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Abstract. The composites with polymer matrix cannot be used in high temperature
environment, while geopolymers excel in high temperature resistance. This paper presents
analysis of influence of temperature conditioning on selected mechanical properties of
geopolymer composites. Prismatic specimens with two types of geopolymer matrix were
tested in tensile or bending tests. The dependencies of the selected mechanical properties on
the temperature conditioning were identified for both types of geopolymer matrix.

Introduction

Currently, composite materials are applied in many industrial areas. It is due to their very
good mechanical properties, for example low weight, high strength and high stiffness.
Usually, these composites are made with carbon or glass fibers and polymer matrix, for
example epoxy matrix. A disadvantage of these composites is that they cannot be used in high
temperatures, because their mechanical properties significantly degrade with increasing
temperature. This shortcoming can be removed using a geopolymer matrix. Geopolymer
matrix is an inorganic polymer material. Preparation of this material is based on
aluminosilicate alkali activation. The bond Si-O-Al-O is formed by the polymerization
usually under normal temperature and pressure. Geopolymers excel in many properties,
primarily high temperature resistance [1, 2], frost resistance or resistance against acids and
organic solvent agents. The temperature resistant matrix does not have good mechanical
properties such as strength, stiffness or impact resistance, therefore fiber reinforcement is
used in order to improve these properties [3-7].

The paper presents analysis of variation of mechanical properties of geopolymer composite
with carbon fibers subjected to high temperature. Two types of geopolymer matrix were used.
Tensile and bending tests were performed for identification of mechanical properties.

Materials and specimens

Carbon fibers (Table 1) and two types of geopolymer matrix were used in this work.
Geopolymer matrix FC4 consists of potassium water glass, potassium hydroxide (KOH),
silica fume, material with high content of metakaolinite, and boric acid. Molar ratios of the
components are presented in Table 2. Geopolymer matrix B3P1 consists of potassium water
glass, material with high content of metakaolinite, and ingredients with calcium. Material with
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metakaolonite Mefisto Los (produced by Ceské lupkové zavody, a.s.) was used for both types
of matrix.

Table 1: Properties of carbon fabric.

Material of fibers | Binding | Areaweight | Thickness | Density
Toray 3K 200 tex | plain | 200 [g/m?] | 0.32 [mm] | 1760 [kg/m°]
Table 2: Molar ratios.
alkali activator Si:Al M:Al Ca:Al H,O:Al
modulus (SiO,/M,0)
FC4 1.08 17.07 4.35 - 24.62
B3P1 1.56 1.80 1.00 0.12 6.01

The composite plates were made from 10 layers of plain weave carbon fabric (200 g/m?).
The prismatic specimens were cut using diamond blade. The specimens were subjected to
conditioning temperature at 23 °C, 200 °C, 400 °C or 600 °C. Afterwards, the tensile or
bending tests were performed using universal testing machine Zwick/Roell Z050 at room
temperature. Designation of specimens is presented in Fig. 1.

CF1 200C T 1
/ 7 \ ‘\v\ serial number of specimen

material of fiber: plate number temperature type of loading:
C - carbon . . conditioning: T - tension
material of matrix: 23C-23°C B - bending
F-FC4 200C - 200 °C
B - B3PI 400C - 400 °C
600C - 600 °C

Fig 1: Designation of specimens.

Tensile test

The force—displacement dependencies were obtained from tensile test complying with
ASTM D 3039. The specimen size was modified according to possibilities resulting from the
plate size. Total length of the tensile specimens was I = 150 mm. An initial grip distance was
l; =100 mm. An extensometer was used for measuring the displacement (gage length was
le =60 mm). The geometric parameters of specimens (width W, thickness H, weight M and
fiber volume ratio V¢ ) are presented in Table 3. The load velocity (crosshead displacement)
was v = 2 mm/min.

The specific load capacity—strain dependencies were calculated. The specific load capacity
fis the load, which is carried by one layer of fibers having a width of one meter

f: Fmax , (1)
W.n_

where Fnax IS maximum force, W is width of specimen and n._ is number of fiber layers in
specimen. Values of maximum force Fpax, maximum tensile stress (omax = F/(W'H)), strain for
maximum tensile stress emax, Specific load capacity f and effective moduli E are presented in

Table 4. The effective moduli was identified on interval of strainge<0.0005, 0.001). The
dependencies of the specific load capacity on temperature conditioning are shown in Fig. 2 for

383



both types of the geopolymer matrix. The dependencies of the effective moduli on
temperature conditioning are shown in Fig. 3.
Table 3: Weight, geometric parameters and fiber volume ratio of tensile specimens.

specimen W H M Vi specimen W H M Vi
[mm] | [mm]| [q] |[%] [mm] | [mm]| [g] | [%]

CF1.23C_T_1| 257 | 2.9 |1845(39.2| CB4 23C_T_ 1| 259 | 35 |18.76|325
CF1.23C_T 2| 257 | 3.0 |18.74|379| CB4.23C_T 2| 257 | 3.6 |18.57|31.6
CF1.23C_T 3| 259 | 3.0 |19.92|37.9| CB4 23C_T 3| 26.2 | 3.7 [19.28]30.7
CF1_200C_T_1| 25.7 | 29 [18.19(39.2|CB4_200C_T_ 1| 259 | 3.6 |18.66|31.6
CF1_200C_T_2| 258 | 29 |18.65|37.9|CB4_200C_T 2| 26.0 | 3.6 |19.03|31.6
CF1_200C_T 3| 25.7 | 3.0 |18.95|37.9|CB4 200C_T 3| 26.1 | 3.6 |19.02|31.6
CF1_400C_T_1|26.2 | 3.0 |19.53|36.7|CB4_400C_T 1| 26.2 | 3.6 |19.19|31.6
CF1_400C_T 2| 259 | 3.1 [20.08(37.9|CB4_400C_T 2| 26.2 | 3.7 |19.63|30.7
CF1_400C_T 3| 259 | 3.0 |19.79|37.9|CB4 400C_T 3| 25.8 | 3.6 |19.12|31.6
CF1_600C T 1| 25.7 | 3.0 [19.17(379|CB4_600C_T 1| 259 | 3.6 |19.11|31.6
CF1_600C_T_2| 26.0 | 3.0 |19.53|37.9|CB4_600C_T 2| 25.7 | 3.5 |18.58 325
CF1_600C_T_3| 26.0 | 3.0 |19.30|37.9|CB4_600C_T_3| 25.7 | 3.5 |18.32|325

Table 4: Maximum force, stress and strain, specific load capacity and effective tensile

moduli.
; Fmax Omax Emax f f E E
specimen IN] | [MPa] | [%] | [kN/m] | [kN/m] | [GPa] | [GPa]
CFL 23C T 119388 260.1|1.00| 943 44.9
CFL 23C T 2|17354 | 2251|094 | 84.4| 9277| 41.0| 4267
CFL 23C_T 3|20631 | 2655|1.10| 99.6 42.1
CF1 200C_T 1| 17553 | 2355 | 1.01| 854 38.6
CFL 200C_T 2| 17175 | 2295 |1.05| 832| 83.30| 36.4 | 37.47
CF1 200C_T 3| 16707 | 2167|091 | 813 37.4
CFL 400C_T 115001 | 1909|099 | 716 25.0
CF1 400C_T 2| 11773 | 1466 |092| 56.8| 6350| 20.0 | 21.83
CFL1 400C_T 3| 12861 | 1655|094 | 62.1 20.5
CFL 600C T 110227 | 1326|0.70| 49.7 25.6
CFL 600C T 2| 9918 | 127.2 | 058| 47.7| 48.73| 286 | 25.97
CF1 600C_T 3|10159 | 130.2 | 0.64 | 48.8 23.7
CB4 23C T 119147 2112 |123| 924 192
CB4 23C_T 2 |18520| 1986|108 | 89.4| 91.03| 21.3| 19.47
CB4 23C_T 3|18769 | 197.4|112| 913 17.9
CB4 200C T 1|17769 | 1906 | 1.13| 858 19.2
CB4 200C_T 2 | 17461 | 186.6|1.09| 839 | 84.97| 168/ 1857
CB4 200C T 3|17799 | 189.4 | 1.08| 85.2 19.7
CB4 400C T 1|14092 | 149.4 | 0.86| 67.2 10.3
CB4 400C_T 2 |14707 | 1517|090 | 70.2| 6843| 103| 9.97
CB4 400C_T 3 | 14015 | 150.9 | 1.13| 67.9 9.3
CB4 600C T 1|14120 | 1514 | 1.07| 681 9.0
CB4 600C_T 2 |13770| 154.3|105| 675| 67.33| 80| 8.30
CB4 600C_T 313590 | 151.1|1.01| 66.1 7.9
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Fig. 2: Dependencies of the specific load
capacity on temperature conditioning.

Fig. 3: Dependencies of the effective
moduli on temperature conditioning.

Bending test

The force—displacement dependencies were obtained from bending test complying with
CSN EN 2562. Total length of the tensile specimens was |, = 150 mm. The support span was
Is =80 mm. An extensometer was used for measuring the displacement of loading nose. The
geometric parameters of specimens (width W, thickness H), weight M and fiber volume ratio
V; are presented in Table 5. The load velocity (crosshead displacement) was vg =5 mm/min.

Table 5: Weight, geometric parameters and fiber volume of bending specimens.

) W H M Vs . W H M Vs
SPECIMEN T rymy [ [mm] | o] | %] ] P | [mm] | (mm] | [9] | [%]
CF1 23C B 1| 26.1 3.0[19.44|379| CB4 23C B 1| 25.6 351858325
CFl1 23C B 2| 25.7 2.8|17.74|140.6| CB4 23C B 2| 25.6 3.5118.75|32.5
CF1 23C B 3| 25.7 2.8(17.2040.6| CB4 23C B 3| 25.8 35|18.72|325
CF1 200C B 1| 25.8 2.9(19.0239.2|CB4 200C B 1| 25.7 3.5|18.80|325
CF1 200C B 2| 25.9 2.9(18.51|39.2|CB4 200C B 2| 26.2 3.6|19.05|31.6
CF1 200C B 3| 25.8 2.8(17.96 |40.6 | CB4 200C B 3| 25.9 3.6|18.84|31.6
CF1 400C B 1| 26.0 2.8(18.19/40.6|CB4 400C B 1| 25.8 3.6|18.85|31.6
CF1 400C B 2| 26.1 2.8118.7440.6 | CB4 400C B 2| 26.0 3.6119.33|31.6
CF1 400C B 3| 26.0 2.9(17.53(39.2|CB4 400C B 3| 26.2 3.6119.43|31.6
CF1 600C B 1| 26.1 2.9119.39(39.2|CB4 600C B 1| 25.9 3.6119.13|31.6
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and displacement for maximum force are presented in Table 6. The dependencies of the
maximum stress on temperature conditioning is shown in Fig. 4 for both types of the
geopolymer matrix. Experimental setup and typical failure after the bending test is shown in

Fig. 5.
Table 6: Maximum force, maximum stress and displacement for maximumforce - bending.
: Frmax | Omax Omax Umax : Frmax | Omax Omax Umax
SPECIMEN 1 N7 | [MPa] | [MPa] | [mm]|  SPES™EM 1 N7 | [MPa] | [MPa] | [mm]
CF1 23C B 1| 210 107.4 2.05| CB4 23C B 1] 136| 52.2 1.32
CF1 23C B 2| 194 | 115.7|116.47| 2.37| CB4 23C B 2| 146 55.8| 53.57| 2.02
CF1 23C B 3| 212| 126.3 240 CB4 23C B 3| 139| 52.7 1.57
CF1 200C B 1| 170| 93.8 261|CB4 200C B 1| 77| 29.2 1.69
CF1 200C B 2| 164 90.2| 92.73| 190|CB4 _200C B 2| 79 27.8| 28.07| 1.56
CF1 200C B 3| 159 94.2 1.90|CB4 200C B 3| 76 27.2 1.76
CF1 400C B 1] 123 72.4 183|CB4 400C B 1| 35 12.7 2.76
CF1 400C B 2| 136 79.9 72.8| 2.37|CB4 400C B 2| 40 14.1| 13.43| 2.15
CF1 400C B 3| 120| 66.1 1.68|CB4 400C B 3| 38 13.5 1.67
CF1 600C B 1| 200 | 109.2 1.66|CB4 600C B 1| 31 11.2 1.58
CF1 600C B 2| 192 | 104.9|108.37| 1.74|CB4 600C B 2| 29 11.1| 11.23| 1.44
CF1 600C B 3| 203 | 111.0 1.76 | CB4_600C B 3| 32 11.4 1.57
A
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Fig. 4: Dependencies of the maximum

stress on temperature conditioning —

bending test.

Conclusion

Fig. 5: Typical failure after bending test.

The composite specimens were composed of carbon fibers and geopolymer matrix. Two
types of geopolymer matrix were used. The specimens were subjected to conditioning
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temperature at 23 °C, 200 °C, 400 °C or 600 °C. Afterwards the tensile or bending tests were
performed at room temperature.

The dependence of the specific load capacity and the effective moduli on the conditioning
temperature were determined in case of tensile test. The specific load capacity decreases with
increasing temperature conditioning for both types of geopolymer matrix. The effective
moduli in tension for the specimens with matrix B3P1 is approximately half that for the
specimen with FC4 matrix.

In case of bending test, maximum stress for the specimens with matrix B3P1 is lower than
for the specimen with FC4 matrix. The maximum stress decreases with increasing
conditioning temperature for matrix B3P1. In case of matrix FC4, the maximum stress
decreases with increasing conditioning temperature only up to 400 °C.
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