DOI 10.1007/s11148-014-9725-9
Refractories and Industrial Ceramics

Vol. 55, No. 4, November, 2014

EFFECT OF CARBON FIBER ON MEDIUM-CEMENT
HEAT-RESISTANT CONCRETE PROPERTIES'

R. Boris,> V. Antonovich,2 E. Spudulis,> A. Volochko,’> and R. Stonis?*3

Translated from Novye Ogneupory, No. 8, pp. 45 — 48, August 2014.

Original article submitted April 17, 2014.

Heat-resistant medium-cement concrete with calcium aluminate filler is studied. It is established that addition
of carbon fiber facilitates an increase in concrete strength in compression and thermal stability. Explosive
breakage only does not occur for specimens with polypropylene fiber on heating a concrete specimen at a rate

of 40°C/min to 1000°C.
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INTRODUCTION

Metal and organic fibers, fulfilling specific functions, are
mainly used in heat-resistant concretes. Steel fibers improve
concrete mechanical properties and increase its thermal
shock resistance, retarding crack propagation [1, 2]. The lim-
iting temperature for use of steel fibers is about 1200°C. Or-
ganic fibers (polypropylene, from polyaramides, etc.) in
dense and deflocculated concretes, are required in order to
provide removal of water vapor during drying and the first
firing [3, 4], since these concreates are inclined towards ex-
plosive breakage on rapid heating [5, 6]. Fibers provide
shrinkage and melt at 150°C, and water vapor is removed
from concrete through microchannels created within its
structure.

Attempts have been made to use in heat-resistant con-
crete ceramic fibers, used in manufacture of refractory heat
insulation objects [1], and aluminosilicate fibers, prepared by
a plasma method [7]. However, no significant effect was
achieved. As a rule, these fibers react at high temperature
with other concrete components and become an integral part
of a material.
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Carbon fibers are used quite extensively for dispersed re-
inforcement of concrete normally used in civil construction
in order to improve its physicomechanical properties and
prevent formation of deformation cracks. There is some in-
terest in the results of research obtained using mechanically
activated carbon fiber in autoclave concrete [8, p.
362 —371]. It was shown in the work that fine particles of
carbon fibre, formed with mechanical treatment, exhibit an
activated surface that serves as crystallization centers during
binder material hardening. As a result of this there is an in-
crease the crystallinity of new formations, and autoclave
concrete mechanical properties are improved.

Consideration was given in [9] to micromechanics of
short glass and carbon fibers in a concrete matrix. The dy-
namics of pull-out and stress field were studied around a sin-
gle fiber, pulled from a matrix. The main stages of the pro-
cess were established.

Carbon fibers oxidize in air at elevated temperature. The
temperature of its prolonged operation is 300 — 400°C, and
under conditions of short-term heating in inert or reducing
atmospheres a fiber withstands a temperature of
1500 —2000°C [10]. There is interest in using these fibers in
heat-resistant concrete for reinforcement in the drying stage
and the first firing in order to prevent crack formation and re-
duce the danger of explosive breakage.

In this work the effect of carbon fibers on properties of
medium cement heat-resistant concrete were studied, con-
centrating attention on concrete mechanical properties and
crack formation with thermal shocks and rapid heating.
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RESEARCH MATERIALS AND METHODS

In performing studies high-alumina cement Gorkal-70
(containing not less than 70% Al,O3) and filler, prepared
from clinker grade Gorkal 50 (not less than 50% Al,O5) from
GorkaCementSp. zo.0.; microsilica grade RW-Fuller from
RWSilicium GmbH (96.1% SiO,), calcined alumina grade
CTC-20 from Almatis (99.7% Al,0O53), and deflocculants, i.e.,
polycarboxylate ester grade Castament FS 20 from BASEF,
and sodium tripolyphosphate, were used The clinker phase
composition grade Gorkal 50, %: CaAl,0, 64.2+0.2,
Ca,Al,0, 0.9+0.2, Ca;Al;0,,CaSO, 3.0+0.1, Ca;Al(ALSi),0;
26.8 £0.1, Ca;,Al 4,053 0.5+ 0.1, CaTiO3 4.5 = 0.1.

Carbon fiber (CF) was used as an additive to concrete
compositions, whose average length was 5 mm, average di-
ameter 6.5 um. The carbon content in fiber was 98%. Fiber
morphology is shown in Fig. 1.

Three main compositions of heat-resistant concrete (AO,
Al, and A2) were studied, presented in Table 1. In addition,
specimens of concrete A3 with addition or propylene fiber
were prepared solely in order to study explosive breakage.

Dry mixing of fiber with concrete components (or ce-
ment composition) was carried out in a Eirich RO2E
high-speed mixer for 2 min, and with water in a Hobart plan-
etary mixer for 3 min. The temperature during specimen
preparation and component temperature during mixing was
20+ 1°C.

Concrete specimens 70 x 70 x 70 mm and 40 x 40 x 160 mm
were fired at 800, 1100, and 1200°C, and the indices of the
main physicomechanical properties were established in ac-
cordance with specifications of LST EN ISO 1927 — 6:2013.
Concrete thermal shock resistance was determined according
to GOST 20910 by heating to 950°C and water cooling. The
heating-cooling cycles were continued to a 20% weight loss
for a specimen 70 x 70 x 70 mm.

Concrete explosive breaking resistance was evaluated on
heating cylindrical specimens with diameter and thickness of
36 mm at a rate of 20, 30, and 40 °C/min to 1000°C. Studies
were carried after three days of concrete hardening. Speci-
men weight loss was determined during heating as a result of
removal of free moisture and hydration water.

Concrete specimens and their surface were photographed
in a Canon INC PC1057 camera.

RESULTS AND DISCUSSION

A study of concrete specimens strength (Fig. 2) showed
that ultimate strength in compression 6, for medium-cement
concrete with calcium aluminate filler after drying at 110°C
increased to 140 — 170 MPa, compared with strength after
hardening, which was 70-90 MPa. After firing at
800 — 1200°C o, was not less than 95 MPa. With addition of
CF the strength of concrete specimens Al and A2 increased
compared with this index for the concrete control composi-

Fig. 1. Carbon fiber: a) x1500; ) x8000.
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A possible explanation for the reason of an increase in
concrete strength is given by a study of the microstructure of
cement stone (after three days of hardening) with addition of
CF (water-cement ratio W/C =1, CF content 0.02% (above
100%)). Analysis of the photographs obtained shows that in

TABLE 1. Concrete Composition

Component content in concrete, %

Component
A0 Al A2 A3

Filler (sinter) 78

Cement 12

Ultrafine additives 10

CF* 0 0.01 0.02 —
Polypropylene fiber* — — — 0.02
Water* 5

* Above 100% dry mix.
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Fig. 2. Ultimate strength in compression for specimens a), Al, and
A2 of heat-resistant concrete after heat treatment at different temper-
atures.

the contact zone with CF (Fig. 3a) there is formation of
dense hydrated microzones (Fig. 3b)
The following equations were used in the work [11]:

N/VC = 4p/nd’L, (1)

§=(VCIN)" = (nd>L/4p)'?, 2

where N/VC is amount of CF for cm? of concrete; p is volu-
metric amount of fiber in concrete, d and L are average fiber
diameter and length respectively; S is distance between fi-
bers.

According to calculations performed by Egs. (1) and (2)
[11], the amount of CF in 1 cm3 of concrete N/VC reaches
370 and 720, and distance S between fibers is 3.0 and
3.4mm for compositions Al and A2 respectively. This
means that the amount of possible compacted microzones in
cement stone of concrete is significant.

A favorable effect of adding CF has been noted in study-
ing concrete thermal shock resistance. The thermal shock re-
sistance of concrete specimens Al and A2 with CF was
9 — 10 heating-cooling cycles, which is 20 — 30% more than
for concrete A0 without CF addition. Thermal shock resis-
tance, number of 950°C — water cycles: A0 7, A1 10, A2 9.

The nature of crack formation at a specimens surface is
interesting: without CF it is occurrence of several coarse
cracks, and with addition of CF it is formation of a fine crack
network (Fig. 4). It is possible that the fragmented structure
formed in concrete increases its thermal shock resistance.

Studies of concrete explosive breakage resistance
showed that on heating cylindrical specimens at a rate of 20
and 30°C/min to 1000°C specimen breakage of the test com-
positions does not occur. However, with an increase in rise
temperature rate to 40°C/min there is concrete specimen
breakage both without CF and with added fiber (Fig. 5a, b,
¢). In addition, concrete A3 studied with addition of
polyprolylene fiber did not break (Fig. 5d). It should be
noted that specimens with addition of CF break into a larger

R. Boris, V. Antonovich, E. Spudulis, et al.

Fig. 3. Microstructure of cemented stone with CF: a) general view;
b) CF trace and compacted hydrated zone.
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Fig. 4. Surface of concrete specimens A0 without CF, Al and A2
with added CF after six thermal cycles.

number of fragments (see Fig. 5b, ¢) compared with the com-
position without CF (see Fig. 5a).

Specimen weight loss curves (Fig. 6) showed that in con-
crete A3 with polypropylene fiber moisture is removed more
rapidly at above 250°C (specimen temperature at a depth of
2 mm) than in concretes Al, Al, and A2. In this case poly-
propylene fiber melts, and water vapor is removed without
hindrance from a concrete specimen through the micro-
channels formed.

In concretes A0, A1, A2 weight loss curves hardly differ,

but at about 600°C there is separation of curves signifying
explosive breakage of the test specimens. Consequently, CF
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Fig. 5. Concrete specimens after explosive failure test with heating
at a rate of 40°C/min: a) AO; b) Al; c) A2;d) A3.
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Fig. 6. Weight loss in concrete specimens A0, Al, A2, and A3 with
heating at a rate of 40°C/min.

under the test conditions do not burn off and a possible rein-
forcing effect did not develop.

CONCLUSION

Action of carbon microfibers on the properties of me-
dium-cement heat-resistant concrete with calcium aluminate
filler has been studied. It was established that addition of car-
bon fiber facilitates an increase in concrete strength in com-
pression both after hardening and after drying and firing at
800, 1100, and 1200°C. With thermal shocks a fragmented

structure forms in concrete specimens, increasing concrete
thermal shock resistance. However, addition of carbon fiber
does not have much effect on concrete resistance to explo-
sive breakage.
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