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Abstract

This paper examines the microstructure of composite materials containing fibrous wastes (as reinforcement in granulated blast
furnace slag or ordinary Portland cement matrices). Both secondary and back-scattered electron imaging and energy dispersive X-
ray spectroscopy were used for compositional analysis. Evaluation of both fractured and cut surfaces provided the morphological
and bonding information that was related to mechanical performance obtained from flexural tests. Sisal and Eucalyptus grandis
pulps showed satisfactory bonding to the cement matrix, with fibre pullout predominating as indicated by high values of energy
absorption. In contrast banana pulp reinforced composites exhibited fibre fracture as the main failure mechanism. In all analysed
composites, partial fibre debonding and matrix micro-cracking were dominant at the interfaces. However, there was no evidence of a
porous transition zone or massive concentration of calcium hydroxide at the interface.
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1. Introduction

The use of waste fibres as reinforcement in cement
composites has enormous potential in the field of recy-
cled materials for civil construction. The optimised recy-
cled composites present an acceptable behaviour in
comparison with fibre cement produced with virgin
wood cellulose fibres [1]. The availability of non-com-
mercial fibrous wastes also supports their potential utili-
zation throughout sustainable methods of production of
building components [2]. Granulated blast furnace slag
(BFS) proved to be an adequate binder for vegetable
fibre reinforcement in low cost housing [3]. The lower
alkalinity of BFS compared to that of commercial ordi-
nary Portland cement (OPC) can be advantageous, with
respect to the long-term durability of natural fibre-rein-
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forced cement products. The slurry vacuum de-watering
process of fabrication, followed by pressing and air-cur-
ing, provides composites with outstanding mechanical
and physical performance, when compared with conven-
tional dough mixing methods [4]. The microscopic mate-
rial response for different processing types can be
evaluated by comparing results presented in the litera-
ture [5-7]. The vacuum de-watering/press consolidation
method was associated with a cellulose fibre-cement
transition zone with reduced incidence of high porosity
and portlandite macro-crystals. The water/binder ratio,
porosity of composite, fibre morphology and matrix
compaction were shown to play key roles in the result-
ant fibre-matrix interfacial bond in cellulose fibre—
cement based materials [7].

The objective of the present study was to examine
the microstructure of waste fibre-cement composites
bonded with BFS and OPC matrices. Fracture surfaces
indicated whether fibre fracture or fibre pullout occurred
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during bending to failure. Cut and polished surfaces
were also prepared to view the transition zone. Compo-
sitional analyses were performed in the fibre-matrix
interfacial areas.

2. Experimental
2.1. Materials

Two different types of binder were tested for cement
paste matrix production:

e Alkaline granulated iron blast-furnace slag (BFS)
(glass content = 99.5% in mass, 500m*/kg Blaine fine-
ness), activated by gypsum and lime. Table 1 shows
the chemical composition of the BFS used in this
work, which was the same material studied by Olive-
ira et al. [8].

e Commercial ordinary Portland cement—Adelaide
Brighton brand type GP (Australian Standard AS
3972 1991)—assumed to contain less than 5% of min-
eral additions.

The following waste fibrous materials originated
from Brazil: sisal (Agave sisalana) field by-product, ba-
nana (Musa cavendishii) pseudo-stem strand fibre and
Eucalyptus grandis waste pulp from both kraft cooking
and bleaching mill stages. Banana and sisal raw materi-
als were kraft cooked following previous studies by Zhu
et al. [9] and Coutts and Warden [10]. Eucalyptus grandis
pulp was used in the as received condition, i.e. after fibre
dispersion by hot water disintegration.

Chopped strand fibres of commercial sisal and also
Pinus radiata beaten kraft lap pulp were used as controls
and provided links with earlier studies carried out both
in Brazil [11] and in Australia [4]. The main physical
properties of the fibres were determined and are re-
ported in Table 2. Although possessing similar aspect
ratios, the cellulose pulps presented micro-fibres in com-
parison with the chopped strands of commercial sisal.
Eucalyptus grandis presented an average length consid-
erably shorter than the other kraft pulps, this being
characteristic of hardwood and waste fibres. The cement
composites reinforced with pulped fibres were prepared
using a slurry (between 20% and 30% of solids by mass)

Table 1

Chemical composition of granulated blast furnace slag (% by mass)
Loss on ignition 1.67 Na,O 0.16

SiO, 33.78 K,O 0.32

Al O3 13.11 s> 1.14
Fe,0; 0.51 Free CaO 0.1

CaO 42.47 Insoluble residue 0.53

MgO 7.46 CO, 1.18

SO; 0.15

Table 2

Pulp and fibre properties

Fibre Pulp and Length Width  Aspect
refining processes (mm)®  (um)°®  ratio

Pinus radiata Beaten kraft 1.71 324 53

Commercial sisal Unpulped slivers 12 135 89

By-product sisal Kraft 1.66 13.5 123

Banana Kraft 1.95 15.3 127

Eucalyptus grandis  Kraft 0.66 10.9 61

waste

# Kajjani FS-200 automated optical analyser.
® Average of 20 determinations by SEM.

vacuum de-watering process, pressed at 3.2MPa for
Smin, and cured in saturated air for 7 days. They were
then maintained in an environment of 23 +2°C and
50 £ 5% relative humidity until tested under the same
conditions at 28 days of age. Further information re-
lated to the analysed composites is presented in Table
3. This includes physical and mechanical properties after
curing for 28 days. The methodology used for composite
preparation, conditioning and mechanical testing is the
same as that detailed in an analogous study conducted
by Eusebio et al. [12]. In the case of strand sisal rein-
forced composites, instead of slurring, the formulation
was mixed for Smin in a heavy-duty dough mixer using
a 0.40 water—cement ratio, the remaining steps being
kept constant. For all formulations, the fibre content
was restricted to 4% by mass of binder (approximately
5% of composite volume) to assist microscopy observa-
tions. The excessive incidence of filaments could increase
difficulties in coating the specimens, achieving accepta-
ble depth of field and eliminating charges from the elec-
tron beam in the scanning electron microscopy.

2.2. Microscopy

Specimens were analysed at different ages using a Phi-
lips X130 field emission gun (FEG) scanning electron
microscope (SEM). A secondary electron (SE) detector,
operated at 5.0kV accelerating voltage, was chosen for
the analysis of the fractured surfaces of flexural test
specimens (loading rate of 0.5 mm/min, sample thickness
~6mm and span 100mm). For obtaining improved
views of the fibres, some images were taken after tilting
the samples 75° in relation to the horizontal plane.
These procedures were in accordance with Coutts and
Kightly [13].

The back-scattered electron (BSE) detector at 15.0kV
was applied for viewing cut and polished surfaces. As re-
ported elsewhere [14,15], a BSE image permits easy iden-
tification of composite phases by way of atomic number
contrast. The BSE imaging was used to study the fibre—
matrix transition zone.

Energy dispersive X-ray spectroscopy (EDS) analyses
were also conducted. These were performed on the same



H. Savastano Jr. et al. | Cement & Concrete Composites 27 (2005) 583-592 585

Table 3
Composites description and properties
Fibre Binder Mechanical properties Physical properties
composition (28 days)* (28 days)™®
Type Content Flexural strength Toughness Water absorption Density Permeable voids
(% of binder mass) (MPa) (kJ/m?) (% by mass) (g/em?) (% by volume)
Pinus radiata 4 100% OPC 19.20 £ 1.90 0.64£0.09 18.5%0.5 1.69£0.02 31.1%£0.5
beaten kraft
Commercial 4 100% OPC 14.40 £ 1.00 0.58+£0.17 149£0.7 1.86 £0.04 27.8%0.8
sisal slivers
By-product 4 100% OPC 16.50 £ 0.60 0.39£0.06 17.9%0.3 1.70 £ 0.01 30.5%0.5
sisal kraft
4 92% BFS, 13.10 £ 0.40 0.53£0.12 26.6%0.5 1.50 £0.01 39.7£0.6
6% gypsum,
2% lime
Banana kraft 4 100% OPC 15.50 £ 1.30 0.21+£0.03 16.5%0.2 1.71£0.02 28.2%0.3
Eucalyptus grandis 4 100% OPC 15.50 £ 0.80 0.29£0.04 16.8%0.8 1.78 £0.03 29.8+0.8
waste kraft
4 88%BFS, 14.30 £ 0.89 025+0.02 239+%12 1.58£0.04 37.7%£09
10% gypsum,
2% lime

@ Average * single standard deviation.
° ASTM (948-81.

flat surface specimens in an effort to obtain semi-quanti-
tative compositional information. For the applied accel-
erated voltage (15.0kV) and material densities between
1.5 and 2.0g/cm?, each spot analysis can be interpreted
as an average composition in a bulb region with a dia-
meter less than 4 pm.

The preparation of specimens for BSE and EDS
began with vacuum (~60kPa gauge) impregnation using
epoxy (Araldite “M” and hardener “HY 956 in 100:20
mass proportion) diluted in ethanol (20% of total resin
mass). The initial cure was conducted at room tempera-
ture, after which the specimens were placed in a 40°C
oven until complete polymerisation had occurred. Sur-
face lapping was carried out with silicon carbide abra-
sive paper (sizes 37pum, 25pum and 13pum in this
sequence for Smin each). Polishing operations used in
turn 6um, lpm and 0.1 um diamond polishing com-
pound (20min each size). Every lapping and polishing
step intercalated with acetone ultrasonic bath for clean-
ing and finally specimens were vacuum carbon coated
before microscopy sessions. The presented preparation
was based on the recommendations of Kjellsen et al.
[16]. It should be noted that composite microstructures
were examined at ages greater than 28 days and some
changes from those existing at the time of physical and
mechanical testing would be expected to have occurred.

3. Results and discussion

3.1. Polished surface observations

Sisal slivers in OPC can be easily identified in BSE
images (Fig. 1) as dark grey phases, differing from

Fig. 1. BSE image of 149 days old 4% sisal slivers in OPC.

hydration products (medium grey area) and from denser
un-hydrated cement grains (light grey). Loss of bonding
was prominent, as the slivers shrunk strongly upon dry-
ing. Matrix cracking also occurred close to the fibres, as
a result of internal tensile stresses generated by volume
changes in the fibres.

The considerable capacity of water absorption
(~100% by mass) of slivers increases the water/cement
ratio of the cement paste in the vicinity of the fibre.
As a consequence, the differential drying shrinkage of
OPC matrix can also generate cracks close to the
fibre—cement interface.

However, no porous transition zone could be clearly
defined in Fig. 1, contrary to the report by Savastano Jr.
and Agopyan [5] of a sisal sliver—cement transition zone
that was about 200 pum thick at 180 days. The major
explanation for such a different behaviour in the present
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study could be the use of vacuum de-watering and high
pressure applied to the composite straight after mould-
ing. As proposed by Coutts [7] the specified procedures
increase the composite compaction and reduce the
water—cement ratio. Besides compressible and permea-
ble vegetable fibres are likely to absorb excess water
when the pressure is released.

The ribbon shape of Pinus radiata beaten fibres can
be attested to in Fig. 2. Partial debonding and cracks oc-
curred, and no fibre mineralisation was indicated by
EDS analysis of lumen area (spot 1 of Fig. 2 related
to Fig. 3 compositional spectrum) at 251 days. Spot 2
of Fig. 2 identified a high incidence of calcium hydroxide
close to the fibre surface (see EDS spectrum in Fig. 4).
Although the formation of free lime is associated with
the hydration of OPC [17], this massive concentration
of portlandite was not common in other EDS observa-

Fig. 2. BSE image of 251 days old cross-sectioned Pinus radiata in
OPC. Spot | lumen; spot 2: hydration products at fibre surface.
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Fig. 3. EDS spectrum of Pinus radiata internal lumen (spot 1 in
Fig. 2).
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Fig. 4. EDS spectrum of Pinus radiata—OPC interfacial region rich in
calcium hydroxide (spot 2 in Fig. 2).

tions. Therefore, it was not considered as a preferential
deposition of this hydration product in the fibre surface.

Kraft pulped sisal by-product presented good contact
area in the OPC matrix performing total fibre perimeter
about 10 times larger (mathematical assumption upon
the average fibre diameter) than the corresponding sliv-
ers. This comparison was taken from Figs. 1 and Sa,
keeping in mind that the fibres represented approxi-
mately 20% of observed surface in both figures (as deter-
mined by an image analyser).

Higher magnifications of sisal kraft in OPC and BFS
are depicted in Figs. 5(b) and 6, respectively. The circle
like cross-section of individual filaments and/or the open
internal lumen are characteristics of unbeaten kraft
pulps. Fibres like those are known to be less conforma-
ble and have inferior packing ability when used in the
Hatschek production process [1,4].

Further observation of Figs. 5(b) and 6 revealed
dense fibre-cement interfacial areas and partial fibre
debonding similar to Fig. 1 (sisal slivers in OPC),
although, with a 20 times scale difference. No calcium
hydroxide rich transition zones were identified by spot
analyses close to the fibres ("X’ marks in Figs. 5(b) and
6). The EDS analyses following in Figs. 7 and 8 detected
chemical elements normally present in cement hydration
products with calcium-silica count ratios between 1.3
and 2.0.

In contrast to the OPC composite (Fig. 5(b)), BFS
un-hydrated grains presented sharp edges and reduced
surface attack, as indicators of low chemical reaction.
Future studies should consider more effective chemi-
cal-thermal catalyses for the improvement of BFS
mechanical performance.

Longitudinal views of banana fibre in OPC (Fig. 9)
and Eucalyptus grandis in BFS (Fig. 10) show the main
characteristics of the transition zones in the composites:
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Sisal k. in OPC

TN T T
Fig. 5. BSE image of 237 days old 4% sisal kraft in OPC. (a) General
view. (b) Detail of cross-sectioned sisal filaments. ‘X’ mark refer to
EDS analysis at Fig. 7.

sisal kraft in BFS
-

Fig. 6. BSE image of 236 days old sisal kraft in BFS. ‘X’ mark refer to
EDS analysis at Fig. 8.

partial bonding and matrix micro-cracking, but no
localised high porosity at the ages that were studied.
Fig. 11 depicts an EDS analysis connected to area ‘1’
in Fig. 9, which was an un-hydrated cement grain rich in
di-calcium silicate (Ca/Si=1.7). Fig. 12 is associated
with spot 2” of the same BSE image, close to the fibre
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Fig. 7. EDS spectrum of sisal kraft in OPC close to fibres with
evidence of ettringite and tobermorite related phases (‘X’ spot in Fig.

5(b)).
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Fig. 8. EDS spectrum of hydration products in sisal kraft-BFS
composite (X’ spot in Fig. 6).

surface. In this case, the presence of hydration products
(Al-S related and Ca/Si ~3.0) agreed with general EDS
determinations (e.g. Figs. 7 and 8). There was no evi-
dence of massive free lime close to the fibres.

Fig. 13 shows Eucalyptus grandis in OPC at identical
magnification to those of Figs. 1 and 5(a). Again, it
shows the advantage of pulped fibres in generating a
high contact area with the matrix. Eucalyptus grandis
waste fibres are more homogeneously distributed than
the sisal by-product kraft.

As a general observation BFS based composites per-
formed similarly to OPC ones when reinforced with cel-
lulose fibres in view of the bonding characteristics in
the interfacial areas and correspondent EDS results.
The reduction of capillary permeability can be a future
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4% Banana k. in C

Fig. 9. BSE image of 151 days old banana fibre longitudinal section in
OPC. Area 1: un-hydrated cement grain; spot 2: hydration products at
fibre surface.
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Fig. 10. BSE image of 83 days old Eucalyptus grandis longitudinal
section in BFS.
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Fig. 11. EDS spectrum of un-hydrated cement grain related to area 1
in Fig. 9.
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Fig. 12. EDS spectrum of hydrated OPC close to banana fibre surface
(spot 2 in Fig. 9).

Fig. 13. BSE image of 171 days old 4% Eucalyptus grandis-OPC
composites.

valuable step in the improvement of mechanical per-
formance of BSF based composites. The improved
packing of the matrix combined with the more effective
activation of BFS could be a reasonable action to obtain
composites with higher densities.

3.2. Fracture surface observations

The Pinus radiata beaten kraft in OPC matrix
achieved the best results of flexural strength and tough-
ness compared with other 4% fibre content composites
(Table 3) in this study. As showed in Fig. 14, the fibres
presented lateral shrinkage as characteristic of dried lap
pulps [18]; also flat shape and low aspect ratio (=53 and
significantly below the 80-100 range reported by Coutts
[4]) should be associated to fibre damage as consequence
of previous refinement. In accordance with description
by Coutts and Kightly [13] for similar composites, frac-
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. radiata kraft in OPC
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A

Fig. 14. SE image (75° tilt, gold coat) of 240 days old 4% Pinus radiata
beaten kraft in OPC.

ture and fibre pullout co-exist providing a desirable fi-
bre-matrix bond level leading to both good flexural
strength and toughness. This ideal behaviour is likely
to happen for fibres close to the critical length, which de-
pends on fibre and matrix characteristics. Twisting as
indicative of fibre internal collapse, incrustation of ma-
trix at fibres surface and fractured ends of pulled out fil-
aments were all indications of both phases working
together to provide effective fibre reinforcement.

Fig. 15 depicts sisal slivers in OPC and it is possible
to observe individual fibres in bundles with low specific
contact area inside the matrix. The fibre aspect ratio is
89 (see Table 2). This limited length of anchorage helps
to explain fibre pullout predominance and toughness
values of the same magnitude of the composites rein-
forced with pulped fibres. On the other hand one should
be aware of the slivers high stiffness, resulting in difficult
dispersion within the matrix. It was found that 4% con-
tent of strands in OPC was the highest amount that
could be introduced during the dough mixing, whereas,
pulped fibres are usually able to be introduced up to

p—— s00um

Sisal slivers in OPC

Fig. 15. SE image (75° tilt, gold coat) of 138 days old 4% sisal slivers in
OPC.

14% content, depending on the fibre length, with signif-
icant improvement in mechanical properties. As an
example, Coutts and Warden [10] reported flexural
strength up to 18 MPa and toughness of 2.5kJ/m? for
air-cured cement mortars containing 8% by mass of
kraft sisal fibre produced in similar way to the present
study. Ageing is also an important approach, since indi-
vidual filaments are linked to each other by lignin that
could be easily decomposed in alkali media. It means
considerable loss of mechanical properties should be ex-
pected during the lifetime of vegetable sliver-reinforced
OPC based material [19].

Kraft pulped sisal by-product fibres as reinforcement
of OPC and BFS composites are depicted in Figs. 16 and
17, respectively. In both cases, the smooth surface of un-
beaten long fibres provided predominantly fibre pullout.
However, some fracture ended filaments indicated the
good interaction between the two phases of the compos-
ites. For the BFS composite (Fig. 17), the fibre surfaces
have considerable matrix material attached to them.

‘Sisal kraft in OPC
A W

Fig. 16. SE image (75° tilt, gold coat) of 226 days old 4% sisal kraft in
OPC.

Fig. 17. SE image (75° tilt, gold coat) of 225 days old 4% sisal kraft in
BES.
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This can be explained by better bonding or weaker ma-
trix material (when compared to OPC). These character-
istics were able to provide sisal BFS composites with
higher energy absorption during cracking. They resulted
in toughness values that were 35% higher than those of
sisal in OPC.

Fig. 18. SE image (75° tilt, carbon coat) of 140 days old 4% banana
kraft in OPC.

Fig. 19. SE image (carbon coat) of approximately 160 days old 4%
Eucalyptus grandis in OPC. (a) General view (75° tilt). (b) Detail of an
individual fibre (no tilt).

The fracture surface of banana fibre reinforced OPC
is depicted in Fig. 18 displaying numerous broken fila-
ments. These long and supposedly strong fibres (tensile
strength ~800 MPa, comparable to Pinus radiata as re-
ported by Coutts [20]), would be expected to show con-
siderable fibre pullout. Hence, fibre damage may have
occurred during pulping or composite preparation. Con-
sequently the composite absorbed low energy in the
post-cracking stage. This was in despite of the flexural
strength, which was close to that of the sisal composite.
The above behaviour could be expected for air-cured
aged composites [6]. However, the internal lumen of fil-
aments appeared free from the deposition of hydration
products (or fibre petrifaction).

Eucalyptus grandis waste pulp reinforced OPC (Fig.
19(a)) or BFS (Fig. 20(a)) showed higher incidence of
pullout than fibre fracture, as expected for short hard-
wood fibres (~0.66mm length average). On the other
hand, the particular fibre in Fig. 19(b) shows matrix
incrustation that suddenly changed in clean surface,
which suggests removal of the outer layer of the fibre
due to good adhesion between phases. In the case of
BFS matrix, the fibre and cement incrustation indicate

E. Grandis BES

Fig. 20. SE image (no tilt) of approximately 60 days old 4% Eucalyptus
grandis in BFS. (a) General view (no coat). (b) Detail of pulled-out
fibre (carbon coat).
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that the matrix may be weaker than OPC (see Fig.
20(b)). The Eucalyptus grandis based composites pos-
sessed better mechanical performance than those rein-
forced with the longer banana filaments, for fibre
levels over 4% as reported elsewhere [21].

4. Conclusions

Sisal and Eucalyptus grandis pulped waste fibres pre-
sented satisfactory bonding either in OPC or BFS matri-
ces. From the interpretation of SE images, pulled out
fibres showing fractured extremities, outer layer removal
and also matrix incrustations, all of them should be con-
sidered as indicators of tough composites.

The interfacial bonding of beaten Pinus radiata in
OPC appeared to work near the fibre critical length pro-
viding the best mechanical performance under flexural
tests amongst the studied materials.

Comparison between pulped sisal fibres and sisal sliv-
ers emphasised the advantage of individual filaments for
reinforced cement pastes. Elevated stiffness, considera-
ble volume change in wet medium and low specific con-
tact area with matrix are limiting factors for the
optimum use of slivers as cement reinforcement. Also
bundles of fibres that are lignin-rich can decompose in-
side highly alkaline matrices.

In the case of banana kraft pulp in OPC, high aspect
ratio provided greater fibre-matrix bonding with in-
creased fibre fracture and reduced fibre pullout and
hence lower toughness.

BFS composites showed remarkable incidence of ma-
trix attachment at fibre surface. This was associated with
weak low-density binder and good fibre-matrix adhe-
sion. As a correlation with macrostructure behaviour,
those characteristics could signalise the high toughness
of such composites in civil construction applications.

BSE images and EDS analyses confirmed the fibre—
matrix transition zone can be improved by using pro-
duction processes based on vacuum de-watering and
pressure. For hydration ages ranging from approxi-
mately 60-250 days high porosity was not detected in
the interfacial area and just one EDS spot indicated
the presence of calcium hydroxide close to the fibres.

The partial fibre debonding and matrix cracking com-
monly appearing at interfacial areas should be accepted
as a desirable situation for energy dissipation. Filament
lumen was found free from hydration products with no
evidence of fibre embrittlement under air-cure condi-
tions at the observed ages.
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