is located.
In this case a botting cloth (0.9 mm) was used in order to simulate
the dewatering in a vat of the Hatschek machine. The composition
of the fibre–cement suspension and the methodology of mixture
were the same as in the flocculation studies.

A 500 mL volume of fibre–cement suspension at around 28 ◦C
was used. Fifteen minutes after homogenization (stirring) the
dewatering process started at 0.09 MPa of vacuum and the water
was collected in a graduate cylinder and then the evolution of
weight versus time was recorded with a PC. The slope of the curve
gives the dewatering rate. Finally, the solids retention and the
water content in the cake were determined by gravimetric mea-
surements.

2.5. Composite preparation and characterization

The cement-based composites were molded in plates measur-
ing 200 mm × 200 mm. They were prepared using a slurry vacuum
dewatering device followed by pressing as described in detail by
Savastano et al. (2000). Fibre–cement suspensions were prepared
as it has been described in the previous sections.

When polypropylene (PP) fibres were used, they substituted
1.0% or 0.5% by mass of the cellulose pulp. The final mixture formed

with approximately 20% of solids was stirred at 1000 rpm for addi-
tional 4 min. The slurry was transferred to the evacuable casting box
and the vacuum was applied (approximately 80 kPa gauge) until a
solid surface was formed. The pads were then pressed at 3.2 MPa
for 5 min, sealed wet in a plastic bag to cure at room temperature
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ig. 1. Fibre length distribution of eucalyptus and pinus pulps, measured with
ulptecTM MFA-5000 fibre analyzer.

or two days and immersed in water for additional 26 days.
ads were cut wet into four 165 mm × 40 mm flexural test spec-
mens using a water cooled diamond saw. Specimen thickness was
pproximately 6 mm. On completion of the water immersed curing,
pecimens were tested under saturated condition at 28 days after
roduction.

Mercury intrusion porosimetry (MIP) was performed using
icromeritics Poresizer 9320 with pressure of up to 200 MPa.

he assumptions were 0.495 g/cm2 mercury surface tension and
3,534 kg/m3 mercury density. Equilibrium time in both low and
igh pressure was 10 s. The advancing/receding contact angle was
ssumed to be 130◦. The amount of mercury intruded at each pres-
ure interval was recorded. Specimens were cut with a cubic side
ength of approximately 6 mm, dried at 70 ◦C for 24 h and stored
n an air-tight recipient prior to evaluation. The technique was
dopted to evaluate the pore size distribution as usually applied in
he characterization of cement-based materials (Kuder and Shah,

003).

Mechanical tests were performed in the universal testing
achine Emic DL-30,000 equipped with 1 kN load cell. Four-point

ending configuration was employed to evaluate modulus of rup-

ig. 2. (a) Energy consumption in a PFI refiner in relation to the pulp freeness and
b) individual fibre strength in relation to fibre-to-fibre bonding index (arrows 1 and
represent the effect of bleaching and refining, respectively) assessed by zero-span
easurements. Legend: (�) and (�) represent eucalyptus unbleached and bleached

ulps; (�) and (�) represent unbleached and bleached pinus pulps respectively.

Fig. 3. (a) Number of fibres per gram in relation to the median chord size in the
suspensions in function of the pulp freeness; (b) drainage rate of the fibre–cement
suspensions in relation to the pulp freeness; and (c) solids retention in relation to

the water retention in the cake for different refining intensities. Legend: (�) and
(�) represent eucalyptus unbleached and bleached pulps; (�) and (�) represent
unbleached and bleached pinus pulps respectively.

ture (MOR) and toughness of the specimens, as described in Tonoli
et al. (2007).

Scanning electron microscopy (SEM) was applied for the
characterization of fibre–matrix interface and transition zone. A
back-scattered electron (BSE) detector operated at around 15.0 kV
and 20.0 kV was applied for viewing cut and polished surfaces.
The BSE imaging permits the easy identification of cementitious
phases by the contrast of atomic number. Dark and light areas
are related to lower and higher atomic numbers, respectively.
The preparation of specimens for BSE analyses was accomplished
with vacuum (25 kPa gauge) impregnation using epoxy resin (MC-
DUR1264FF). BSE samples were ground with silicon carbide (SiC)
grinding paper with sequential grit sizes of 120, 320 and 500 for
4 min each, using ethanol (Struers DP-lubricant) as lubricant. A
final polishing was carried out using in turn 8–4 �m, 4–2 �m and
1–0 �m diamond polishing compound during 6 min each size. Pol-
ished samples were carbon coated before being analyzed in a LEO
Leika S440 microscope with acceleration voltage of 20 kV and cur-
rent of 150 mA. The procedures are also described in Savastano et
al. (2005).
The fractured surfaces of flexural test specimens were previ-
ously gold coated before analyzed using a JEOL JSM-6400 scanning
electron microscope (SEM). A secondary electron (SE) detector was
chosen to take images after tilting the samples around 75◦ in rela-
tion to the horizontal plane (Coutts and Kightly, 1984).
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between bleached and unbleached eucalyptus pulps regarding to
CSF values and to energy required for refinement. Differences in the
refining curves for bleached and unbleached pinus pulps (Fig. 2a)
are related to the greater viscosity loss in pinus fibres promoted
ig. 4. Typical stress versus strain curves of the composites reinforced with
nbleached eucalyptus pulp (unrefined and refined): (a) 28 days and (b) after 200
geing cycles.

.6. Soak and dry accelerated ageing cycles

The soak and dry accelerated ageing cycles involved compara-
ive analysis of the physical and mechanical performance of the
omposites before and after this test. Composites were succes-
ively immersed into water at 20 ± 5 ◦C during 170 min, followed
y an interval of 10 min, and then exposed to the temperature
f 70 ± 5 ◦C for 170 min in a ventilated oven. A final interval
f 10 min at room temperature is usual prior to beginning the
ext cycle. This procedure was based on recommendations of the
N 494 (1994) Standards. Each soak and dry set represents one
ycle and was performed for 100 or 200 times (i.e., 100 or 200
ycles). This method simulates natural ageing in severe conditions,
lthough additional studies are needed to determine the corre-
pondent natural ageing for the proposed accelerated ageing cycles,
n order to predict more precisely the long-term behaviour of the
omposites.

.7. Variation in the length dimensions of composites

Composites were maintained in the climatic chamber in differ-
nt conditions of relative humidity (90%, 50% and 30% RH). The
ength of the composites was measured in different times. The
ariation in the length dimensions, LV (%), in different humidity
onditions was calculated (Eq. (1)) and the effects of type of fibres
nd autoclaving were evaluated. Autoclaving was performed at
40 ◦C and 0.55 MPa during 10 h. This process is an alternative to
educe the dimensional instability of the composites:
V (%) = Lt − L0

L0
× 100 (1)

here L0 and Lt are the initial (dry) length of composites and after
min inside the climatic chamber in different humidity condition,
espectively.
nd Products 31 (2010) 225–232

3. Results and discussion

3.1. Pulp characterization

Eucalyptus pulp presents shorter fibres (0.83 ± 0.01 mm average
length weighted in length) than pinus pulp (2.40 ± 0.09 mm aver-
age length weighted in length) and is less heterogeneous in length
(Fig. 1). Fig. 2a depicts the higher energy consumption of refining
pinus pulp in relation to eucalyptus one for the same level of pulp
freeness (intensity of refining). Minimal differences were noticed
Fig. 5. Average values and standard deviation of: (a,b) modulus of rupture (MOR)
and (c,d) toughness of the fibre–cement composites reinforced with cellulose pulp
combined or not with polypropylene (PP) fibre. Legend: (�) and (�) represent
eucalyptus unbleached and bleached pulps; (�) and (�) represent unbleached and
bleached pinus pulps respectively.
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ig. 6. SEM BSE image of composites reinforced with: (a) eucalyptus pulp and (b)
inus pulp. Circles are fibre clumps or local fibre concentration, arrows are points
f air entrapment by the fibres, and square and rectangle are fibre-free areas.

y the bleaching process. Bleaching extracted compounds of fibre
tructure, e.g. residual middle lamella, and made the fibrils from
he primary cell wall more sensitive and exposed to the mechanical
reatment provided by refining.

Fig. 2b presents the individual fibre strength and fibre bonding
ndex (fibre bonding capacity) assessed by zero-span measure-

ents of the pulps in different conditions. Eucalyptus unrefined
nd unbleached fibres are the strongest fibres. Bleaching (arrow
) and refining (arrow 2) decrease the individual fibre strength,
hile both increase the hydrogen bonding capacity of the
bres.

.2. Properties of the fibre–cement suspensions (flocculation,
rainage and retention)

The size of the chords in the fibre–cement suspensions and
heir drainage and retention properties were monitored to eval-
ate the effect of using short fibres as reinforcement. Eucalyptus
ulp presents a number of fibres per gram four times higher than
inus pulp (Fig. 3a). The higher chord sizes in the suspensions with
he long pinus fibres (Fig. 3a) are due to the tendency of these fibres
o cling to one another forming fibre clumps or agglomerates. These
bre clumps were observed in the microstructure of the composite

y microscopy as presented in the next section.

The higher number of fibres did not prejudice the drainage
ate of the fibre–cement suspensions (Fig. 3b), despite it improved
ignificantly the solids retention during the dewatering of the sus-
ension (Fig. 3c). As expected, it was possible to improve the solids
Fig. 7. SEM observation (100× magnification) of the fracture surface of composites
(after 28 days of cure) reinforced with: (a) eucalyptus fibres and (b) pinus fibres.

retention of the pinus pulp decreasing its freeness, i.e. increasing
the refining level (Fig. 3c).

3.3. Mechanical performance and microstructure

Fig. 4 presents the typical stress versus strain curves of the com-
posites reinforced with unbleached eucalyptus pulp. The effect of
refining to the eucalyptus pulp was observed in the mechanical
performance of composites after 28 days of cure and after 200
ageing cycles (soak and dry). Refining increased significantly the
modulus of rupture (MOR) of composites after 28 days of cure, due
to the increase of fibre fibrillation and the consequent improve-
ment of fibre–matrix adhesion (Coutts, 2005; Mohr et al., 2005).
Nevertheless, due to the decrease of fibre strength with refining
(Fig. 2b) the mechanical performance of the composite after accel-
erated ageing decreased. It is observed that the toughness of the
composite decreased abruptly with refined pulp (Fig. 4b) due to
the progressive improvement of the fibre to cement bonding after
ageing (Tonoli et al., 2007). In the composites with unrefined pulp,
MOR increased significantly after ageing due to the re-precipitation
of hydration products around the fibres (Savastano and Agopyan,

1999; Mohr et al., 2005; Tonoli et al., 2007). Nevertheless toughness
of composites with unrefined pulp was preserved, probably due to
the fact that these fibres present higher initial strength (Fig. 2b).

Refining increased the size of agglomerates and decreased the
concentration of free small particles (with dimensions between
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Fig. 8. AFM topography images of: (a) unbleached eucalyptus fibres and (b)
30 G.H.D. Tonoli et al. / Industrial C

�m and 20 �m) in the fibre–cement suspensions as a conse-
uence of both fibrillation and higher content of broken ends
Tonoli et al., 2009). Therefore, refining increased the capacity of
bres to capture the mineral particles (Coutts, 2005), increasing
he solids retention. Refining improved the packing of particles,
hile diminished the drainage rate, but contributed to less porous

tructure of the agglomerates. Denser agglomerates led to lower
pparent porosity in the composites and, consequently, to higher
pparent density of the composites with refined pulps (Tonoli et
l., 2009). It explains the increase in the mechanical performance
t initial ages, while it was not so advantageous after ageing.

After 28 days of cure, composites reinforced with 10% of euca-
yptus or pinus pulp presented similar mechanical performance
Fig. 5). After 200 accelerated ageing cycles the composites with
ucalyptus pulp presented an improved mechanical performance
n relation to the composites with pinus pulp. Fig. 6 presents the
EM-BSE micrographs of composites reinforced with eucalyptus
nd pinus pulps. The short eucalyptus fibres are better distributed
Fig. 6a) than pinus fibres (Fig. 6b) and the bridging fibres share
he load and transfer it to the other parts of the composite. The
onsequence is the maintenance of MOR and toughness after 200
ccelerated ageing cycles in composites with unbleached eucalyp-
us pulp.

Micrographs of the fracture surface of the composites are pre-
ented in Fig. 7. It is observed the pull out of the fibres in the
omposites reinforced with both eucalyptus and pinus. It is rea-
onable to suppose that in composites reinforced with eucalyptus
ulp (fibre length lower than the critic length) a higher number
f fibres are pulled out from the matrix (Fig. 7a). The pull out must
ontribute to its frictional energy, resulting in the higher toughness
f the composite after ageing.

The calculated fibre spacing (Bentur and Mindess, 2007) is at
east two times higher for the pinus fibres in relation to the euca-
yptus fibres. Furthermore, due to the long fibres in the pinus pulp,
here is the tendency to cling to one another, forming large fibre
lumps. In the composite, these fibre clumps will cause local fibre
oncentrations (circles in Fig. 6b), air entrapment due to fibre con-
entration (arrows in Fig. 6b) and local fibre-free areas (square

nd rectangle in Fig. 6b), which results in poorer crack bridging
Akkaya et al., 2000, 2001). Composites reinforced with 1.0% and
.5% of polypropylene (PP) fibres and 9.0% or 9.5% respectively of
ucalyptus or pinus pulp were molded to observe the possibility
f reduction in synthetic fibre content. No significant differences

unbleached pinus fibres. Image sizes are 3 �m × 3 �m × 500 nm (z).

Fig. 9. SEM BSE image of composites reinforced with: (a) eucalyptus and (b) pinus pulps after accelerated ageing. Black arrows show the fibre–matrix interface.
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Fig. 10. Cumulative mercury intrusion porosimetry of the composites reinforced
with eucalyptus and pinus pulps.

F
l
h

w
f
i
d
u
d

f
m
f
n
(
t
t
o
c
p
i
p
i

(
p
1
m
c
d
u
c

4

t

ig. 11. Dimensional variation of the composites reinforced with unbleached euca-
yptus (unrefined) and unbleached pinus (CSF 150 mL), in relation to the relative
umidity.

ere found in the mechanical performance of composites rein-
orced with eucalyptus fibres +0.5% of polypropylene (PP) fibres
n relation to 1.0% of PP fibres, after 100 ageing cycles (Fig. 5b and
). However, in the case of composites with refined pinus pulp, the
se of 0.5% of PP fibres instead of 1% of PP fibres led to the significant
ecrease of their toughness after accelerated ageing.

In the analysis with atomic force microscopy (AFM), the sur-
ace of eucalyptus fibres presented some fibrillar structure in the

ajority of the samples (Fig. 8a). In the pinus fibres the typical sur-
ace structure was granular (Fig. 8b), possibly related to amorphous
on-carbohydrates (i.e., lignin and extractives) in the fibre surface
Gustafsson et al., 2003). The fibrillar surface structures are indica-
ive of the higher potential of the eucalyptus fibres to anchorage in
he cement matrix. Arrows in Fig. 9a show the improved interface
f the eucalyptus fibres in relation to pinus fibres (Fig. 9b), in the
ross-sections of composites after accelerated ageing cycles. Fig. 10
resents the larger pores (in the interval from 1 �m to 10 �m) found

n the composites reinforced with pinus pulp by mercury intrusion
orosimetry, which is attributed to the voids in the fibre–matrix

nterface (arrows in Fig. 9b).
As a final observation, the use of unbleached eucalyptus pulp

unrefined) did not increase the dimensional variation of the com-
osites in relation to composites with unbleached pinus pulp (CSF
50 mL), under different relative humidity conditions (Fig. 11) no
atter the greater amount of reinforcing elements. Autoclaved

omposites presented minimal variations in dimensions when
iverse condition of relative humidity was used. It confirms the
se of autoclaving for prevention of dimensional instability in the
omposites reinforced with eucalyptus pulp.
. Conclusion

The use of eucalyptus fibre can save energy in the pulp prepara-
ion (refining) during the processing of fibre–cement products. The
nd Products 31 (2010) 225–232 231

higher number of reinforcing elements in the eucalyptus pulp pro-
vides an effective crack bridging, contributing to the maintenance
of the mechanical performance of the composite after accelerated
ageing cycles. The SEM observations suggest that in composites the
distribution of short fibres is uniform. The clumping present in the
pinus fibre–cement specimens appears to reduce the effectiveness
of the fibres at stopping cracks due to bending, whereas the initi-
ation of those cracks is made more likely by the greater extension
of unreinforced area found in specimens with softwood long fibre
pulp. The AFM images provide detailed information about the fibre
surface morphologies. It is reasonable to suppose that rougher sur-
face in the eucalyptus fibres increase their bonding with matrix. The
current results encourage the partial replacement of more expen-
sive synthetic fibres (e.g. polypropylene) by short eucalyptus pulp
fibres in the fibre–cement production.
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