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Abstract

In this paper, effect of heat treatment temperature on the interface structure of the carbon fiber reinforced geopolymer composites was
investigated by transmission electron microscopy (TEM), selected-area diffraction (SAD) analysis and high-resolution transmission
electron microscopy (HRTEM). In the composite treated at 1100 °C, carbon fiber showed a good bond with the leucite matrix and no
interface reaction layer was observed, while due to the thermal mismatch between fiber and matrix, microcrack which was perpendicular
to the fiber axial direction can be seen in the matrix. With increase in heat treatment temperature to 1200, 1300 and 1400 °C, interface
reaction occurred and reaction layers with thickness of 50, 100 and 1000 nm, respectively, were detected. The interface layer was formed
by the reaction between Si—O groups in the matrix and C element in the fiber. Especially for the sample treated at 1400 °C, serious
interface reaction led to the formation of B-SiC and property of carbon fiber was greatly degraded.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Geopolymer materials have been developed for many
years and many applications have been found for their
excellent properties, like fire resistance, low density, low
cost, easy processing, environmentally friendly nature and
thermal resistance [1-5], and low strength and brittle
fracture nature are the most serious impedances which
limit their use in structural applications.

Over the past years, various kinds of reinforcements,
including particulate [3,4], continuous fiber [5-9] and short
fiber [10,11] reinforced geopolymer composites have been
extensively investigated. Among them, continuous fiber
reinforced geopolymer composites have generated a great
deal of attention due to their adaptability to conventional
polymer composites manufacturing techniques. Mean-
while, the high strength and modulus of the fibers can
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prevent catastrophic brittle failure in composites. How-
ever, due to the very weak geopolymer matrix, fiber
reinforced geopolymer composites still showed low
mechanical properties [3,12,13], which limit their wide
applications.

Recently, many sources proved that geopolymer can be
converted into advanced ceramics with high strength and
stiffness by heat treatment [14-22]. In our recent research
[23] we reported that after proper high temperature heat
treatment, continuous carbon fiber reinforced geopolymer
composite can be directly converted into carbon fiber
reinforced leucite composite and mechanical properties
can be greatly enhanced. The composite being treated at
1100 °C showed the highest flexural strength of 234.2 MPa,
which was caused by the densified and crystallized matrix
and the enhanced fiber/matrix interface bonding based on
the fine-integrity of carbon fibers, and with increase in heat
treatment temperature to 1200, 1300 and 1400 °C, flexural
strength decreased to be 181.7, 160.3 and 54.6 MPa,
respectively. Heat treatment temperature has a great effect
on the interface state between leucite and carbon fiber,
which played an important role in determining the whole
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performance of the composite. Thus, in this paper, inter-
face structure and composition evolution caused by phy-
sical and chemical compatibility between fiber and matrix
are further investigated by the TEM technique, which
provides further scientific proof to support the evolution of
mechanical properties of the composite with increasing
treatment temperature.

2. Experimental procedures

Geopolymer resin was obtained by mixing metakaolin
powder with a potassium silicate solution, as described in
our previous publication [23]. The carbon fiber used in this
study (Jilin Carbon Indus., China) is unidirectional con-
tinuous carbon fiber and has a diameter of 6-8 um, and
tensile strength of 2930 MPa. The composite was prepared
by infiltrating geopolymer resin into the unidirectional
continuous PAN-based carbon fiber preform with the help
of the ultrasonic vibration treatment, and stacked one by
one to get a green sample with 16 layers. To remove the
pores in the green compact, degassing was applied at 80 °C
for 24 h using a vacuum-bag technique. After that, the
composite sample was cut into 4 parts, and each was
placed at 1100, 1200, 1300 and 1400 °C, respectively, for
90 min in an argon atmosphere, to get the carbon fiber
reinforced leucite composites. Composites treated at 1100,
1200, 1300 and 1400 were denoted as C-1100, C-1200, C-
1300 and C-1400, respectively.

The interface microstructures were characterized by
transmission electron microscopy (TEM), selected-areca
diffraction analysis and high-resolution transmission elec-
tron microscopy (HRTEM). Thin foil specimens taken
parallel to the fiber axis were prepared by dimpling and
subsequent ion-beam thinning.

3. Results and discussion

Fig. 1 shows the TEM micrographs and SAD results of
C-1100. It could be observed that Cy had a good bond with
the leucite matrix without obvious interfacial reaction or
amorphous layer, indicating no chemical reaction between
fiber and matrix occurred during composite processing.
SAD result as shown in Fig. 1(b) indicated the carbon fiber
was amorphous, and SAD from matrix displayed in
Fig. 1(c) confirmed the formation of the crystallized
tetragonal leucite, which was consistent with the XRD
results in our previous publication [23].

However, microcrack in the matrix which was perpen-
dicular to the fiber axial direction can be observed. The
microcrack was mainly derived from the thermal mismatch
between carbon fiber and leucite matrix during the cooling
process. The average coefficient of thermal expansion
(CTE) of the leucite matrix is 14.74 x 10~ ¢°C~" from
30 °C to 1300 °C, which is higher than those of carbon
fiber in both radial direction (10 x 10~°°C~") and axial
direction (0 x 10~¢°C~"). Thermal mismatch would lead
to the residual stress in the composite in both radial and

Leucite

Fig. 1. Interface morphology of C-1100: (a) TEM image, (b) and (c) microdiffraction analyses of carbon fiber and matrix in area of B and C.



P. He, D. Jia | Ceramics International 39 (2013) 1203-1208 1205

axial directions, which can be calculated according to
formula (1) [24]:

(am—af) X ATEfo
o=
Vyx (B-1)+1

M

where oy, or, and og, are the CTE of the leucite matrix,
carbon fiber in axial and radial direction, of 14.74 x 107¢°
C 1 0,and 10x10~%°C !, respectively; E,, and Ey; are
the modulus of leucite matrix and carbon fiber, of 65 GPa
and 220 GPa; and AT is the temperature range from 1100
to 1400 °C. The calculated results are shown in Table 1. In
radial direction, the thermal mismatch could result in the
residual compressive stress between fiber and matrix,
which would increase the bonding strength between them
during cooling and was beneficial to the property improve-
ment of the composite. Therefore, in the radial direction,
the thermal expansion mismatch between fiber and matrix
was acceptable, while in axial direction, the thermal
mismatch would result in the significant tensile strength
in leucite matrix. As shown in Table 1, for C-1100, the
residual tensile strength was 557.5 MPa. It was much
higher than that of the leucite matrix (about 70 MP), thus
led to the transverse microcrack in the matrix. The
microcrack in the matrix would undoubtedly decrease the
crack tolerance of the leucite matrix and was detrimental
to the mechanical properties of the composites. Cs™
partial-substitution for the K+ has been proved to be an
efficient method to decrease the coefficient of thermal
expansion of the leucite matrix [25] and thus increase the
thermal compatibility between matrix and the carbon fiber
and enhance the properties of the composite, which will be
carried out in a later investigation.

Interface morphologies of the C-1200, C-1300 and C-1400
are shown in Figs. 24, respectively. It can be observed the
interface reaction layers with thickness of ~50nm and
~100 nm were formed for C-1200 and C-1300, respectively,
implying the interface bonding transformed from the initial
physical bonding for C-1100 into chemical bonding for C-
1200 and C-1300. Furthermore, when heat treatment
temperature was increased to 1400 °C, as shown in Fig. 4,
the thickness of the reaction layer increased sharply to be
1000 nm for C-1400, indicating serious interface reaction
occurred and property of carbon fiber was substantially
degraded. SAD pattern of the area B (Fig. 4(b)) in the
reaction layer was composed of the amorphous carbon fiber
(the central diffraction spot and crescent spots in both
upper and lower sides) and B-SiC (the circulated diffraction
spots). As shown in Fig. 5(a) and (b), HREM image of area

Table 1

Thermal residual stress in the composites during cooling process.

AT (°C) 1100 1200 1300 1400
o, (MPa) 557.5 608.2 658.9 709.6
o, (MPa) 195.5 213.3 231.0 248.8

Leucite

Interface, ~50nm

Fig. 2. Interface morphology of C-1200.

Leucite

B Interfaéé,"'“u

Fig. 3. Interface morphology of C-1300.

B proved the typical stack faults within the reaction layer
structure, and FFT transformed image further confirmed
the formation of the B-SiC.

The element distributions in the box region in Figs. 2—4
are shown in Fig. 6. Si, Al and K atoms were detected in
the interfacial area, indicating the inter-diffusions of these
atoms between matrix and fiber, and with increasing heat
treatment temperature, the extent of the atom diffusion
increased gradually.

Fig. 7 shows the interface at the ends of fiber in C-1100 and
C-1400. Fig. 7(a) shows that long fiber pull-out dominated the
fracture surface of C-1100 and high-magnification SEM image
(Fig. 7(b)) shows that the fibers all maintained fine-integrity, so
interface reaction did not occur at 1100 °C and a relatively
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Leucite

'
o
o

~ Interface, ~1pm

54

Fig. 4. Interface morphology of C-1400: (a) TEM image, (b) microdif-
fraction analysis of area B.

Fig. 5. HRTEM micrographs of area B in Fig. 4: (a) HRTEM image and
(b) FFT transformed image.

weak Cg/matrix interfacial bonding was achieved. However,
for C-1400 fracture surface was much more flat and few fibers
pull-out could be observed than C-1100, as shown in Fig. 7(c).
Meanwhile, high-magnification SEM image (Fig. 7(d)) showed
the formation of an interface reaction layer of about 1 pm in
thickness indicating the fiber was highly corroded, which was
in accordance with the TEM results in Fig. 4.

Together with the TG and XRD results in our previous
results [23] and total vapor pressure of interfacial reaction
of Si—C-O system as a function of temperature [26], the
interface layer was generated by the reaction between Si—O
groups in the matrix and C element in the fiber, leading to
the formation of SiC and CO, as shown in reaction (1):

Si0, +C - SiC+CO(g) (1)
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Fig. 6. Element distributions in the interface region: (a) C-1200, (b) C-
1300, (c) C-1400.

According to the standard formation Gibbs free
energy of each reaction shown in Table 2, the Gibbs free
energy for the reaction (1), AG®, can be calculated by
formula (2):

AG® =605250—-339.61T 2)

When AG° is lower than 0, the reaction between Si—O
and C can occur, so the theoretical lowest reaction
temperature should be 1782.2K (1509.2 °C) according to
formula (2). However, evident reaction layer can be
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Fig. 7. Interface at the ends of fiber in (a)~(b) C-1100 and (c)—~(d) C-1400.

Table 2
The reactions and standard Gibbs free energy.

Reaction Standard Gibbs free energy

(I mol™h)

(1) C(S) + 0 502(g) d CO(g)
(2) Sigy+Cey— SiCys)
(3) Si(s)+Oxg) > SiOx5)

—114400—-85.77T
—73050+7.66T
—907100+175.73T

observed in sample C-1200, and thermogravimetric analy-
sis proved the initial reacting temperature was as low as
1170 °C [23], which was much lower than the theoretical
result and that in the Cg/SiO, system [26]. It might be
attributed to the existence of K in the matrix. Because
the bond energy of K—O is much lower than that of the
Si—O [27], the oxygen which is connected with the Kt can
be easily captured by the Si** at high temperature, and
thus the bridge oxygen bonds to the Si** in the Si-O
groups were disconnected. Therefore, the frame poly-
structure of the Si—O groups was decomposed to be a
variety of oligomers, which results in the decreased
viscosity of the leucite matrix at high temperature as
compared with the pure SiO, matrix [26]. Although the
low viscosity was helpful to the densification of the
composite, it was also associated with the much more
accelerated atom movement, which made the interface
reaction occur at low temperature.

The formation of the interface reaction layer would
greatly enhance the interface bonding strength, and then

facilitate the load transferring from matrix to fiber and
improve the reinforcing role of the carbon fiber. However,
interface reaction will also result in the property degrada-
tion of carbon fiber, which would decrease the mechanical
properties of the composites. With increasing heat treat-
ment temperature from 1100 to 1300 °C, mechanical
properties of the composites tended to decrease gradually
[23], implying the negotiate effect of the interface reaction
was more pronounced than its positive effect. Especially
for C-1400, carbon fiber was seriously corroded and
mechanical properties of the composite were dramatically
lowered.

4. Conclusion

With increasing heat treatment temperature, the inter-
face states of the carbon fiber reinforced leucite composites
transformed from the physical bonding at 1100 °C to
chemical bonding at temperature range of 1200-1400 °C
caused by interface reaction. Interface reaction would
result in the fiber degradation and thus was detrimental
to the properties of the composites, so the heat treatment
temperature of the composites should not exceed the onset
temperature of interface reaction. Thermal mismatch in
radial direction was beneficial to the property improve-
ment of the composite, while that in axial direction
resulted in microcrack in matrix which was perpendicular
to fiber axial direction. Therefore, efficient way to improve
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the physical and chemical compatibility between fiber and
matrix should be further investigated.
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