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ABSTRACT. The main objective of this article is to present the influence of high temperatures on
mechanical properties of advanced refractory cement composite reinforced with carbon fibres. The
presented material is suitable for industrial applications and can withstand elevated temperatures up
to 1000 °C. The action of high temperatures was investigated on two temperature levels 600 °C and
1000 °C and was compared to reference specimens dried at 105°C. The carbon fibres with flexural
strength of 4100 MPa were applied in dosage 0.50 %, 0.75 % and 1.00 % of the total volume. The second
investigated modification was mutual ratio between aluminous cement and fine ceramic powder. The
influence of high temperatures was investigated by measuring the bulk density, compressive and flexural
strength, dynamic modulus of elasticity and fracture energy; all measured on prismatic specimens
40 x 40 x 160 mm. The workability of fresh mixture was limited by the maximum dosage of carbon
fibres in 1% of the total volume. Based on the workability and evaluation of residual mechanical
properties after temperature loading, the best was found to be the combination of carbon fibres in
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dosage of 0.75 % by volume.
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1. INTRODUCTION

The area of refractory composites provides a wide
range of solutions based on various binder or filler sys-
tems, temperature of application, type of bond, etc.
We can recognize two main categories of refractory
materials — cement based composites and ceramics;
this article will focus on the cement based composites.
Binders can be split up in four major groups based
on the bonding system: hydraulic, chemical (organic
or inorganic) and ceramic bonding [I]. The hydraulic
bond is created by a hydration of aluminous cement,
where the final refractory properties are influenced
by total amount of Al;O3, and it is described in the
following article. The phosphate materials (for exam-
ple magnesia-phosphate) represent the example of the
chemical bond, especially due to their high melting
point [2]. Composites based on these types of bonds
are also know as no-cement castables (NCC) [3]. The
ceramic bond usually starts at temperatures up to
800°C and the first heating is necessary for a suc-
cessful formation of this type of bond, it is usually
called sintering. The ceramic bond is usually formed
between the grains and the matrix as well as in the
matrix itself [4].

The design of fibre-reinforced cement composite ma-
terials resistant to high temperatures involves three
major aspects: resistance of the matrix, resistance
of the fibres and compatibility of the fibres with the
matrix in high-temperature conditions (cohesion be-
fore and after exposure to high temperatures). Every
material used in the refractory composite has an ap-
propriate temperature range of application.
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Application of fibres. Two main principles for the
fibre application in cement composites that are ex-
posed to elevated temperatures can be defined — to
achieve better mechanical characteristics (together
with resistance) and to provide a free space for evapo-
rating water. Using the polyethylene fibres in struc-
tural concrete leads to an increase of its fire-resistance
where the fibres burn out and the water expands into
the free space, which leads to a decrease of pressure
of the evaporating water and the spalling from the
surface is limited [5]. However, the polypropylene
fibres may lead to a small reduction in the compres-
sive strength [6]. In the basic principle, this type of
fibres does not improve mechanical properties after
the action of elevated temperatures. Fibres have a
positive influence on the long-term behaviour of the
composite exposed to an elevated temperature, grad-
ual changes of temperature or thermal shock. Very
positive effect of fibres was achieved in eliminating
the cracks and micro-cracks in the composite struc-
ture. A dosage of 1.0% of volume of basalt fibres
eliminates the cracks on surface even after an expo-
sure to a cyclic load at 1000 °C [7]. Also, the drying
process could cause cracks, therefore, the fibres limit
the crack propagation [8]. The steel fibres are not
suitable for the purpose of refractory composite, due
to the decrease of steel s strength at approximately
600 °C (especially during a long-term action of ele-
vated temperature) [9]. For decades, the asbestos
was the most successful solution for the production of
fire-safety or fire-resistant materials, including cement
composites (this material is also well known for its
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FIGURE 1. Carbon fibres (Tenax® — A HTC124) 12mm.

long-term durability). Due to several research works
focused on health risks of asbestos [I0], the use of this
material has been strictly prohibited by standards
and government regulations. The carcinogens mate-
rial (asbestos) has been replaced by modern materials
like basalt, carbon, glass, ceramic, etc. [I1].

The amount of fibres (optimal dosage and also the
maximal dosage) in the cement composites mixture de-
pends on the required properties, type of application,
used aggregate, micro-filler, type and the purpose of
composite, cement, liquid admixture, etc. The es-
sential part is also the material of used fibres, the
geometry or possible treatment of its surface. For the
purpose of the ultra-high performance fibre reinforced
concrete (UHPFRC), the high strength steel fibres are
commonly used, where the optimal dosage oscillates
from 1.5% to 2.0 % of volume [12], 13]. The optimal
dosage of fibres in the field of refractory composite has
also been investigated, where the amount from 1.0 %
t0 2.0 % of basalt fibres can be classified as suitable for
an elevated environment [I4]. The optimal dosage of
ceramic fibres can be found in a level about 4.0 % [15].
A composite with this amount of fibres achieved high-
est mechanical properties, while the self-compacting
characteristics are maintained usually with a high
dosage of plasticizers.

2. DEVELOPMENT OF THE COMPOSITE

A natural crushed basalt aggregate of two fractions
(0/4 and 2/5mm) limits the temperature range of
application. The sieve test of basalt aggregate and
fine ground ceramic powder had been performed be-
fore the design started. The following paragraphs
deal with other main components; for completeness,
the potable water and superplasticizer Sika SVC1035
were used. Thanks to the superplasticizer, the fresh
mixture achieved parameters of self-compacting con-
crete. Jogl et al. in [I6] showed that the dosage of
the superplasticizer does not significantly affect the
final strength properties of a refractory composite.

Calcium aluminous cement (CAC). The used
CAC Secar71 (commercially available) achieved 70.8 %
Al;O3. A detailed chemical composition is shown in
Table [I] The cement, thanks to the high amount of

Al; 03, is suitable for an application over 1600 °C. This
high utility material is produced by burning of the
artificial bauxite in an electric furnace. The boundary
conditions rapidly influence the hydration process of
the aluminous cement, final properties and the stabil-
ity of hydration products. It is well known that the
reaction of calciumaluminate (CA) with water forms
various hydration products according to the curing
temperature. The following equations describe the de-
pendence of the hydration on the temperature [17, [I8],
where the standard convention is used (CaO = C,

A1203 = A)

(CA),, + H, — (1522°C) CAH; gel, (1)
(CA),, + H, — (23°C) C2AHg + AHs gel, (2)
(CA),, + H, — (30-35°C) C3AHg + AHj3 gel

or C3AHg + AHj crystalline.  (3)

The threshold temperature for the composite based
on ordinary Portland cement is 400 °C, when the port-
landite — Ca(OH)2 decomposes to water and lime.
The influence of elevated temperatures on the com-
posite on the basis of CAC starts by a dehydration
of CAH10 and CQAHg [19} The 012A7 is the first
observable dehydration product. CAs is detected at
a temperature of about 600°C and it is a product
of the thermal decomposition of AH3. The lowest
strength of the aluminous cement is achieved between
800°C and 900°C, when the CAH is completely de-
composed and the formation of ceramic bond still has
not occurred [19].

Carbon fibres. The role of carbon fibres lies in
improving of the service properties, mainly increase
in heat, corrosion and crack resistance of refractory
materials [20]. Kashcheev et al. implied [I1] that the
main effect of carbon fibres lies in the change of the
failure mechanism and increase in the fracture tough-
ness; the optimal concentration of fibres in refractory
cement composites was 0.05% of weight. Carbon fi-
bres (Tenax® — A HTC124), 12mm in length, were
used to reinforce the investigated refractory cement
composite and are shown on Figure [I} The properties
of these fibres are: tensile strength 4100 MPa, mod-
ulus of elasticity 225 GPa, diameter 7 pum and bulk
density 3000 kg/m?3.

Fine ceramic powder. The binder system of ce-
ment refractories is usually supplemented and modi-
fied by various types of fine fillers. For the purpose of
described refractory composite, a fine ground ceramic
powder was used. It is a waste product from the
grinding process of a brick blocks production. Due
to the content of amorphous phases, approximately
40 %, exhibits pozzolanic properties. Various studies
investigated a possible application of fine fractions
of recycled concrete in cement composites [2I]. Ce-
ramic powder has its use as a partial replacement
of cement in modern concrete mixes [22], for lime-
cement plaster [23] due to the pozzolanic properties,
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Component Al,O3 CaO SiOy FesO3 NasO MgO KO TiOs Unidentified Specific surface
Secar®71 70.8 275 0.58 042 017 021 - 0.32 - 381 m?/kg
Ceramic powder 20.26 10.92 50.73 6.36 4.75 243 -~ 3.65 336 m? /kg
TABLE 1. Chemical composition of used fine components [wt. %)].
Carbon fibres Tenax® Basalt aggregates Fine components Liquid
0.50 % 0.75 % 1.00% 0/4mm 2/5mm  Aluminous Ceramic Water Plasticizer
8.7kg/m?® 13.05kg/m?® 17.4kg/m3 cement powder
Aqo0 Bioo Cio00 880 220 900 0 224 22.75
Ags Bgs Cos 880 220 855 45 224 22.75
Agp Bgo Coo 880 220 810 90 224 22.75
Ags Bss Css 880 220 765 135 224 22.75
Asp Bso Cso 880 220 720 180 224 22.75
Ars Brs Crs 880 220 675 225 224 22.75

TABLE 2. Composition of the used mixtures.

etc. FeoOs limits the usability of all materials for
an application in a high temperature environment; a
recommendation from available literature coincides
to limit the maximum amount on 4 % of weight [24].
The utilization of waste material, which additionally
had been exposed to a temperature loading process
— during brick manufacturing, made the added value.
The ceramic powder seems to be an alternative for
metakaolin or microsilica for the refractory composite
production.

Mixing procedure. The mixing procedure took
place in a horizontal laboratory mixing machine; the
first phase consisted of the homogenization of aggre-
gates and fine components. 50 % of water and 50 % of
carbon fibres were added in the second phase. The rest
of water with the plasticizer was added in the third
phase. The process of mixing ends after 2 minutes,
when the remaining part of fibres and their homog-
enization took place. The mixing process is similar
to an ultra-high performance concrete production de-
scribed for example in [25].

3. EXPERIMENTAL ANALYSIS

The influence of elevated temperatures on a refractory
cement composite was investigated by an exposure to
two different temperature levels (600 °C and 1000 °C)
for 240 minutes in an electric furnace. The samples
were 28 days old. The temperature in the furnace
rose up by 10°C/min. Reference samples were dried
at 105°C for 72 hours. A measuring of basic and
advanced mechanical properties and their decrease de-
scribes the effect of the elevated temperatures (600 °C
and 1000 °C). The experimental analysis (bulk density,
dynamic modulus of elasticity, flexural strength, com-
pressive strength and fracture energy) was performed
after the temperature loading process. In total, nine
specimens were produced from each mixture (three
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specimens were reference, three were exposed to 600 °C
and three were exposed to 1000°C).

Dynamic modulus of elasticity. The evaluation
of the non-destructive measurement of dynamic mod-
ulus of elasticity took place according to

1
E., = gviﬁ 1076, (4)

where Eg, is the dynamic modulus of elasticity [MPa],
o is the bulk density of measured material [kg/m?],
vy, is the pulse velocity of ultrasonic waves [m/s], k is
the characteristics of the environment [-], [27].

A Proceq Punditlab+ testing device has been used
to determine the ultrasound speed wvy,. The pulse
transducer (54kHz) and the receiver were positioned
on the opposite sides of the prismatic specimen to
require only the one-dimension adjustment. For the
performed test arrangement, k¥ = 1 was used. This
non-destructive method finds its application in describ-
ing the effect of the influence of high temperature [26]
or other non-force loads on mechanical properties of
building materials.

Compressive and flexural strength. The me-
chanical properties of a common cement composite are
tested according to Czech standards; for the purpose of
this experimental program, the compressive strength
(fe) and the flexural strength (f;) of refractory cement
composite were tested in an accordance with CSN EN
196-1 [28]. Three-point bending test with the clear
span of supports 100 mm was performed by universal
loading machine MTS100. The test was controlled
by the increase of the deformation (0.02mm/s). The
flexural strength was calculated, based on the theory
of plasticity with the help of the maximum reached
force. The compressive strength was investigated on
two fragments left after the bending test. The area
of the cross section (40 x 40 mm?) was demarcated
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Mixture 105°C 600 °C 1000 °C

[kg/m?] (%] [kg/m®] [%] [kg/m®] [%]
A1oo 2200 100 2175  95.0 2070  90.4
Ags 2270 100 2160  95.2 2030  89.4
Ago 2250 100 2110  93.8 2040  90.7
Ass 2250 100 2090  92.9 2040  90.7
Aso 2220 100 2085  93.9 2030 914
Avs 2195 100 2035  92.7 1980  90.2
Bigo 2250 100 2125 944 2080  92.4
Bos 2240 100 2110 94.2 2075  92.6
Boo 2220 100 2120 955 2070  93.2
Bss 2200 100 2185  99.3 2070  94.1
Bso 2210 100 2100  95.0 2070  93.7
Bs 2210 100 2090  94.6 2060  93.2
Cioo 2205 100 2120 96.1 2070  93.9
Cos 2165 100 2110  97.5 2065  95.4
Coo 2160 100 2105  97.5 2060  95.4
Css 2150 100 2110  98.1 2050  95.3
Cso 2140 100 2100 98.1 2050  95.8
Crs 2130 100 2095  98.4 2040  95.8

TABLE 3. Values of bulk density o (before and after exposure to elevated temperatures).
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FIGURE 2. Evaluation of bulk density.

by a loading-device, which was put into the loading
machine EU40. This test was also controlled by the
increase of the deformation (0.02mm/s).

Fracture energy. Cement composite, as a quasi-
fragile material, shows the fracture process zone be-
hind an existing notch or crack front. Due to the
micro-cracking, the softening of the material took
place. The experiment was arranged without a notch
to monitor the entire destruction of the specimen,
which was exposed to the elevated temperatures, be-
cause the crack initiation starts on the surface, which
is the most exposed area of the specimen. The se-
lected approach allows a better comparison of the
influence of fibres. For the evaluation of fracture en-
ergy, we can successfully use a bending test, where
the load-deflection dependence is recorded. Based on
the recommendation of RILEM [29], fracture energy
was calculated according as

1 Omax
A Js,

where G is the fracture energy [J/m?], A is the section
area [m?], F is the force [N], § is the deflection [m],
F(0) is the load-deflection from bending test.

A load-deflection diagram has been derived based
on the data record from MTS 100 loading device.

Due to the bending test arrangement without notch,
the fracture energy was calculated from the area under
the load-deflection diagram before the peak load.

4. RESULTS AND DISCUSSION

It is necessary to mention that the temperature load-
ing started at the age of 28 days. All specimens had
been stored in a 90 % humidity environment with a
temperature of 22 °C. All samples were dried at 105 °C
for 72 hours to evaporate free water from the inner
structure. The drying process took place due to the
technical limit of the used electric furnace. The drying
process was a preventive step to limit the explosive
spalling due to evacuation of steam and consequent
risks of furnace damages. The first group of three
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Mixture 105°C 600 °C 1000°C

fC ft fc ft fc ft
Aigo 69.5 82 36.1 27 246 19
Ags 70.9 102 353 29 215 18
Ago 72.8 10.6 37.6 3.7 215 2.1
Ags 67.6 10.1 33.0 3.8 256 3.1
Aso 59.5 9.7 316 32 228 25
Azs 56.7 8.4 33.0 26 246 25
Bioo 86.2 9.7 534 35 303 1.8
Bos 91.1 104 553 43 320 22
Bgo 97.2 10.8 539 39 353 29
Bss 83.1 106 47.7 41 351 23
Bsgo 85.1 105 454 32 312 27
Brs 72.7 103 439 3.1 30.7 28
Ci00 73.6 94 40.0 3.8 275 3.2
Cos 88.6 10.1 42,5 4.0 319 3.0
Coo 95.3 103 394 3.8 281 3.0
Css 81.9 106 387 3.9 242 32
Cso 70.8 104 359 39 30.1 28
Crs 60.5 9.2 376 3.8 247 26

TABLE 4. Values of compressive strength f. and flexural strength f; [MPa].
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Fi1GURE 3. Evaluation of compressive strength.

specimens was a reference, the second group was ex-
posed to 600 °C for three hours and the last group was
exposed to 1000 °C for three hours. At first, the mea-
surement of weigh and dynamic modulus of elasticity
took place, then, the destructive testing was carried
out.

4.1. BULK DENSITY

Table Fl summarizes the calculated values of the bulk
density. The weight was measured after the thermal
loading (at approximately 60 °C), while the dimen-
sions were measured at laboratory conditions before
the thermal loading. Two technological parameters
reduce the values of the bulk density — increasing
the amount of fibres and increasing the amount of
ceramic fibres. An approximate 3% decrease of bulk
density is caused by the dosage of 25% of ceramic
powder (for the reference specimens without a tem-
perature load). A dosage of 1.00 % of carbon fibres
reduces the bulk density by 3.5 %, in comparison with
0.50% of fibres. The highest decrease of the bulk
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density is caused by the action of the temperature
load on 1000 °C level, where the decrease slows with
an increasing amount of fibres (from 9.7% to 5.2 %).
Figure 2] describes the dependence of the bulk density
on the temperature loading and also on technological
parameters.

4.2. MECHANICAL AND FRACTURE
PARAMETERS

4.2.1. COMPRESSIVE STRENGTH

From the point of view of compressive strength, the
fibres dosage of 0.50 % is not sufficient. This is mostly
caused by the technological aspects - the amount
of 0.5% caused a bleeding of technological water.
Reasonable values are achieved on specimens with
0.75% and 1.00 % dosage. The decrease of compres-
sive strength due to the action of the elevated tempera-
ture is not so rapid like in the case of flexural strength.
Action of 600°C causes an average decrease of the
compressive strength to 55 % of original level, while
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FIGURE 4. Evaluation of flexural strength.

Mixture 105°C 600 °C 1000 °C
Ecu Gf Ecu Gf Ecu Gf
Ao 291 2604 74 816 55 478
Ags 27.5 280.5 74 920 5.7 50.2
Agg 30.1  280.2 7.3 106.6 6.2 49.0
Ags 34.1 2783 9.3 1259 84  69.3
Agp 30.0 380.1 9.2 1379 1.7 740
Az 299 2731 101 1299 10.1 92.3
Bioo 36.6 277.9 7.2 83.4 6.5 50.5
Bos 38.0 291.6 7.8 89.2 6.4 58.9
Bgo 34.1 315.0 8.4 873 6.1 76.6
Bss 342 2963 87 900 6.7 541
Bsgo 36.3 305.0 86 127.7 6.7 723
Brs 372 297.5 8.9 135.6 7.0 80.9
Ci00 30.8 338.2 84 108.1 7.9 545
Cos 285 3484 87 1208 7.2 683
Coo 341 3400 84 1153 6.6 639
Css 316 361.0 86 1246 6.6 653
Cso 31.2  359.6 8.2 115.3 7.0 65.6
Crs 314 311.3 8.1 101.6 6.9 54.9

TABLE 5. Summary of dynamic modulus Ecy

after an exposure to 1000 °C, the residual compressive
strength achieved approx. 40 % of its original values.

4.2.2. FLEXURAL STRENGTH

Fibres dosage does not influence the flexural strength
of reference specimens dried at 105 °C, while the fi-
bres affect the flexural strength especially after the
action of 1000 °C. The residual flexural strength after
the action of 1000 °C corresponds to approximately
30 % of the original strength. Figure [4] evaluates the
dependence of flexural strength on the type of the
temperature load.

4.2.3. FRACTURE ENERGY

The fracture characteristics are not ordinarily men-
tioned in a common experimental investigation of
cement composites, including refractories. Increasing
the amount of fibres positively affects fracture energy;
in average, up 15 % in reference specimens without
the temperature load (difference between 0.50 % and
1.00 % of carbon fibres). The Fracture energy of spec-

[GPa] of elasticity and fracture energy G [J/m?].

imens exposed to the elevated temperature is approxi-
mately on the same level (see Figure[5)). The difference
of fibre dosage in the case of reference specimens can
be quantified as approx. 20 % (the increase of fracture
energy between 0.5% and 1.0%). We can conclude
that from the point of view of fracture energy, 20 %
of ceramic powder is the most suitable option.

4.2.4. DYNAMIC MODULUS OF ELASTICITY

The dynamic modulus of elasticity is rapidly influ-
enced by the action of temperature (see Figure @,
due to the interconnection with the decrease of bulk
density. The average reference dynamic modulus of
elasticity of mixture with 0.75 % of fibres corresponds
to 120 % of specimens with 0.5 %. The dynamic modu-
lus of elasticity after the action of 600 °C and 1000 °C
achieves similar average values, however there can be
minor differences observed between the studied mix-
tures. As mentioned above, this method is suitable for
the description of gradual changes, e.g., as an effect
of the elevated temperatures.
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FI1GURE 5. Evaluation of fracture energy.
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FIGURE 6. Evaluation of dynamic modulus of elasticity.
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FIGURE 7. Load-deflection diagram of Ago.

4.3. DUCTILE BEHAVIOUR

The failure modes of specimens made from mixtures
with 80 % of aluminous cement and 20 % of ceramic
powder are described on Figure [7] (0.50 % of fibres)
on Figure [§] (0.75 % of fibres) and on Figure [9] (1.00 %
of fibres). The effect of 600°C and 1000°C on the
failure mode of 600°C and 1000 °C was investigated
in comparison with 105 °C (reference). The maximal
deformation of reference’s specimen decreases with
the increasing amount of carbon fibres - especially the

difference between 0.75 % and 1.00% is perceptible.

Also the deformation corresponding to the maximum
achieved force during the bending test of specimens
exposed to 1000 °C follow the trend described above
(decreasing deformation with increasing amount of
fibres). The fragile failure of reference specimens
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FIGURE 8. Load-deflection diagram of Bgo.

(105°C) occurs independently of the fibre amount,
while specimens after the thermal loading (600 °C and
especially 1000 °C) show a ductile behaviour.

5. CONCLUSIONS

Based on the performed experimental program and
evaluation of the results, we can draw several conclu-
sions. All basic and mechanical properties were mea-
sured on 162 prismatic specimens in total, which were
tested after being exposed to elevated temperatures
(reference at 105 °C, 600 °C and 1000 °C). According
to the results of the destructive testing, following
conclusions can be drawn:

(1.) The total amount of the fibre dosage influences
the workability of the fresh mixture, where the
maximum amount of 1.0% of volume means the
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FIGURE 9. Load-deflection diagram of Csgg.

limit for a sufficient workability. A higher amount
than 1.0 % of fibres is not possible to homogenize
in the mixture, which causes clusters of fibres. The
mixture with a dosage of 0.5 % of volume achieves
self-flow characteristics of fresh mixture. Dosage of
25% of ceramic powder leads to an average 3.2 %
decrease of bulk density (in comparison with 100 %
of aluminous cement).

(2.) Increasing the amount of carbon fibres positively
influences tensile characteristics (flexural strength —
fcm), especially after the exposure to high temper-
ature, mainly 1000 °C. This phenomenon confirms
the premise of maintaining a mutual cohesion be-
tween the surface of fibres and hydration products
after the temperature loading. Regardless of the
amount of fibres, the tensile characteristics of the
composite without the temperature loading are ap-
proximately on the same level. The values of the
fracture energy are influenced by carbon fibres in a
similar way as the flexural strength is. The ceramic
powder positively effects fracture energy, especially
after an exposure to a temperature load.

The compressive strength does not decrease so
rapidly as the other mechanical properties. The
most suitable amount of carbon fibres is 0.75 % of
the total volume. A dosage of 1.00 % of carbon fibres
is the limit for achieving a satisfactory workability
of the fresh mixture.

(3.) The action of elevated temperatures changes the
failure mode of specimens during the bending test.
Originally brittle failure mode of reference speci-
mens changes to a mode with a softening part of the
load-deflection diagram, because of the activation
of carbon fibres. The deflection at maximum force
is lower in the case of specimens exposed to the
elevated temperature.

The results of the performed experimental program
clearly showed a successful application of carbon fi-
bres and fine ceramic powder for a refractory cement
composite production. Based on the evaluation of the
mechanical parameters, the most suitable solution is

the combination of 720 kg/m? of aluminous cement
Secar®71 and 180kg/m?3 of a fine ground ceramic
powder. The optimal dosage of carbon fibres, based
on the workability of the fresh mixture and mechan-
ical properties, is 0.75 % of the total volume. The
application of fine ground ceramic powder suitably
complements the granularity (grain size between alu-
minous cement and basalt aggregate) and reduces the
environmental impact and COs production (reduction
of aluminous cement consumption, which is highly
energy-intensive).
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