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The microstructure and ageing of
cellulose fibre reinforced cement
composites cured in a normal
environment
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properties after ageing.

composite materials.

Synopsis The correlations between microstructural changes after ageing and the mechanical performance
of cellulose fibre reinforced cement composites were studied. Ageing conditions which promote carbonation
{natural ageing and accelerated ageing in a CO, rich environment) result in densening of the matrix around the
fibres and the petrification of the fibres, leading to an increase in strength and E-moculus. Accelerated ageing
in a normai environment leads to densening of the matrix without fibre petrification, resulting in a reduction in
strength. Both ageing environments led to a marked reduction in toughness. The processes leading to
petrification and matrix densening are discussed with a view of explaining the changas in mechanical

Keywords Fibre cement composites, cellulose fibres, ageing, microstructure, scanning eleciron micro-
scopy, carbonation, mechanical properties, accelerated tests, fibre-matrix interface, cracking (fracturing),

INTRODUCTION

Several mechanisms have been considered in cellulose
cement products that may lead to changes in mechanical
properties during ageing and couid be associated with
strength loss and embrittlernent of cement reinforced
with treated cellulose fibres or naturai fibres [1-5]. These
are summarised as foliows:

{@)  Alkaline hydrolysis of celiulose molecules, causing
degradation of molecular chains, thus leading to
reduction in degree of polymerisation and lower
tensile strength.

(b} Dissoclution of lignin and hemicellulose in the alka-
line matrix breaking the link between individual cell
fibres.

{e) increase in fibre-matrix bond that may lead to
embrittiement, and, under certain conditions, to
improved strength.

(d}  Microbiotogical attack that is more likely to occur in
less atkaline matrix.
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These ageing processes could depend on the matrix
composition, and they could be quite different in auto-
claved or normally cured compasites. The type of the
fibre used and its pretreatment may also exert a con-
siderable influence in the long term performance.

This paper is part of a comprehensive study to
evaluate the long term performance of normal cured
cellulose cement composites intended for asbestos
cement replacement, and to resolve the mechanisms
which lead to changes in mechanicai properties after
exposure Lo various environmental conditions. Resolving
the ageing mechanisms is particularly important for
assessing the significance of accelerated ageing tests,
and developing ways to improve the ageing performance
of the composite.

1 has been reported [6] that natural ageing resulted
in a marked increase in strength and E-modulfus of the
product. These trends could be reproduced in
accelerated tests in which the composites were subjec-
ted to drying and wetting cycles in & CO- rich environ-
ment. However, in a similar accelerated test, in a normal
environment the changes in mechanical properties were
different; there was a reduction in strength {in contrast to
the increase in natural ageing and accelerated ageing in a
COg rich environment). These changes in the mechanical
properties could not be correlated with changes in
properties of the fibres, in which a mild reduction in
degree of polymerisation was cbserved in all three
cases. Thisis contrary to the trend of increase in strength
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and E-modulus observed after natural ageing and
accelerated ageing in a CO, rich environment. it there-
fore appears that changes in the properties of the fibres
cannot account for the ageing trends, and it is likely that
rmicrostructural changes at the fibre-matrix interface may
be of greater significance in controlling the ageing
characteristics of these composites. This is the subject
of the study presented in this paper, for normally cured
composites.

EXPERIMENTAL DETAILS

Details of specimen preparation, ageing and mechanical
testing are given elsewhere [6]. The present work also
included the study of an additional specimen with
somewhat different composition which was aged for 25
years in & natural weathering environment in South
Africa. This specimen consisted of a combination of
asbestos and cellulose fibres. The purpose of investigat-
ing this specimen was to gain an nsight into the
reinforcing potential of the cellutose fibre component in
the composite, and the changes it had undergone after
prolonged natural ageing. Although this composite
cannot be used for a direct comparison of the effect of
ageing on a cellulose cement composite, it can be used
as a bench mark for microstructural study of the cellulose
fibre itself and the fibre-matrix interface.

The properties of the fibres before and after ageing
were evaluated by determining degree of polymeris-
ation, using a special technique described before (6]

The overall composition of the specimens was
determined using X-ray diffraction {XRD) and a thermal
gravimetric {TG) technique {Perkin Elmer TGS-2), using
powdered specimens without prior drying, or after oven
drying (105°C for 24 hours). In addition, loss on ignition of
the oven dried specimen was determinad.

Scanning electron microscopy (SEM!} with energy
dispersive X-ray analysis (EDXA) was used for micro-
structural study. The specimens were split and then
dried at 50°C for 2 days and subsequently coated for the
SEM observation. The split plane was perpendicular to
the main fibre crientation and paralle! to the plane. The
compasitional analysis in the SEM was intended mainly
toresolve the range of C/S* ratios. One should be aware
of the limitations of such an analysis, whichin the case of
fractured rough specimens, is at best semi-guantitative
in nature. A comprehensive discussion of the limitations
and significance of the EDXA analysis of hydrated
cement was given by Diamond et al. [7].

Some of the specimens were treated with a dilute
1:4 HCI sclution prior to the SEM observations. The
specimens were soaked with water before briefly
immersing {1--16 seconds) their fractured surface in the
acid. This treatment was carried out in order to remove
the hydration products developed around the cellulose
fibre and t0 expose its surface. The organic fibre is
expected under these concentrations and expcesure time
to be insensitive 10 the acid treatment, while the cement
will readily dissolve in it.

* Cement chemistry notation is used: ¢ = CaQ, S =Si0,, A= ALO.,
S=50 C=C0, H=H.0
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TEST RESULTS

Overail matrix composition

Typical XRD patterns are presented in Figure 1, for the
unaged composite and for specimens after different
ageing treatments. The TG curves showed a distinct
weight loss in the temperature range typical to CH and
CC and the contents of these two components could be
caloulated. However, cellulose decomposes at the same
temperature range of the CH, and adjustment for that
had to be made in the calculation of the CH content. This
was done by taking into account the content of the
ceiiulose and its weight loss in this termperature range.

- The latter value was determined by running a TG test

with fibres only. The calculated values of CH* and CcC
contents are provided in Table 1. The values are pre-
sented as percent of weight of the ariginal cement, and
for that purpose the loss on ignition value was used.
The XRD patterns and TG results, indicate similar
trends of reiatively low CH values and a considerable
amount of CC. In well hydrated cement, the CH contant
in the absence of carbonation should be about 20%,
whereas in this case the values were much lower. These
trends suggest considered tendency for carbonation,
even in the composites which were not exposed to
conditions which do not promote excessive carbonation.
The marked increase in CC content could be particularly
noticed in the accelerated ageing in a CO4 environment
and in a natural environment, where the CC content was
more than twice as much as that in the unaged compo-
site or the composite accelersted aged in a normal

€S .

Nen-aged (28 days) CH

Accelerated ageing, narmal environment

Accelerated ageing, €O, rich environment

Natural ageing, 5 years

z28°

Figure 1 XRD patterns of cellulose-cement composites
before and after ageing
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Tabie 1 CHand CC cantent of celfulose cement composites
cured in & normal enviranment, before and after
ageing, as determined by TG analysis

CH content CC content

Ageing conditions Y Wi* % Wt.*
Unaged 4.9 8.9
Accelerated ageing,

normal envircnment 7.4 8.0
Accelerated ageing

CO, rich envirgnment 1.9 18.6
Natural ageing 7.0 184

* % Wi of original composition

environment. The TG data indicated that this increase in
CC content was not accompanied by an additiona
reduction in the CH content, but the XRD patterns reveal
hardiy any CH.

SEM observations of the interface

Unaged composites The dominant mode of failure
was fibre puil-out {Figure 2a), and the matrix around the
fibre was relatively porous (Figure 2b}. The composition
of the hydration products in these zones was typically
that of CSH, even when analysing the more dense
microstructure {Figure 2b — C/S ratio of 1.65 in point 1).
When observing the microstructural characteristics
aiong the fibres, farge gaps and cracks in the matrix
adjacent to the fibre surface could be frequently seen
(Figure 3a, 4a), and fibre matrix debonding was evident in

Figure 2 {a) Typical pulled out fibre in an unaged composite; (b) The open matrix at the root of the fibre in {a). The C/S

ratio in point 1 is 1.65

Figure 3 (a) Open matrix along a fibre in an unaged composite; (b) Higher magnification around a cfrystalline rmatrix

zone in {a)
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(b}

Figure 4 {a) Open and porous matrix along a fibre in an unaged composite; (b} Higher magnification along (a) showing
porous and dense hydration product. The C/S ratios of points 1 and 2 are 2.08 and 3.51, respectively

(a) ; (b)

Figure 5 (a) The groove left after removal of a cellulose
fibre in an unaged composite; (b) Higher
magnifications of the thin film in (a); {c) Higher
magnification of (b}




The microstruciure and ageing of celiulose fibre reinforced cement composites cured in a normal environment

Benturand Akers

many locations. Aithough the hydration products were
usually non-crystalling in nature, with C/S ratio less than 2
{(Figure 2, Figure 4k}, some crystalling lamellar structure
typical to CH could sometimes be seen (Figures 3b, 4b).
However, the C/S ratio in such zones was not extremely
high (2 to 4), suggesting either impure CH or more likely a
mixture of CH crystais and CSH. in such zones, the
microstructure of the products enguifing the fibres was
dense, but even here debonding and matrix cracking
could be seen.

In some cases, the impression left by the fibres on
the matrix could be obhserved. This was in zones where
the fibre was removed after splitting the specimen,
revealing the groove below it. One such groove can be
seen in the central portion of Figure 5a. Higher magnifi-
cation of the fractured zone of the groove {Figure 5hb)
shows the presence of a thin film {=1pum thick) with a

R

relatively smooth surface, which was apparently in
contact with the fibre. Below ii there is 2 vacant space,
extending several microns, wheare some hydration pro-
ducts could be seen (Figure 5b). [t was difficult to resolve
the nature of these products because of their focation
below the surface, but higher magnifications of some
zones (Figure 5c) suggested that they were not crystal
line, and were somewhat open in nature,

composites in normai

Accelerated aged

environment
The fractured surface observed indicated invariably

broken fibres with their hollow nature clearly shown in
Figure Ba. In some cases, the fibres seemed to be
breaking in flexure (Figure 7). In most cases the matrix
around the fibres was quite dense, as seen &t higher
magnifications in Figures 8b, 7b. The C/S ratio in such

Figure 6 {a) A broken fibre in a composite after accelerated ageing in 2 normal environment; {b) Higher magnification
of the upper part of the interface in {a}). The C/S ratio of this zone is 4.87

Figure 7 {a) A fibre broken in flexure in a composite after accelerated ageing in a normal environment; (b} Higher

magnification of the dense matrix around the fibre in {a). The C/S ratio of this zone is 1.61
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Figure 8 (a) Brittle fracture in a composite afler accelerated a
of one of the fibres in {a) showing the circular mor
petrified’). The C/S ratio of the centre is 2.0; (c) Higher magnification af one of the fibres in (a), showing the
circular holiow fibre ("brittle cellular’); (d) The dense matrix around a petrified fibre

zones was usually less than 2, which is in the range
typical to CSH. Higher C/S ratios, like 4.87 in Figure 8b
were less frequent.

ft was' typical to observe debonding between the
ceilulose fibre and the matrix around it. Separations of
Twm or greater could be measured between the fibre
and matrix (Figures 6, 7).

Accelerated
environment
The mode of fracture of these specimens was brittle,
with most of the fibres being broken at the fractured
plane (Figure 8a). Very frequently, the circular cross
section of the broken fibre was filled up with what
seemed to be dense hydration products (Figure 8b}. The
C/S ratio in these dense zones was 2 or less. It should he
noted that in these ‘filled’ fibres no perimeter debonding
couid be seen. This microstructure will be referred to as
‘brittle petrified’.
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aged composites in €O, rich

geing in a CO;, rich environment; (b} Higher magnification

phology filled with dense, massive material (‘brittle

In fewer instances the fractured fibres were holiow
inside, revealing the usual structure of the cellulose fibre
{Figure 8c). In a few cases one could see the holes left in
the matrix around fibres which probably pulled out
(Figure 8d). The matrix was usually dense, similar to that
observed around the zones where the fibres were stiil
oresent on the fractured surface.

In one case (Figure 9), the perimeter of a celluiose
fibre could be seen slightly below its broken surface, and
within its perimeter, there appeared to be dense and
porous hydration products filling the circular space. This
was a rare observation, and cannot be considered typicai.
Observations of this kind may suggest that the mor-
phology defined previously as petrified fibres, was
originally a cellulose fibre which became filled with
reaction products. In order to verify this hypothesis, the
specimens were treated with hydrochloric acid, which
can dissolve the reaction products, without damaging
the cellulose fibres. Observations after brief etching are
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Figure 9 Brittle failure of a partially ‘petrified’ fibre in a
composite after accelerated ageing in a CO, rich
egnvironment

presented in Figure 10 and micrographs of specimens
after more intensive etching are shown in Figure 17.
Brief etching clearly revealed the typical structure of
the cellulose fibres. In some cases the core of the fibre
was vacant, but often the perimeter of the fibre wall
could be seen, and within it the etched hydrated materig
which dissolved only partly on the surface (Figure 10).
Higher magnification of the centre of such zones clearly
revealed the etched nature of the surface (Figure 10b).
The C/S ratios in such zones were about 1.30 which is
indicative of the composition expected in slightly etched
CSH. These micrographs ciearly indicate that the
petrified morphology, which was so typical to the
accelerated ageing in CO4 rich environment, was indeed

{a)

the result of filling of the vacant core of the cellulose fibre
with reaction products.

The more extensive etching removed completely
the reaction products within the celluose fibres and
around them. The frequent observation of the circular
cross-section of the cellulose, is a manifestation of the
brittie fracture of the fibre. The hollow and fibrillar
characteristics were clearly seen in etched specimens
{(Figure 1), but were absent in the unetched specimens,
where the fibres were impregnated with reaction pro-
ducts leading to the formation of the petrified mor-
phology. EDXA of the extensively etched fibre walls gave
a weak signal of Ca and Si with the C/S ratio being about
0.26. The fact that such a signal could be chtained may
indicate that the wails of the cellulose fibre contained
some calcium silicates and the signal observed was that
of the remnants of such etched material. Acid treatment
of the calcium silicate is expected to dissolve most of
them and leave behind a residue of silica gel, which may
account for the low C/S ratio observed.

Natural ageing for 5 and 25 years

The typical mode of fracture was brittle in nature, with
the fibres breaking at the fractured piane, or being pulied
out slightty before being fractured (Figure 12). The hollow
nature of the fibres was usually not present, and as in the
case of accelerated aged specimens in a CO- environ-
ment, the circular cross-section of the fibre was char-
acterised by a dense microstructure (Figure 13). Onlyina
few instances could the remnants of the hollow nature of
the fibre be seen at the broken surface. Also, only
seldom was a fibre pulled out of the matrix during
fracture. Regardless of the mode of fracture, the matrix
around the cellulose fibres was quite dense (Figure 14a).
Onlyina fewinstances could one see some more perous
matrix around the fibres, as demonstrated, for example,

Figure 10 Fibres revealed after brief etching of a composite after accelerated ageing in a CO, rich environment: (a)
General view of a fibre, showing the fibre with dense material deposited in the core susrounded by the fibre
wall; (b} Higher magnification of the centre of (a), showing the etched nature of the material. The C/S ratio at

the centre is 1.37
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{a)

{b)

Figure 11 (a) Fibre revealed after more intense etching of a composite after accelerated ageing in a CQ; rich
environment; (b} The C/S ratio of the ceil wall in {b}is 0.20

Figure 12 Brittle fracture in a compaosite after ageing for b
years in natural weathering

in Figure 14b. Usually, the C/S ratic of the matrix
surrounding the fibres was about 2 or less. Only in a few
points was the C/S ratio greater than 3 and, even then, no
crystalline morphology was evident. On rare occasions
one gould see the presence of dense crystalline zones,
typical to CH, where the C/S ratio was higher than 7
{Figure 14c).

It shouid be noted that in the places where the fibres
were broken in a brittle manner, revealing a dense,
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Figure 13 Brittle petrified fibre in a compaosite after
ageing for & years in natural weathering (left
fibre in the micrograph)

petrified, microstructure in the fibre cross-section
{Figure 13). no bond separation at the perimeter of the
fibre could be seen.

The typical matrix microstructure away from the
fiores was dense, similar to that around the fibres, and
the C/S ratio typical to these areas was about 2.

The observations outiined here were alse evident in
the celiulose fibre component of the 25 vears old
cellulose-asbestos composite.
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DISCUSSION OF TEST RESULTS

Overall composition of the composite
fn all the specimens, the CH content was very small,
much less than would be expected in cast pastes and
concretes. The calcium carbonate (CC) content was
guite high, even in the specimens that were normally
cured for 28 days. A marked increase in the CC content
was observed after naturai ageing and after accelerated
ageing in a COy rich environment. This increase was not
necessarily accompanied by a marked change in the CH
content, which was already low to start with. This may
suggest that the CSH had carbenated and part of it was
converted to CC and hydrated silica gel. These trends
were consistent in the results of the XRD and TG
analysis. Also, in the SEM observations, it was rare to
come across a zone with crystalline CH morphelogy and
a high C/5 ratic.

The tendency for carbonation and the low CH
coentent accompanying it may be asscciated with the
relatively small thickness of the composite.

Figure 14 The matrix around the fibre in a composite
after ageing for 5 years in natural weathering;
{a) Dense matrix; (b} Porous matrix; {c} Dense
matrix, with some crystalline material at the
right side with C/S ratios of 10.5

Modes of fibre failure

The microstructural analysis here and the in-situ flexural
testing reported by Akers et al. (8] describe the fracture
mechanisms of celluiose products. Using these cbser-
vations and the results in this paper the foliowing medes
of fibre failure may be described:

{it  Ductile pull-out — in which the fibre pullad out of the
matrix to a considerable fength and the matrix around
the fibres was relatively porcus. This mode was
typical of the unaged composite,

(i) Brittle-hollow —in which the fibres broke cloge to the
fractured surface, revealing the hoilow nature of the
fibre. Fibre-matrix separation or debonding at the
interface could be seen, but the matrix at the
mterface was quite dense, consisting mainly of CSH,
in contrast tointerfacial CH which is more common in
steel and glass fibre reinforced cements [9, 101 This
mode was typical of accelerated aged composites in
a normal environment.

{h) Brittle petrified — in which the fibres broke at the
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fractured surface, revealing circular cross section
filled with dense reaction products. The matrix was
as dense as in the brittle-hollow case, but no
interfacial separation or debonding could be seen.
This mode was typical of composites exposed to
ageing in conditions which promoted carbonation,
i.e. natural ageing and accelerated ageing in a CO,
rich environment.

Ageing mechanisms

Inthe unaged composite the failure was characterised by
pull-out of the fibres. This resulted in a ductile composite,
with modulus of rupture and tensile strength values
considerably higher than those of the matrix. The matrix
around the fibres was not extremely dense. and cracks
could be observed in the matrix in the vicinity of the
pulled out fibres. A somewhat weak matrix in the vicinity
of the fibre, which can yield or crack, can be favourable
from the point of view of the ductiity of the fibre
composite. It was shown theoretically and experi-
mentally [11--13] that in composites with a brittle matrix
and randomly oriented fibres, the inclined fibres bridging
the crack tend to bend locally. As a result, adense matrix
in such a zone can lead to the development of localised
flexural stresses which could result in premature faiiure
of the fibres; in a weaker interface these stress concen-
trations can be relaxed by cracking of the matrix,

In the aged composites, the prevailing mode of
failure was g britile one, with fibres bresking at or close to
the fractured surface and only a few of them pulling out.
The densening of the matrix around the fibres, which
was observed after all of the ageing treatments, could be
a factor contributing 10 the reduction in toughness, by
reducing the flexibility and deformation capacity of the
fibres. A change of this kind can be accompanied by a
reduction in strength, or an increase in strength, depend-
ing on the nature of the fibres and the effect of the ageing
conditions on the properties of the fibres themselves. it
was observed that, after accelerated ageing in a normal
environment, the composite became brittle and iost
strength, and the mode of failure of the fibres was
brittie-hollow. After natural ageing and accelerated age-
ing in a CO4 rich environment, the composites showed a
reduction in toughness but their strength and E-modulus
increased by 80% or more. In these cases the more
typical mode of fibre failure was ‘brittle-petrified’. and
brittle-hollowy failure was less frequently observed. Thus,
there appears to be a correlation between the changes in
the properties of the composite after ageing and the fibre
faillure mode: brittle-hoilow mode occurred in the
compasite that fost strength and brittle-petrified in the
composites that gained strength. In both cases a reduc-
tion in toughness was observed, In the following para-
graphs possibie expianations for these effects wiil be
discussed.

Dry/wet cycles (in a2 normal environment) and brittle-
hollow fibre failure mode may be associated with
weakening of the fibres, or with premature fibre failure in
flexure, or with both. The weakening of the fibre may be
the result of chemical or physical changes. On wetting
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and drying, the celiulose is expected to exhibit consider-
abie cyclic dimensional changes which may lead to
cracking and strength loss. The debending and the gap
observed between the fibre and the matrix after this
ageing treatment is the resuit of the volume instability of
the fibre. Premature fibre failure in flexure, fike that
observed in Figure 7, may be the result of the densening
of the matrix around the fibres, in accordance with the
processes described in references [11-13).

The reduced toughness and strength gain of the
composites, which were exposed to ageing conditions
where carbonation took place (accelerated agsing in a
COz rich environment and natural ageing), may be
associated with the brittle-petrified fibre failure maode.
The filling of the core of the fibre with hydration products
and possibly its cell wail is expected to result in an
increase in its strength and stiffness. in addition to that, it
seems that the ‘petrified’ fibres are more stable dimen-
sionally; no separation and debonding between them
and the matrix could be observed. Thus, as 3 resuit of the
increase in the density of the matrix around the fibres and
the reduction in the tendency of the fibre to shrink away
from the matrix, the bond between the two will become
greater. The increase in fibre-matrix bond, and the
increase in fibre strength and stiffness may account for
the marked increase in the strength and E-modulus of
the composite, and in its reduced toughness.

Stronger, more rigid and brittie fibres, and improved
bond strength, are known to iead to higher strength and
tower ductility. The strengthening of the fibres due to
petrification may compensate for weakening effects
such as premature flexural failure due ¢ matrix
densening which was observad after accelerated ageing
in & normal envirenment, or changes in the degree of
polymerisation of the fibres.

The guestion to be addressed at this point, is how
the fibres become 'petrified” ard why it occurs more
readily in the conditions which promote carbonation. The
penetration of CO; into a partially wet portland cement
matrix is associated with reduction in the pH and
increase in the tendency of the hydration products (CH
and CSH) to dissolve, and to be transporied to more
porous zones, and then to redeposit [15, 16]. Such
effects, which have been discussed extensively in
relation to carbonation shrinkage, may account for the
deposition of hydration products within the cellular
fibres, leading to the formation of the petrified mor-
phology. This may account for the fact that the petrified
morphology occurred more frequently in the composites
with more advanced carbonation.

CONCLUSIONS
1. The ceiluicse fibre reinforced cement tends to
carbonate readily.

2. The dominant mode of fibre failure in the unaged
composite was pullout or a combination of pull-out and
fracture. The matrix around the fibres was not extremely
dense.
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3. After accelerated ageing in a normal environment,
the dominant mode of fibre failure was brittle, with the
fibres breaking at or close to the fracture plane, revealing
their hollow cross-section. It is suggested that fibre
debonding from the matrix, and possibly a reduction in
fibre strength due to physical damage associated with
expansion shrinkage, fed to loss in strength and
toughness of the composite.

4. After natural ageing and accelerated ageing in a CQ,
rich environment, the dominant mode of fibre failure was
brittle. Most of the fibres were 'petrified’, i.e. their core
was filled with hydration products, It is suggested that
the increase in the strength and rigidity of the petrified
fibres, and the increase in their bond strength due to
matrix densification and to elimination of shrinkage-
debonding from the surrounding matrix, can account for
the increase in strength and E-modulus of the
composite.

5. The formation of the 'petrified’ fibre morphology
after natural ageing and accelerated ageing in a CO; rich
environment, is suggested to be the result of deposition
of hydration products within the core of the cellulose
fibre. This process takes place more readily under
carbonating conditions, probably due to the lower pH and
greater solubility of the hydration products.

6. During all of the ageing treatments a mild reduction
in the degree of polymerisation could be observed. The
possible reduction in strength, expected from this
change, is more than compensated for by the petrifi-
cation effect which takes place in natural ageing and
accelerated ageing in CO5 environment.

7. Accelerated ageing in CO, reproduces the ageing
processes occurring in nature, whereas accelerated
ageing in a normal envircnment fails to simulate it.
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