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reinforcements. Musil et al.4,8,9 and others 10,11 have shown
that geopolymer is a good binder for a broad variety of reinforcements, thereby signiﬁcantly increasing the resulting composite tensile and ﬂexural strength, as compared to pure
geopolymer. This property guarantees maximum load transfer from the geopolymer matrix to any reinforcement phase.
With properly chosen ﬁber reinforcement, geopolymer ﬂexural strength can be doubled with as little as 1 wt% addition
of 6.35 mm (¼″) chopped basalt ﬁbers.12 Alternatively, ﬂexural strength can be increased 10-fold with only 10 wt% of
6.35 mm (¼″) chopped basalt ﬁber additions. Silane sizing
has been shown by Rill et al.12 to produce composites with
improved room-temperature ﬂexural strength as compared to
those using ﬁbers without sizing.
Moreover, when the geopolymer matrix is heated up to
about 350°C–400°C, the water in the geopolymer structure
escapes from the bulk of the material, which is accompanied
by mechanical deformation and cracking. Since this cracking
can often be catastrophic, and while geopolymers otherwise
have good high-temperature qualities, it is of high value to
research methods of reducing or eliminating this cracking.
One of these ways is the addition of a reinforcing phase that
vastly improves the mechanical properties and high-temperature stability of the geopolymer.12
Basalt is the most common rock found in the earth’s crust.
Russia has vast and uncalculated basalt reserves, and only
the 30 active quarries have roughly 197 million m3. In the
United States, Washington, Oregon, and Idaho have thousands of square miles covered with basalt lava. Basalt is composed (in at.%) primarily of silica and alumina with a
nominal composition of 57.5% SiO2, 16.9% Al2O3, 9.5%
Fe2O3, 7.8% CaO, 3.7% MgO, 2.5% Na2O, 1.1% TiO2, and
0.8% K2O. It has a melting point of 1450  150°C and is
noncombustible, making it useful for high-temperature applications. The tensile strength of basalt ﬁber tends to increase
with increasing drawing temperatures, between 1.5 and 2.9
GPa, between 1200°C and 1375°C. Young’s modulus of
basalt ﬁber varies between 78 and 90 GPa for basalt ﬁber
from diﬀerent sources. Compared to glass, most references
claim that basalt ﬁber has higher or comparable elastic modulus and tensile strength.13–15 Besides their good mechanical
properties, basalt ﬁbers have high chemical and thermal stability, as well as good thermal, electrical, and sound insulating properties. The thermal insulating ability of basalt is
three times that of asbestos, and due to such good insulating
properties basalt is used in ﬁre protection. Basalt has electrically insulating properties which are 10 times better than
glass. Secondly, basalt has much better chemical resistance
than that of glass ﬁber, especially in the presence of strong
alkalis. Basalt in the form of ﬁbers has been used as a reinforcement phase to geopolymers,16–20 exhibiting enhancement
in mechanical strength compared with pure geopolymer.
However, the addition (wt%) of ﬁbers to the geopolymer
matrix was limited (up to around 10 wt%) due to rheological
problems (shear thickening) beyond that.4,12
In this study, potassium-based geopolymer (K2O  Al2O3 
4SiO2  11H2O) composite panels were produced using

Geopolymers or polysialates are inorganic polymeric, ceramiclike materials composed of alumina, silica, and alkali metal
oxides that can be made without any thermal treatment. Additions of reinforcing phases vastly improve the mechanical properties and high-temperature stability of the geopolymer. The
processing and mechanical properties of both chopped strand
mat as well as 2-D woven fabric-reinforced potassium geopolymer composites have been evaluated. Hand lay-up and hydraulic press processing methods were used to produce composite
panels. The room-temperature tensile and ﬂexural strength of
chopped strand mat composites was 21.0  3.1 and 31.7  4.4
MPa, respectively, while those of basalt weave-reinforced
geopolymer composites reached 40.0  5.9 and 45.2  9.3
MPa, respectively. Composite microstructures were examined
using optical microscopy as well as scanning electron
microscopy (SEM). Mass, volume, and porosity fractions were
also determined. The eﬀect of high-temperature treatments at
25°C, 300°C, 600°C, and 800°C were analyzed. Finally, Weibull statistical analysis was performed, which showed an
increase in reliability when a reinforcement phase was added to
K-geopolymer.

I.

Introduction

G

EOPOLYMERS are a class of amorphous aluminosilicate
materials composed of cross-linked alumina (AlO4) and
silica (SiO2) tetrahedra to form polysialates, with an alkali
metal ion to balance the negative charge. They have a faster
setting time compared to Ordinary Portland Cement, and
have a smaller carbon footprint associated with their production. They also compare very favorably in strength with
cements and concretes.1
Geopolymers are formed by reacting amorphous metakaolin (2SiO2Al2O3) with an alkaline solution of the balancing cation of choice. Previous papers by Kriven et al.2–5 have
shown that a composition with 11 moles of water per mole
of 1.2 lm-sized metakaolin allows the majority of the materials to react and polymerize. As such, the composition for this
study was therefore ﬁxed at K2O  Al2O3  4SiO2  11H2O.
Geopolymers have shown potential as a low-cost, environmentally friendly structural material with the ability to maintain strength at elevated temperatures. They have the
advantage of being synthesized as a liquid, allowing them to
be cast into any desired shape. Geopolymers have also shown
promise as adhesives, bonding strongly to a wide range of
ceramics, metals, and when modiﬁed, polymers.6,7 Furthermore, geopolymer can easily be used as a binder system for
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(a)
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Fig. 1.

Table I.

(a) Chopped basalt strand mat and (b) 2-D basalt plain woven fabric (0°/90°).

Properties of Basalt Filament, Chopped Strand
Mat, and Woven Fabric

Properties

Basalt ﬁlaments

Units

†

Thermal
Maximum application
temperature
Sustained operating
temperature
Minimum operating
temperature
Thermal conductivity
Melting temperature
Thermal expansion
coeﬃcient
Physical/Mechanical†
Density
Tensile strength
Compressive Strength
Elastic modulus
Fabric Properties†
Weave type
Filament diameter
Yarn Linear density
Yarn balance (warp/weft)
Density
Sizing
Mass
Thickness
Chopped Stand
Mat Properties‡
Density
Sizing
Mass
Thickness

982

(°C)

820

(°C)

260

(°C)

0.031–0.038
1450
8.0

(W/mK)
(°C)
(ppm/°C)

2.75
4840
3792
89

(g/cm3)
(MPa)
(kPa)
(GPa)

Plain
11
100
1 = (8/ 8)
0.82
Silane
0.016
0.2

—
(lm)
tex (g/km)
ends/cm
(g/cm3)
—
(g/cm2)
(mm)

0.58
Silane
350
0.6

(g/cm3)
—
(g/cm2)
(mm)

†

www.sudaglass.com
www.smarter-building-systems.com

‡

chopped strand mat and 2-D basalt woven fabric (0°/90°)
(Fig. 1) reinforcement phases (provided by Advanced Filament Technologies, Houston, TX), using hand lay-up and
hydraulic press methods. Properties of basalt ﬁlaments, plain
weave fabric and chopped strand mat reinforcements are
shown in Table I. The as-received basalt reinforcements were
amorphous and already coated with organic silane-based sizing. Mechanical properties (tensile and ﬂexural) of the
geopolymer composite panels were evaluated with reference
to failure mechanisms, mass, and volume fractions of the
reinforcement phases. Furthermore, the composite structural
integrity at elevated temperatures was investigated. These
results could shed light on the feasibility of substituting alumina (e.g., NextelTM 610; 3M Corporation, St. Paul, MN) or
mullite-based (e.g., NextelTM 720; 3M Corporation) reinforce-

ments for intermediate and high-temperature ceramic matrix
composite applications.

II.

Experimental Procedures

(1) Geopolymer Matrix Preparation
Potassium geopolymer matrix was produced by mixing
potassium hydroxide (Sigma-Aldrich, Saint Louis, MO),
deionized water, and fumed silica (Cabot, Tuscola, IL) solution (also called potassium “water-glass”) with MetamaxÒ
metakaolin clay (1.3 lm particle size, BASF, Florham Park,
NJ). The proportions were calculated based on the corresponding molar ratios of (K2O  Al2O3  4SiO2  11H2O).
The slurry was ﬁrst mixed using an IKA high shear mixer
(Model RW20DZM, IKA, Germany), then vibrated on a
FMC Syntron vibrating table (FMC Technologies, Houston,
TX) to remove trapped air bubbles introduced during the
high shear mixing. Additional mixing and degassing was
then performed on a Thinky ARE-250 planetary conditioning mixer (Intertronics, Kidlington, Oxfordshire, England).
The high shear mixer was run at 1600 rpm for 5 min to
produce a low viscosity, homogeneous slurry. The Thinky
mixer was run at 1200 rpm for 3 min to further mix, and
then 1400 rpm for 3 min to centrifugally de-gas the slurry.
This geopolymer preparation procedure has been successfully used to prepare Na-, K-, and Cs-based geopolymers.3,4,8,9,21 This K-geopolymer matrix was then used to
produce composite panels using chopped strand mat and
basalt woven fabric reinforcements.
(2) Composite Panel Preparation
Composite panels were prepared using hand lay-up and
hydraulic press methods by pouring the geopolymer matrix
into 20.32 9 15.24 cm (8 9 6 inch) DelrinÒ molds (Versatech, LLC, Decatur, IL). Alternating layers of geopolymer
and 2-D plain weave basalt fabrics were laid up to produce
an eight layer, 0°/90° composite panel. The plain weave and
the stacking sequences were not only selected in order to
improve the inﬁltration of the matrix into the reinforcing
fabric, but also, to avoid warping or residual stresses during
curing. Plain weaves gives both lower fabric weight (g/m2) as
well as fabric cover, than for example satin and twill weaves,
which increase the permeability of the fabric. Fabric cover
deﬁnes the area of 1 cm2 of a fabric, which is actually covered by warp and weft yarns. Vibration during impregnation
of the fabrics reduces the geopolymer viscosity due to its
shear thinning behavior and facilitates homogeneous inﬁltration of the matrix into the fabrics. For chopped strand mat
geopolymer composites, ﬁve layers were used and the stacking sequence did not matter due to its isotropic nature (randomly oriented 10.16 cm (4″) long ﬁbers). The plates were
then covered with a DelrinÒ top piece, cloth (to absorb
expelled geopolymer during pressing) and a steel plate, then
held for 24 h at 0.34 MPa (50 psi) in a Carver hydraulic

3

Properties of Basalt Reinforced Geopolymer Composites
press. After removal from the press, the composite plates
were sealed to avoid dehydration and cured at 50°C for 24 h
in a Lab Companion oven (Jeio Tech, Seoul, Korea).

(3) Composites Characterization
The cured panels were 1.6 and 3.2 mm thick for the woven
fabric and chopped reinforcements, respectively. Composites
were cut into 15.2 mm wide 9 148.2 mm long coupons for
tensile testing and 10 mm wide 9 60 mm long for either
three- or four-point ﬂexural testing, using a DrillMasterÒ 4”
tile saw machine (Harbor Freight Tools Co., Camarillo, CA)
with a high-speed diamond blade. Tensile test samples were
tabbed with G10 ﬁber glass laminate tabs (ﬁberglass composite) using DevconÒ (ITW Polymers Adhesives, Danvers, MA)
two-part epoxy and cured for 24 h prior to testing.
A total of 17 woven fabric (15.2 mm wide 9 148.2 mm
long 9 1.6 mm thick) and 21 chopped strand mat
(15.2 mm wide 9 148.2 mm long 9 3.2 mm thick) reinforced samples were tested under tension at room temperature according to ASTM standard C1275-10,22 in an
Instron load frame (Model 4483, Instron, Norwood, MA)
with a 100 KN load cell capacity and an Instron extensometer Model 2630-110 (Instron). The tensile grips used
were MTS Advantage Wedge Action Grips, Model 100
(MTS Systems Corp., Eden Prairie, MN). The gauge length
was around 100 mm for each sample. Specimens were
loaded utilizing a constant displacement rate of 0.02 mm/s.
Strain was measured using an extensometer, with a gauge
length of 25.4 mm, which was attached so as to be centered on the gage section.
Chopped strand mat-reinforced samples (36 samples) were
tested in three-point bending, while woven fabric-reinforced
samples (6 for room temperature, 1 for 300°C and 1 for
600°C) were tested on four-point bending using the Instron
Universal Testing Frame (Model 5882) with a 50 KN load
cell, following ASTM standard C1341-13.23 In all cases, the
sample dimensions were 10 mm wide 9 60 mm long x panel
thickness. Both three- and four-point ﬂexural testing was performed under displacement control and was set to maintain
a strain rate of 1 9 103 s1. The span length between the
lower supports was 40 mm and between the upper supports
was 20 mm apart being, an equidistant from the point of
load application. For room and high-temperature four-point
bend testing, samples were mounted in a SiC high-temperature bending apparatus. A 10°C/min ramp rate was used to
heat the specimens up to the maximum temperature for hightemperature ﬂexural testing. Samples were held at the maximum temperature for approximately 15 min (at constant
strain) to allow for uniform heating inside the sample as well
as thermal expansion.
Composite panels as well as post-tested tensile and ﬂexural
samples were examined using an optical microscope (Leica
Microsystems GmbH, model MZ6, Wetzlar, Germany) and a
scanning electron microscope (SEM) (JSM-6060LV, JEOL
USA, Inc., Peabody, MA). Samples were put under vacuum
for 24 h and Au/Pd sputter coated before analysis, to avoid
any outgassing in the SEM.
High-temperature treatments were performed in a box furnace (Carbolite CWF 12/13, Carbolite Inc., Derbyshire, UK)
ﬁtted with a Eurotherm 3216 temperature controller. Samples were heat treated (at a ramp rate of 10°C/min) at
maximum temperatures of 300°C, 600°C, and 800°C, without dwell times. After samples had cooled to room temperature, they were weighed to determine the residual mass after
the heat treatment.
Fiber mass fraction was calculated using Eq. (1) by determining the area of embedded fabric multiplied by the manufacturer provided, mass per unit area, then dividing by the
total sample mass. In the following equations, m and v represent mass and volume fractions while M and V represent
overall mass and volume.

mfiber ¼

lspecimen  wspecimen  Mfabric per unit area  # of Plies
Mspecimen

(1)

Fiber volume fraction was calculated in a similar approach
by determining the volume of ﬁber content and dividing it by
the total sample volume as seen in Eq. (2), where t is the
thickness and q is the density. Since the ﬁber weave was not
100% dense, the ﬁber volume was calculated by multiplying
the volume of the fabric within the sample by the ratio of
the fabric density to the solid ﬁber density.
vfiber ¼

tfabric  qqfabric
 # of Plies
fiber
tspecimen

(2)

Equations (3) through (6) were used to estimate composite
porosity.
Mmatrix ¼ Mspecimen ð1  mf Þ

(3)

Vmatrix þ pores ¼ Vspecimen ð1  vf Þ

(4)

Mmatrix
qmatrix

(5)

Vpores ¼ Vmatrix þ pores 

vpores ¼

Vpores
Vspecimen

(6)

Weibull statistics were also calculated using the maximum
tensile and ﬂexural stress data. A distribution function, F,
was estimated based on the maximum failure stresses using
the median rank method shown in Eq. (7), where the maximum stress for each sample was given a rank, i, (from 1 to
n), which is the number of samples in the batch; with a rank
of 1 given to the lowest stress value.24–28
Fﬃ

i  0:3
n þ 0:4

(7)

The Weibull distribution function is also given by Eq. (8)
below, where v is the nondimensional volume, r is the stress,
r0 is the scale parameter, and m is the shape parameter or
Weibull modulus.
½vðrr Þm 

F¼1e

(8)

0

To determine the Weibull parameters, it was assumed that
gage length was unchanged in the specimens, so v = 1, and
Eq. (10) can be rearranged to get Eq. (9) below.
1
(9)
Þ ¼ m lnðrÞ  m lnðr0 Þ
1F
This ﬁts the common slope-intercept form of a line, so
1
that ln½lnð1F
Þ is then plotted versus ln(r), using the approximation of F given in Eq. (9), and a linear ﬁt is applied for
each data series. The slope of the ﬁt line then corresponds to
the Weibull modulus, m, and the y-intercept corresponds to
- mln(r0), which can be solved for r0. The standard deviation, S, was calculated using Eq. (10) below; where Γ is the
Gamma function.
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
1 2
S ¼ r0 Cð1 þ Þ  ½Cð1 þ Þ
(10)
m
m
ln½lnð

III.

Results and Discussion

(1) Physical Properties of Reinforced Geopolymer
Composites
Composite panels produced by hand lay-up and hydraulic
pressing were homogenous. Geopolymer matrix inﬁltrated
throughout the entire panel thickness and inside ﬁber bundles
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Fig. 2.

Woven fabric composite panels produced by hand lay-up and hydraulic pressing.

Table II. Comparative Values of Fiber Mass, Fiber Volume,
and Pore Volume Fractions for 2-D Plain Basalt Weave
Compared to Chopped Strand Mat, Reinforced K-Geopolymer
Composites
Sample

Woven Basalt/KGP
Chopped strand mat/KGP

mf

vf

vpores

47.3%
42.1%

29.9%
20.6%

19.3%
28.3%

(Fig. 2) and also showed some adhesion to the basalt ﬁbers
thereby allowing for load transfer from the matrix to ﬁber.
This process guaranteed good inﬁltration, which is required
to produce composites with improved and homogeneous
properties.
Fiber mass, ﬁber volume, and pore volume fractions were
calculated using Eqs. (1) through (6). Table II present values
Table III.

obtained for 2-D plain weave basalt compared with chopped
strand mat, reinforced K-geopolymer composites.
These values for ﬁber mass fractions were quite high compared with previous research done by Musil et al.,4 where
the reinforcement phase (chopped basalt ﬁbers) was limited
to 10 weight percent due to hand mixing processing diﬃculties at higher ﬁber contents.
Density determination (mass/volume) and calculation (supplier information) of fabric and strand mat showed that the
woven fabric was only about 29% dense while the chopped
strand mat was 21% dense, based on the theoretical density
of the basalt ﬁlament density (2.75 g/cm3). Composite densities based on mass/volume ratio were found to be 1.71 and
1.35 g/cm3 for fabric and strand mat composites, respectively. Additionally, composite porosity was calculated as
approximately 19% and 28% for fabric and strand mat,
respectively. These porosities could be attributed to bubble

Summary of the Mechanical Properties (Tensile and Flexure) of Pure Geopolymer, Chopped Strand Mat and Woven
Fabric Composites

Sample

Test

Scale
(r0, MPa)

Shape
(m)

Standard
Deviation
(MPa)

95% CI

Weibull parameters Flexural Strength
Pure K-Geopolymer
Woven Basalt (47 wt%)/
KGP
Chopped Basalt Strand
Mat Felt (42 wt%)/KGP

Shape
(m)

Standard
Deviation
(GPa)

95% CI

Weibull parameters Flexural Modulus

4-point bending
4-point bending

5.1
45.2

2.7
5.1

1.8
9.3

—
38.3–53.2

—
13.0

—
6.1

—
2.3

—
11.4–15.0

3-point bending

31.7

8.0

4.4

29.6–34.0

4.1

4.7

0.9

3.6–4.6

Weibull parameters Tensile Strength
Pure K-Geopolymer
Woven Basalt (47 wt%)/
KGP
Chopped Basalt Strand
Mat Felt (42 wt%)/KGP

Scale
(r0, GPa)

Weibull parameters Tensile Modulus

Tension
Tension

1.2
40.0

—
7.6

—
5.9

—
37.4–42.7

—
12.2

—
6.4

—
2.1

—
11.2–13.2

Tension

21.0

7.4

3.1

19.7–22.3

7.9

7.4

1.2

7.4–8.4
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Fig. 3. Average tensile strengths for pure geopolymer, 2-D woven
basalt and chopped basalt strand mat composites. The error bars
represent the 95% conﬁdence interval (95% CI).

Fig. 4.

Typical stress–strain curves for tensile and ﬂexural test.

generation during panel preparation, as well as to degasiﬁcation during curing and drying of the geopolymer matrix. The
amount of pores found in this work were in the same range
of porosities found in the literature for reinforced K-geopolymers.9

(2) Mechanical Testing of Basalt Reinforced Composites
Table III summarizes the mechanical properties (tensile and
ﬂexural) and Weibull statistics of pure geopolymer as well as
for the composites made in this investigation. Tensile stress
was calculated by dividing the measured tensile load by the
sample cross-sectional area. Tensile modulus was determined
as the tangent to the tensile stress versus strain curves at a
stress value of 5 MPa. The average tensile moduli were calculated as 12.2  2.1 and 7.9  1.2 GPa, for woven fabric
and chopped strand mat, respectively. Average tensile
strengths for pure geopolymer (1.2 MPa), 2-D woven basalt
composites (40.0  5.9 MPa) as well as for, chopped strand
mat composites (21.0  3.1 MPa), are plotted in Fig. 3. Typical stress–strain curves for tensile and ﬂexural test are plotted in Fig. 4. For some ﬂexural samples, the stress versus
strain curves had to be stopped right after the maximum
load because the specimens bent excessively and/or touched
the side or bottom of the ﬁxture. In no cases did any sample
break completely.
Flexural modulus was determined as the tangent to the
ﬂexural stress versus strain curves at a stress value of 3 MPa.

5

Fig. 5. Average ﬂexural strengths for pure geopolymer, 2-D woven
basalt (four-point ﬂexure), and chopped basalt strand mat
composites (three-point ﬂexure).. The error bars represent the 95%
conﬁdence interval (95% CI).

Average ﬂexural moduli were calculated as 13.0  2.3 and
4.1  0.9 GPa for woven fabric and chopped strand mat,
respectively. This behavior represents a signiﬁcant amount of
stiﬀening over the unreinforced material. Average ﬂexural
strengths for pure geopolymer (5.1  1.8 MPa), 2-D woven
fabric (45.2  9.3 MPa) and chopped strand mat (31.7  4.4
MPa) composites are plotted in Fig. 5. The error bars for
both tensile and ﬂexural strengths were calculated based on
the 95% conﬁdence interval (95% CI).
Average tensile and ﬂexural strengths for woven basalt
(ranging from 33 times to 8 times) and strand mat (ranging
from 17 times to 6 times) composites, respectively, are
remarkably higher than for pure geopolymer (1.2 and
5.1 MPa) values. These observations demonstrated the reinforcing eﬀects of the woven fabric and basalt chopped strand
mat.
High-temperature ﬂexural results (for woven fabric-reinforced composites) (Fig. 4) showed that at 300°C the ﬂexural
strength (17.8 MPa) was reduced by close to half that of the
room temperature ﬂexural strength (45.2 MPa). However, at
600°C, the ﬂexural strength was again 56.7 MPa, even higher
than at room temperature. This increase in ﬂexural strength
at high temperature has been observed also by Musil in
NextelTM 610 alumina-reinforced K-geopolymer composites.9
Nevertheless, there is no conclusive information that explains
this behavior. Some hypotheses such as porosity reduction
through glass phase formation, crystallization, and thermal
expansion at high temperature, have been proposed. Future
work needs to be addressed to clarify the mechanism by
which ﬂexural strength is increased at high temperatures.
The results of the Weibull statistical analysis show an
increase in reliability over pure geopolymer due to the addition of ﬁber reinforcement, as seen by the larger values of
Weibull modulus. This equates to a higher conﬁdence level
of failure at the average tensile and ﬂexural strength
values and higher ﬂaw tolerance when compared with pure
geopolymer.

(3) Microstructural Characterization
As indicated in Table I, the as-received basalt reinforcements
were already coated with organic silane-based sizing. At
room temperature, the sizing protects the reinforcements
from chemical attack by the highly alkaline geopolymer
matrix. Geopolymers do not bond to organics so that the
anticipated weak interface is consistent with the enhanced
mechanical properties observed.
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(a)

(b)

(c)

(d)

Fig. 6. Failure mechanisms for 2-D woven basalt samples tested in tension: (a) matrix cracking, (b) ﬁber cracking, (c) crack deﬂection and (d)
ﬁber pull out.

Table IV.

Summary of Residual Mass After Heat Treatment

Sample

KGP

Woven
Basalt/KGP

Cure
temperature

Initial
weight
(g)

Final
weight
(g)

Weight
percent
(%)

Adjusted
weight
percent (%)

25
300
600
900
25
300
600
800

14.66
16.02
15.39
15.07
1.21
1.21
1.49
1.49

14.66
13.75
10.19
10.02
1.21
1.19
1.38
1.36

100.00
85.85
66.21
66.47
100.00
98.26
92.95
91.81

—
—
—
—
100.00
96.69
86.63
84.46

The microstructure of the composites panels produced by
hand lay-up and hydraulic pressing is shown in Fig. 2. The
panels were homogenous and it was possible to observe that
the geopolymer matrix inﬁltrated throughout the entire panel
thickness and within ﬁber bundles. Furthermore, composites
showed some mechanical interlocking of the geopolymer with
the basalt ﬁbers, thereby allowing for load transfer from
matrix to ﬁber.
Some failure mechanisms for samples tested in tension are
shown in Fig. 6. Crack deﬂection and ﬁber pullout were the
most common macroscopic composite failure mechanisms
found, while ﬁber and matrix cracking were also microscopic
mechanisms detected. Additionally, conchoidal ﬁber fracture
was observed, which is a typical fracture for brittle ceramic
materials. For samples tested in ﬂexure, crack deﬂection, ﬁber
pull out as well as delamination mechanisms were predominant.

(4) Eﬀects of High-Temperature Treatments
When pure geopolymer was cured or heated postcuring, it
lost its free water at temperatures up to 400°C. The water

Fig. 7.
time).

Average residual mass after heat treatment (No soaking

removal resulted in dehydration cracking of the material
which increased in quantity and severity as heat-treatment
temperature increased. As the surface of the geopolymer lost
water, capillary forces drew liquid from the interior and created a pressure gradient, which led to cracking and eventual
failure in unreinforced samples. The addition of reinforcement phase aided in reducing the severity of the dehydration
cracking by bridging the cracks as they developed.
The average residual mass values as a function of heattreatment temperature are shown in Table IV. The data for
2-D woven basalt composites is compared with that for pure
geopolymer and plotted in Fig. 7. The data for the rein-
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(a)

(b)

(c)

(a)

(b)

(c)

(d)

(d)

Fig. 8. Optical images of dehydration eﬀects after heat treatment (no soaking time) for pure geopolymer (top row) and 2-D woven basalt
composites. (a) 25°C, (b) 300°C, (c) 600°C, and (d) 800°C.

forced composite samples were adjusted to remove the mass
of the ﬁber reinforcement prior to plotting. High-temperature treatment data shows that the reinforced geopolymer
actually dehydrated slower and there was less water loss at
all temperatures, reaching 84.5 wt% of residual mass at
800°C, compared with about 66 wt% for pure geopolymer.
This can be attributed to the additional pathways for water
to escape that were created by the ﬁber matrix interface.
These pathways could help to gently dehydrate the geopolymer matrix during curing, reducing pressure gradients
through the thickness of the panel and avoiding cracking of
the composite.
Figure 8 shows the eﬀect of dehydration on the heat treated samples. As opposed to pure geopolymer that underwent
destructive dehydration (complete fracture of the panel),
reinforced composites experienced an increase in surface
microcracking with increase in temperature, but nevertheless
held their structural integrity.

IV.

for fabric and basalt chopped strand mat-reinforced composites.
An economical and industrial consideration is that the process to produce chopped strand mat is simpler and cheaper
than that needed to produce woven fabrics. Therefore, basalt
chopped strand mat reinforcements provide a cheaper alternative to basalt fabric reinforcements. The tensile strength loss
compared with woven fabric-reinforced composites was about
48%, while for ﬂexural strength was about 30%.
Composites also maintained structural integrity at elevated
temperatures and dehydration eﬀects were less destructive
than in the pure geopolymer due to ﬁber bridging. 2-D
woven fabric, as well as chopped strand mat basalt geopolymer composites could be used at elevated temperatures
(300°C–900°C), using a less expensive reinforcement compared with other ceramic reinforcements such as NextelTM
610 (alumina ﬁbers) and NextelTM 720 (mullite). Further
extensive research is needed to investigate the increase in ﬂexural strength at 600°C.

Conclusions

Hand lay-up and hydraulic pressing were successfully used to
produce thin homogeneous panels, where there was a good
penetration of K-geopolymer matrix through the entire panel
thickness and within ﬁber bundles. This process guaranteed
homogeneous geopolymer reaction, as well as uniform
mechanical properties throughout the entire panel.
Mass and volume fractions of the reinforcement phase
could be increased (compared with chopped ﬁbers) using 2-D
basalt fabrics and chopped strand mat, which helped to
increase the mechanical strength of the composites. Tensile,
three-point and four-point ﬂexural strengths values at room
temperature were increased compared with pure geopolymer,
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