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Effects of fibre content on mechanical properties and fracture
behaviour of short carbon fibre reinforced geopolymer matrix
composites
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Abstract. Geopolymer matrix composites reinforced with different volume fractions of short carbon fibres
(Cy/geopolymer composites) were prepared and the mechanical properties, fracture behaviour and micro-
structure of as-prepared composites were studied and correlated with fibre content. The results show that
short carbon fibres have a great strengthening and toughening effect at low volume percentages of fibres (3-5
and 4-5 vol.%). With the increase of fibre content, the strengthening and toughening effect of short carbon
fibres reduce, possibly due to fibre damage, formation of high shear stresses at intersect between fibres and
strong interface cohesion of fibre/matrix under higher forming pressure. The property improvements are
primarily based on the network structure of short carbon fibre preform and the predominant strengthening
and toughening mechanisms are attributed to the apparent fibre bridging and pulling-out effect.
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1. Introduction

Short fibres are a kind of the most commonly used rein-
forcements to improve mechanical performance of cera-
mics, metals and polymers. Compared to continuous fibres
reinforced composites, short fibres reinforced composites
combine easier processability with low manufacturing
cost. The most important factors that affect the short
fibres reinforcement are fibre dispersion and fibre aspect
ratio. Theoretically, the larger the fibre aspect ratio and
the more uniform the distribution in matrix are, the more
effective in securing toughness by its bridging and/or
pull-out effect is. So, methods for obtaining homogene-
ous distribution of short fibres within matrix are impor-
tant to obtain excellent mechanical properties.

At present, short fibres reinforced composites are often
made with conventional techniques, including single or
twin screw extruding (Li et al 2005), wet ball-milling
mixing (Song et al 2002) and high-speed mechanical
mixing methods (Mathew and Joseph 2007). However,
the shear stresses exerted by screw or vane usually result
in fibre aggregation or breakage (Fu ef a/ 2001; Liu and
Liao 2004; Grande and Torres 2005), which is unfavour-
able to obtain reasonable microstructure and excellent
mechanical properties.
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Short fibres are also effective reinforcements in streng-
thening and toughening geopolymer materials. Short fibres,
such as short polyvinyl alcohol (PVA) fibres (Liu et al
2005), short basalt fibres (Comrie and Kriven 2003),
short Nextel 610 fibres (Zhao et a/ 2007) and short carbon
fibres (Comrie and Kriven 2003), reinforced geopolymer
composites have been prepared by conventional techniques
and studied in the past. In this paper, a kind of sheet-like
carbon fibre preforms prepared using 7 mm starting short
carbon fibres with the help of ultrasonic scattering treat-
ment was used to reinforce geopolymer matrix compo-

Figure 1. Optical image of as-prepared sheet-like short car-
bon fibre preform.
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Figure 2. Surface micrographs parallel to the direction of lamination of composites a. 3-5 vol.%,
b. 4-5 vol.%, ¢. 6 vol.% and d. 7-5 vol.% Cgdgeopolymer.

Table 1. Properties of the as-prepared C¢/geopolymer composites.
Density Flexural strength Work of fracture ~ Young’s modulus

Materials (g/em?) (MPa) (J/m?) (GPa)
Geopolymer 1-42 16-8 £ 0.7 542+ 46 8-61 £0-43
3-5 vol.% Cg/geopolymer 1-42 913+£13 6435-3 £3199 4.74 £ 0-63
4-5 vol.% C¢/geopolymer 1-49 96-6 £4-9 59152 £151-2 12-04 £045

6 vol.% Cy/geopolymer 1-56 87-4£4-5 3926:3£116-2 20-46 £1-61
7-5 vol.% Cy/geopolymer 1-67 420+ 6-1 805-7£49-9 17-77 £0-78

sites. Geopolymer matrix composites reinforced with di-
fferent volume fractions of short carbon fibres were pre-
pared and the effects of fibre content on the mechanical
properties, fracture behaviour and microstructure of
as-prepared composites were investigated.

2. Experimental

The geopolymer resin used here has a composition with
SIOQ/A1303 = 4, KQO/SIOQZ 0-3 and HZO/KZO =11 (mole
ratio), as described in the literature (Kriven ef a/ 2003). A
typical processing route for geopolymer resin is as fol-
lows: a potassium silicate solution was made by dissolving
silica sol into a KOH solution with a magnetic stirrer.
Kaolin powder (4-08 um in average diameter) was cal-
cined at 800°C for 2 h in order to obtain metakaolin powder.

The metakaolin powder was then added to the potassium
silicate solution and mixed for 30 min with a high-shear
mixer.

Starting short carbon fibres used for preparing pre-
forms have an average length of 7 mm. They were first
separated by an ultrasonic vibrator in ethanol, and then
filtered out by a wire sieve to form sheet-like short carbon
fibre preform with a thickness within the range of 0-15-
0-2 mm, as shown in figure 1. The obtained preforms
were impregnated with geopolymer resin in a plastic con-
tainer and laid together one by one to get a stack consist-
ing of 20-50 layers of short fibre preforms. The plastic
container with preform laminates was introduced into a
vacuum bag and cured at 80°C for 24 h. At the early
stage of curing, a pressure of 0, 0-2, 1-2 or 2-0 MPa was
loaded in order to obtain composites reinforced with di-
fferent volume fractions of short carbon fibres (from 3-5 ~
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7-5vol.%). The redundant geopolymer resin was removed
from the plastic container during the loading process and
a final thickness of 5 mm for the preform laminates
was obtained as the load was removed from the vacuum
bag. The Cygeopolymer composites were taken out
from the vacuum bag and dried for an additional 24 h at
120°C.

Flexural strength measurements were conducted on
specimens (4 x 3 x 36 mm’) using a three point bend fix-
ture on an Instron-500 testing machine with a span length
of 30 mm at a crosshead speed of 0-5 mm/min. All fle-
xural bars were machined with the tensile surface perpen-
dicular to the direction of lamination. Load-displacement
curves were recorded. Work of fracture was calculated by
the area between load curves and X axis in the load/
displacement curves till the load dropped to 90% of the
maximum load. Six specimens were tested under each
test condition. Surface micrographs of the Cy/geopolymer
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Figure 3. Density of C¢/geopolymer composites with different
fibre contents.
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Figure 4. Variation of Young’s modulus of C¢/geopolymer
composites as a function of volume fraction of short carbon
fibre.

composites were observed by optical microscope. Frac-
ture surfaces of the composites were observed by scan-
ning electron microscopy.

3. Results and discussion

The starting carbon fibres possess a high aspect ratio
(about 1000), therefore, they tend to twist. In this
experiment, the short carbon fibre preform preparation
method with the help of the ultrasonic scattering treat-
ment can effectively prevent fibres from too much aggre-
gation as indicated in figure 1. As a result, the short
carbon fibres have a relatively uniform distribution in
geopolymer matrix for all the cases as shown in figure 2.
Table 1 shows the properties of the as-prepared C¢/geo-
polymer composites. The densities of composites gradu-
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Figure 5. Variation of flexural strength of Cggeopolymer
composites as a function of volume fraction of short carbon
fibre.
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Figure 6. Variation and work of fracture of Cggeopolymer
composites as a function of volume fraction of short carbon
fibre.
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ally increase with the increase of volume fraction of short
carbon fibres as shown in figure 3. This is due to the fact
that carbon fibre has a higher density than geopolymer
matrix does; on the other hand, density of the geopolymer
matrix in C¢/geopolymer composites improved under an
increased forming pressure during curing. It is well
known that the microstructure of geopolymer matrix has
particulate features and pores which are of the order of
5~10 nm (Kriven et al 2007). Increasing of forming pres-
sure during curing will undoubtedly reduce the size and
scale of pores. The Young’s modulus of composites is
increased by the influence of fibre addition and pressure,
as shown in figure 4. However, the Young’s modulus of
3-5vol.% Cg/geopolymer composites prepared without
pressure is unexpectedly lower than that of geopolymer
matrix, which seems to be contradictory to the greatly
improved flexural strength, as shown in table 1. The
inconsistency may be attributed to the special network
structure of short carbon fibres, the existence of some
microcracks in the matrix and the lower relative density
of the composites. However, accurate reasons result in
the decrease of Young’s modulus of 3-5vol.% Cg/geo-
polymer composites which are far from understandable
from this study and further analysis is needed.

The three-point bending strength of the composites as a
function of volume fraction of short carbon fibres is
shown in figure 5. The flexural strength of the composites
increases with the increase of volume fraction of carbon
fibres from 3-5-4.5vol.%. The addition of 4-5vol.%
short carbon fibres increases the geopolymer matrix
strength from 16-8 to 96-6 MPa (4-75 times higher), which
is regarded as a great strengthening effect for such a low
volume percentage of short carbon fibres. However, the
strengthening effect of short carbon fibres reduces with a
further increase in the fibre volume fraction to 6% and
7-5%. A similar trend for the work of fracture of the
composites is shown in figure 6. The work of fracture
shows the maximum value (118 times higher than that of
geopolymer matrix) at 3-5 vol.% Cg/geopolymer composite,
and then it gradually reduces with the increase of fibre
volume content.

Network structure of short carbon fibre preform may
be considered as integrity by interaction between fibres to
strengthen and toughen the geopolymer materials. The
destruction of this kind of composite is more difficult
than that of composites reinforced with aligned short
fibres under the same load due to the more reasonable
interaction between fibres. Thus, C¢/geopolymer compo-
sites show so good a strengthening and toughening effect
for such lower fibre percentages (3-5 vol.% and 4-5 vol.%).
The C¢/geopolymer composites with higher fibre content
are obtained by improving the forming pressure. Shear
stresses at intersect between fibres exerted by higher
forming pressure (1-2 and 2 MPa) possibly result in de-
struction of network structure of short carbon fibres due
to fibre breakage or damage, which has a negative effect

on short fibre reinforcement. The fact that the increase of
the volume fraction of short carbon fibres by increasing
the forming pressure is against the decrease of the
mechanical properties indicates that keeping the short
carbon fibres network structure integrity may be more
important than increasing the volume fraction of short
carbon fibres to improve the mechanical properties.
Though the volume fraction of short carbon fibres is less
at the lower forming pressure, may be it is suitable for
production of better reinforcement in Cg/geopolymer
composites.

Typical load/displacement curves of matrix and com-
posites are shown in figure 7. The low fracture energy of
geopolymer matrix results in apparent catastrophic fai-
lure. In contrast, the failure of the C¢/geopolymer compo-
sites is quite different. It can be seen that the composites
extend elastically at the beginning of the test. Beyond the
elastic limit, the applied load produces plastic deforma-
tion until maximum load is reached, and then the load
drops with the increase of displacement and formed a
long tail due to the fibre debonding and pulling-out. With
the increase of volume fraction of short carbon fibres, the
displacement of the crosshead shortens where the maxi-
mum applied load is reached and the load reduces fast
during the unload process. This implies that the deforma-
tion and safety factors of the C¢/geopolymer composites
during service both decrease with the increase of volume
fraction of short carbon fibres.

The fracture behaviour of the investigated composites
can be seen clearly from the observation of the micro-
graphs perpendicular to the fracture surface of Cy/geopoly-
mer composites, as shown in figure 8. A lot of fibre
pulling-outs are found on the fracture surface. The pull-
ing-out length is so big that it ensures the reinforcement
of short carbon fibres effective in preventing catastrophic
fracture. The pulling-out length of fibre decreases from
600—-100 um with the increase of volume fraction of short
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Figure 7. Load/displacement curves for (a) geopolymer
matrix and (b) 3-5 vol.%, (c¢) 4-5 vol.%, (d) 6 vol.% and (e)
7-5 vol.% C¢geopolymer composites.
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Figure 8.
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Scanning electron micrographs of perpendicular to the fracture surface and parallel to direc-

tion of lamination of a. 3-5 vol.%, b. 4-5 vol.%, ¢. 6 vol.% and d. 7-5 vol.% C¢/geopolymer composites.

carbon fibres from 3-5-7-5 vol.%. The decrease of pull-
ing-out length is due to the fact that higher shear stresses
at intersect between fibres and interface cohesion strength
of fibre/matrix formed by higher forming pressure make
the fibres favour breakage rather than pulling-out during
load. Fibre pulling-out absorbs more energy than fibre
breakage (Mulligan et al 2003). This indicates energy
consumption and the work of fracture decreases with the
increase of volume fraction of short carbon fibres, which
matches the results mentioned above.

4. Conclusions

Geopolymer matrix composites reinforced with different
volume fractions of short carbon fibres were successfully
prepared. The short carbon fibres are homogeneously
distributed within the geopolymer matrix. Short carbon
fibre preform shows a great strengthening and toughening
effect for a low volume percentage of fibres (3-5 vol.%
and 4-5vol.%). Although short carbon fibre content is
increased under higher forming pressure, the strengthen-
ing and toughening effect of short carbon fibres reduces
possibly due to fibre damage, formation of high shear
stresses of intersect between fibres and strong interface
cohesion of fibre/matrix. The predominant strengthening
and toughening mechanisms are attributed to the reason-
able network structure of short carbon fibres as well as
the apparent fibre bridging and pulling-out.
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