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Abstract

Unidirectional carbon fiber reinforced geopolymer composite was prepared by ultrasonic-assisted slurry infiltration method and heat treated at
1100°C. Then it was impregnated with Sol-SiO, to seal the cracks and pores formed during heat treatment. The ambient strength of composite
after impregnation was enhanced by 35.6% due to the increase relative density from the starting 79% to 93.6%. Composites both before and after
impregnation fractured in a non-brittle manner at both ambient and high temperatures. Over an elevated temperature range from 700 to 900 °C, the
strength of the two composites showed anomalous gains and reached their maximum values at 900 °C, 322.1 and 425.1 MPa, respectively. These
values were 19.8% and 16.8% higher than their ambient ones. When the temperature was further increased to 1100 °C, the impregnated composite
showed superior high-temperature properties, which was attributed to the improved fiber integrity due to the Sol-SiO, sealing effect.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Geopolymer is a kind of inorganic polymer material with
low density, low cost, easy processing, environmentally friendly
nature and excellent thermal properties.!~ Compared with poly-
mer, geopolymer materials can be used under much more higher
temperature such as above 1000 °C and they tend to be uncom-
bustible and no poisonous smoke would be released.® Therefore,
geopolymer materials have recently shown significant promise
as aircraft cabin and heat resistant materials, and have been
investigated as an alternative to polymer composites.®’ How-
ever, pure geopolymer matrix exhibits relatively low mechanical
properties, which is a great impediment to their wide applica-
tions.

Over the past years, some studies have been carried out on
geopolymer matrix composites reinforced by particulate,>* con-
tinuous fiber>™ and short fiber,'%!! etc., and many impressive
results have been achieved. Among them, continuous fiber rein-
forced geopolymer composites have received a lot of attention
for their adaptability to conventional techniques in polymer com-

* Corresponding author. Tel.: +86 451 86418792; fax: +86 451 86414291.
E-mail address: dcjia@hit.edu.cn (D. Jia).

posites manufacturing. Meanwhile, due to their high strength
and modulus, the fibers can prevent catastrophic brittle failure
in composites.

Recently, some researchers have concentrated their atten-
tion on the high-temperature behavior of the geopolymer and
geopolymer composites. Provis et al.!? identified the correla-
tion between mechanical properties and thermal dilatometric
performance, and reported that geopolymer which showed a
small expansion after heat treatment displayed the best strength.
Geopolymer made with fly ash exhibited strength increases
after 800 °C exposure, whilst geopolymer/aggregate compos-
ite decreased in strength after the same exposure due to the
great thermal incompatibility'?; the addition of a-Al,O3 par-
ticles increased the strength of geopolymer composites, and
after exposure at temperature between 800 and 1200 °C, both
geopolymer and composites got significant gain in strength
due to the viscous sintering.'# Reis et al.! recently reported
that though both the strength and stiffness of carbon or
glass fibers reinforced HIGH-SILICA geopolymer composites
decreased with increasing temperature from room temperature
until 300 °C, the major drop on both the stiffness and strength
did not occurred until 150 °C. The literature suggested that the
effect of high temperature on the properties of geopolymer mate-
rials depended on the aluminosilicate source, alkali cation, Si/Al
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ratio, and thermal compatibility between matrix and reinforce-
ments.

In our recent research!'® we reported that continuous carbon
fiber reinforced geopolymer composite exhibited good mechan-
ical properties, and proper high-temperature heat treatment was
an efficient way to further improve its mechanical properties.
However, many cracks and pores appeared in the composite
after heat treatment. These defects would be unfavorable to
the high-temperature mechanical properties of composites in
air because of carbon fiber degradation. Repeated impregnation
of slurry with low viscosity into the composites is an efficient
method to seal these defects and to further improve the mechan-
ical properties of the composite. This has been widely used in
fabrication of composites by polymer infiltration and pyrolysis
(PIP) process.”’19

Therefore, in this paper Sol-SiO, was used for impregna-
tion considering its low price, low viscosity, high solid content
and excellent thermal properties. The impregnation routes of
Sol-Si0; into composites were optimized. The room and high-
temperature mechanical properties of composite both before and
after impregnation were systematically investigated. Relevant
studies were rarely reported before.

2. Experimental procedures

Geopolymer resin with composition of SiO,/Al,03 =35,
K»0/Si0, =0.2 and HyO/K,O =11 (mole ratio) was obtained
by mixing metakaolin powder with potassium silicate solution.
The metakaolin was prepared by calcining kaolin at 800 °C for
3 h. The main phase of metakaolin was amorphous with minor

a-quartz.'® The potassium silicate solution was prepared by dis-
solving amorphous silica (Shanghai Dixiang Indus, China) into
KOH (Tianjin Fuchen Indus., China) solution. The solution was
then allowed to mature under stirring for 48 h in order to dissolve
the silica completely.?”

The carbon fiber used in this study (Jilin Carbon Indus.,
China) has a diameter of 6-8 wm, and an average tensile
strength of 2800 MPa. The composite was prepared by infil-
trating geopolymer resin into the unidirectional continuous
PAN-based carbon fiber perform. The preparation process of
the composite was described in our previous study.'® After
that, the composite sample was heat treated at 1100°C for
90min in an argon atmosphere. The as-achieved composite
was machined and polished into specimens with a dimension
of 3.0 mm x 4.0 mm x 30.0 mm. The apparent porosity was ca.
20% measured by the Archimedes method.

The specimens were divided into 4 groups, 3 of which were
further impregnated by Sol-SiO, of 20, 30, and 40 wt.% con-
centrations under vacuum for 8 h. After drying at 200 °C for
2h, excess slurry was removed from the surface of the per-
forms and specimens were repeatedly impregnated. The vacuum
impregnation and drying process was repeated 6 times. At last
the impregnated specimens were heat treated at 900 °C.

Flexural strength measurements of composites were
conducted on specimens (4 mm x 3 mm x 36 mm) using a three-
point-bending fixture on an Instron-500 tester with a span
length of 30mm at a crosshead speed of 0.5 mm/min. Spec-
imens were machined with the tensile surface perpendicular
to the direction of lamination. Load—displacement curves were
recorded. Work of fracture was calculated by the area between

Fig. 1. Microstructure of the polished cross-section of composite before impregnation: in the axial direction of fibers (a) and (b); and in the radial direction (c) and
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the load curve and X axis in the load/displacement curves till
the load drops to 90% of the maximum. Six specimens were
tested under each test condition and average values were finally
reported. The tested temperatures were room temperature, 700,
900 and 1100 °C in air. Composites before and after Sol-SiO»
impregnation were denoted as HC and ImHC, respectively. And
the high-temperature tested samples were denoted as (Im)HC-
R, (Im)HC-700, Im)HC-900 and (Im)HC-1100, respectively.
Microstructure of the polished surface and fractograph of the
composites were observed by scanning electron microscopy
(SEM, FEI, Quanta-200).

3. Results and discussion

AsshowninFig. 1, after heat treatment many cracks and pores
were formed in HC specimens, leading to the carbon fibers par-
tially naked to the air. According to the carbon fiber oxidation
kinetics analyses,21 carbon fibers were susceptive to oxidation,
thus it was necessary to seal these cracks and pores. In our inves-
tigation, Sol-SiO, was used to seal the defects and to enhance
the resistance of composite to oxidation in high temperature.

3.1. Optimization of Sol-SiO; impregnation

The effect of Sol-SiO, concentration on the relative density
(RD) of composites is shown in Fig. 2. When Sol-SiO, con-
centration was increased from 20 to 40 wt.%, an increased RD
was observed after the first impregnation cycle. However, after
the subsequent cycles RD increased more slowly to Sol-SiO,
concentration of 40 wt.% than those of 20 and 30 wt.%, which
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Fig. 2. Relative density vs. number of impregnation/drying cycles with different
Sol-SiO; concentrations.

may be ascribed to the formation of more closed pores hamper-
ing any further Sol-SiO; infiltration process. After 4 times of
impregnation cycles, the highest relative density (93.6%) could
be obtained for 30 wt.% Sol-SiO5. Thus 30 wt.% Sol-SiO; was
selected as the impregnation solution.

Fig. 3 shows the microstructure of composites impregnated
with 30 wt.% Sol-SiO, for 6 times and treated at 800 °C. It can
be seen that most pores were filled and cracks healed by the
Si0O; particles, as identified by EDS elemental analyses (Fig. 4).
Fig. 3(a) shows that except for the surface fibers, few internal
fibers in ImHC were naked to the air, as compared with those
in HC specimens. This was beneficial for improving the oxi-
dation resistance of the composite. However, in the magnified
microstructure in the insert picture of Fig. 3(b), microcracks

Fig. 3. Microstructure of the polished cross-section of composite after impregnation: in the axial direction of fibers (a) and (b); and in the radial direction (c) and (d).
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Fig. 4. Energy dispersive spectrum of point A in Fig. 3(b).

Fig. 5. Flexural strength vs. temperature of the two composites.

Table 1

Elevated temperature flexural strength and work of fracture of HC and ImHC samples.

Specimen Density (g/cm3) Relative density (%) T(°C) Mechanical properties

Flexural strength (MPa) Work of fracture (Jm~2)

HC 1.81 79.0 RT 268.9 £ 14.6 5003.4 £ 2544
700 286.6 £+ 16.8 (6.6%) 51279 £ 314.3
900 322.1 + 18.2(19.8%) 5796.2 £ 2414
1100 221.9 £+ 12.2 (—17.5%) 4072.1 £ 307.9

ImHC 2.16 93.4 RT 364.7 £ 244 6527.4 £ 342.1
700 3747 £ 17.6 2.9%) 6794.7 £+ 269.2
900 425.8 £+ 20.1 (16.8%) 7408.3 £ 275.8
1100 350.1 £ 21.3 (—4.0%) 6009.5 £ 259.7

Fig. 6. SEM observations of ImnHC after flexural strength test at (a) RT, (b) 700 °C, (c) 900 °C, and (d) 1100 °C. Samples were prepared by broking-off the ImHC
specimens in cryogenic liquid nitrogen and the similar positions were selected for observation in each sample.
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could also be observed which might be due to the thermal mis-
match between leucite matrix and SiO» particles. In Fig. 3(d),
a few dispersed residual pores still could be observed in the
intra-bundle regions. During the impregnation process, the size
and number of residual pores left in the inter- and intra-bundle
areas gradually decreased. When the residual pores were small
enough, the viscous Sol-SiO; solution could not be effectively
infiltrated into the composite thus these small pores were left
in the composites, which had been well studied in composites
prepared by precursor impregnation and pyrolysis.>>

3.2. Room and elevated temperature mechanical property

Fig. 5 shows the curves of two composites flexural strength
vs. the testing temperature, and Table 1 summarizes the elevated
temperature strength values and their increase rate compared
with room temperature strength value. After impregnation, the
flexural strength increased by about 35%, as compared with
that before impregnation. At 700 °C, the flexural strength of
the two composites increased slightly. At 900 °C, the bending
strength grew rapidly and reached their maximum value, 322.1
and 425.8 MPa, which were 19.8% and 16.8% higher than their
room temperature strength values, respectively. As temperature
further increased, the bending strength slightly decreased, but
even at 1100 °C, they still could retain very high values, 221.9
and 350.1 MPa, which were 82.5% and 96.0% of their respec-
tive room temperature strength. The work of fracture of the
composites showed a similar trend as the flexural strength. The
high-temperature mechanical strength of both composites in our
study was much higher than those in previous research.’ David
reported that at 1000 °C carbon fiber and glass fiber reinforced
geopolymer composites lost most of their strength, and compos-
ite reinforced by SiC fibers only retained about 66% of the room
temperature strength.

The initial target of this investigation was to lower the strength
loss rate of the composites at high temperature by Sol-SiO»
impregnation. However, at 700 and 900 °C anomalous strength
gain for both composites were observed, such that the maximum
strength was increased by as high as 19.8%. The anomalous
strength gain of composites at certain temperature range might
be a result from the relaxation of residual stress. In the case of
the composite obtained in our study, the coefficient of thermal
expansion (CTE) of matrix (15.4 x 10~ K~1) was much higher
than that of carbon fiber (1 x 107°K™! ). Then, the tensile resid-
ual stress on the matrix and the compressive residual stress on
fibers would have taken place. At high temperature, the residual
stress was released, leading to matrix cracks closing and effi-
cient load transferring from matrix to fiber. Meanwhile, at lower
temperature the inner carbon fibers of the composites were pro-
tected from being oxidized by the cracks-terminated matrix and
most fibers maintained fine integrity (Fig. 6(b) and (c)) similar to
that of InHC-RT specimen (Fig. 6(a)). Consequently, composite
showed an increased strength over this temperature range. How-
ever, when the temperature was further increased to 1100 °C,
though relaxation of residual stress still occurred, fiber degrada-
tion (as shown in Fig. 6(d), which is discussed in the later part)
played a negative role, leading to the strength decrease. Simi-

lar trends were also observed in SiC¢/SiC—Al,03—Y203-Ca0??
and Cy/Si0,—Si3N, composites.’* From the strength retaining
rate values shown in Table 1, it can be implied that the compos-
ite after impregnation showed better fiber oxidation resistance
than the other at 1100 °C. This was due to the Sol-SiO; sealing
effect based on satisfying impregnation which was more ben-
eficial to protect carbon fiber from being oxidized. Therefore,
the geopolymer technology, together with Sol-SiO; impregna-
tion, might provide a new method of low-cost and short-time
fabrication of the C¢/ceramic composite, which exhibited good
high-temperature mechanical properties and might be attractive
for application at elevated temperature.

Furthermore, Fig. 7 shows the typical stress—displacement
curves of the composites at room and elevated temperatures,
indicating the effect of testing temperature. All the composites
showed non-catastrophic fracture behavior. After the initial elas-
tic region, the non-linear region appeared which could be caused
by fiber-bridging and sliding after debonding. After reaching
the maximum strength there was several significant steep drop-
steps and developed a long tails, which was resulted from fiber
breakage and pull-out. For all specimens tested, the fibers sub-
mitted to compressive stresses did not break and the main failure
process occurred in tension side as shown in Fig. 8, indicating

Fig. 7. Typical load—displacement curves corresponding to their flexural
strength tests at different temperatures: (a) HC and (b) ImHC.
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Fig. 8. Typical morphologies of ImHC specimens after flexural tests at (a) RT,
(b) 700°C, (c) 900°C, and (d) 1100°C.

that all specimens fractured in tensile fracture mode. Studies
developed by Reis et al.!> showed that carbon or glass fibers
reinforced HIGH-SILICA geopolymer composites fractured in
adifferent mechanism, i.e. the compressive fracture mode. They
reported that the high compressive stress concentration in the pin
load contact region associated with the low compressive strength
of the fibers, promoted compressive breakage of the longitudi-
nal fibers in this region. Such different fracture mechanisms of
these composites might be attributed to the different properties
of matrix and their specific microstructures.”> The matrix of
the composites in our investigation was leucite ceramic which
possessed much higher strength and stiffness than the geopoly-
mer, and the C¢/matrix interface bonding was just in a good

state.!® Meanwhile, the fiber volume fraction in our investiga-
tion was much lower than those investigated by Reis et al. (25%
vs. 55%). The stronger matrix and the desirable C¢/matrix inter-
face, together with the lower fiber volume fraction, would be
beneficial to the load transfer from matrix to the carbon fiber
efficiently through the interface, and eventually resulted in the
tensile fracture mode of the composite.

After impregnation, composite displayed not only higher
room temperature failure stress but also higher elastic modu-
lus, as observed from the initial linear stage of the curves. The
increased mechanical properties were attributed to the increased
relative density, which facilitated the load transfer from the
matrix to the fiber.!* No evident plastic deformation exhib-
ited from all the stress—displacement curves, implying that the
viscous flow of matrix did not occur even at 1100 °C.20

Fig. 9 shows the fractographs of composite after impregna-
tion at room and elevated temperatures. All samples exhibited
a rough fracture surface with many pulled-out fibers and holes
resulted from the pulled-out fibers, indicating the great reinforce-
ment of carbon fiber. The fractographs show that for InHC-700
and ImHC-900 most fibers maintained fine integrity as well as
for InHC-R, implying a good oxidation resistance of the com-
posites. Whilst for ImHC-1100, fiber degradation was clearly
observed. As shown in Fig. 9(d), fiber diameter became finer
which were a result from that the carbon fibers had been seri-
ously oxidized when the sample was kept at the high testing
temperature in air. Also it can be observed that with increasing
testing temperature from room to 1100 °C, pulling-out length
of fibers decreased. This may be caused by the fiber oxidation
which makes fiber easily broke at the oxidized part. Similar frac-

Fig. 9. The morphology of fracture surface near the tensile sides: (a) InHC-R; (b) ImHC-700; (c) ImHC-900; (d) ImHC-1100.
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Fig. 10. SEM fractograph obtained at room temperature of ImHC after flexural strength test at 1100: (a) low magnification fractograph, (b)—(e) was corresponding
to the area of (A)—(D). Samples were prepared by the same method as mentioned in Fig. 6.

ture morphology of composites before impregnation was also
observed, which was not present here.

In order to know the oxidation degree of the carbon fiber
at 1100°C, one ImHC-1100 sample was randomly selected
and broken-off for SEM observation. Fig. 10 shows typical
fractographs of the composite and indicated that no fiber was

burned out. Fig. 10(b) presents the morphology of the degraded
carbon fibers partly oxidized and the increased interstice formed
at the C¢/matrix interface area between carbon fiber and the
matrix. With increasing the distance to the surface, integrity
of carbon fiber gradually increase, as shown in Fig. 10(b)—(e).
Most carbon fibers beyond 200 wm in depth still maintain their
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Fig. 11. The degree of fiber oxidation vs. distance from the surface of the two
composites.

original morphology, and they were bonded very well with the
matrix (Fig. 10(e)).

The degree of fiber oxidation in ImHC-1100 was evaluated
as given in formula (1):

R
Degree of oxidation (%) = (1 — Rd) x 100 (D
0

In this equation, Ry is the average fiber diameter of all carbon
fibers in each magnified fractograph from Fig. 10(b)-(e) and
each fiber is measured in four directions; Ry is the original aver-
age fiber diameter. The result is shown in Fig. 11 and compared
with that in HC-1100 which is calculated using similar method.
It was obvious that the oxidation resistance of ImHC at 1100 °C
was much better than that of HC as indicated in Fig. 11. The
oxidation of carbon fiber in ImHC only took place in the surface
layer of about 200 wm in depth, whereas in HC it was about
400 pm in depth. So, it can be suggested from the above that
the reinforcement from carbon fibers in InHC were influenced
more slightly than those in HC, which was in good agreement
with the elevated temperature strength testing results.

4. Conclusions

This paper reported the effects of Sol-SiO, impregnation and
testing temperature on the mechanical properties of a heat treated
geopolymer matrix composite reinforced with carbon fibers.

(1) Repeated Sol-SiO, impregnation was an efficient method to
seal the cracks and pores in the composite and thus greatly
enhance the mechanical properties of the composite. The
relative density of composite increased from the starting
78% t0 93.6% and room temperature strength of composite
was enhanced by 35.6% relative to its original state before
impregnation.

(2) Composite both before and after impregnation showed
anomalous gain in strength over certain elevated temper-
ature range from 700 to 900 °C. And at 900 °C, the flexural
strength of the composites reached the highest values,
which were 19.8% and 16% higher than its room tem-
perature strength, respectively. The strength gain behavior

was attributed to the relaxation of residual stress and fiber
integrity.

(3) Compared with un-impregnated composite, the impreg-
nated one showed better fiber oxidation resistance and
much higher high-temperature mechanical strength due to
its much denser microstructure based on satisfying impreg-
nation. Even at 1100 °C in air, fiber degradation only took
place in the surface layer (~200 pm in depth) of the impreg-
nated composite and flexural strength can still retained as
high as 96% of the room temperature strength value.
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