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Abstract. This work investigates medium cement refractory castable with additives of carbon and polypropylene fibers.
The peculiarities of microstructure changes in the fiber and castable matrix contact zone, channel formation, and changes
of cold crushing strength of fiber additives, which have a refractory castable matrix under temperature treatment, were
investigated. The investigation results allowed to predict that using a mix of fibers more effective than using them indi-
vidually. The influence of fiber additives on the mechanical characteristics and thermal shock resistance of the refractory
castable with fiber additives was tested. It was found that the addition of carbon fiber has a positive impact on the ther-
mal shock resistance of the investigated castable, which is confirmed by the results obtained by thermal cycling, as well
as by the values calculated for thermal shock resistance R, and R,,. In addition, the results of the investigation of thermal
cycling show that the value of the thermal shock resistance was highest when a mixed fiber additive (CF+PP) was used.
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Introduction

Refractory castable is widely used in structures of differ-
ent heat equipment in the cement, iron and steel, petro-
chemical industries and others (Nishikawa 1984).

Calcium aluminate cements and special ultra-disper-
sive additives (such as microsilica and reactive alumina)
and various deflocculants (plasticizers) are used in the
production of refractory castables. Depending on the con-
tent of calcium aluminate cement, refractory castables are
divided into: medium (MCC, 8-15%), low (LCC, 4-8%)
and ultra low (ULCC, 1-3%) cement content refractory
castable (Wohrmeyer, Parr 2008).

Metal and organic fibers, which perform some spe-
cific functions, are commonly used in refractory casta-
bles (Nili, Afroughsabet 2010; Pemberton et al. 2011).
Stainless steel fibers improve the mechanical properties
of castable and its thermal shock resistance (TSR) by
restraining crack propagation (Rouchka, Vutnau 2010;
Samadi, Fard 2003; Wojsa ef al. 2004). The limiting
temperature of stainless steel fibers application is about
1100 °C under oxidation and normal conditions (Lau, An-
son 2006). Organic fibers (polypropylene, polyamide and
others) are required for dense and deflocculated castables

to facilitate the removal of water vapors in drying and
initial heating (Innocentini ef al. 2002; Leung, Balendran
2002; Peret et al. 2003) because castables are prone to
explosive spalling under rapid heating (Innocentini et al.
2003a, 2003b; Olivier, Fabien 2014). These fibers shrink
at a temperature below 100 °C and dissolve at ~150 °C,
when the temperature is further increased. Water vapor is
removed from the castable via microchannels formed in
its structure. According to Schacht (2004), the strength
and porosity of castable does not change, when the con-
tent of the fiber additive in the dry castable mixture is
below 0.5 wt %.

Carbon fibers are widely used for dispersion rein-
forcement of conventional concrete in civil engineering
to improve its mechanical properties and to prevent the
formation of cracks due to deformation (Ferrari et al.
2013; Qazi et al. 2015; Tabatabaei et al. 2014; Valivonis,
Skuturna 2007; Wang, Adeli 2014). In the refractory
castables, such fibers are not used because their oper-
ating temperature does not exceed 300—400 °C. Using
these fibers in refractory castable may be of interest to re-
searchers because of their possibility to reinforce castable
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at the drying stage, thus preventing cracking. This could
later have a positive effect on thermal resistance proper-
ties of refractory castable.

It is well known that TSR is an important prop-
erty, determining the performance of a refractory mate-
rial under various service conditions (Antonovié¢ et al.
2010; Miyaji et al. 2014; Mertke, Aneziris 2015; Ribei-
ro, Rodrigues 2010; Wojsa et al. 2013). To determine
and forecast it, the values of thermal shock resistance
R, Ry, R4 and R, are commonly used (Hasselman 1963,
1969; Kingery et al. 1979). The criterion R, is proposed
to describe high-strength materials with smaller initial
microcracks,while for low-strength materials with larger
microcracks, the criterion R, is used (Rodriguez et al.
2002; Schacht 2004). Some authors believe that, in some
cases, using both of the above-mentioned criteria, R4 and
R, is justified (Harmuth ez al. 1996; Wojsa et al. 2004).

Note, that for practical purposes, various techniques
of cycling heating and cooling the material samples are
used to evaluate the TSR of refractory castable (Goberis
2003). In this case, the number of cycles preceding sam-
ple failure is calculated.

The behavior of materials under thermal shock con-
ditions depends not only on their properties, but also on
the nature of the shocks: sudden heating causes the de-
velopment of microcracks, while sudden cooling is ac-
companied by stable growth (Larson, Hasselman 1975).

In order to identify the micro processes responsi-
ble for non-linear material behavior, a technique for the
preparation of specimens was developed that allows mi-
croscopic investigation before and after crack propaga-
tion (Harmuth et al. 1996).

The paper determines the effect produced by car-
bon and polypropylene fiber additives, and their mixtures
on TSR of MCC, when the thermal cycling method with
sample cooling in water is employed. Some of the ob-
tained data were compared with the values of thermal
shock resistance determined by the criteria R, and R,.

1. Materials and methods
1.1. Materials used

Testing was performed with calcium aluminate cement
(CAC) “Gorkal-70”. Its chemical composition (mass %)
is as follows: Al,O3 — 69-72; CaO — 28-29; SiO, < 0.5;
Fe,O5 < 0.5. The main minerals are: CA (CaO-Al,0O5)
and CA, (CaO-2Al,03), the additional phases are: C;,A5
(12Ca0-7AlL,05) and 0-Al,O5.

Filler made of CAC clinker “Gorkal 507. Its
chemical composition (mass %) is as follows: Al,O3 —
49-50; CaO — 36-37; SiO, — 3—4; Fe,0; — 8-9. The
main minerals are CA, the additional phases are:
CA,, C4AF (4Ca0-Al,05-Fe,03), Ci,A; and C,AS
(2Ca0-Al,05-Si0,). CAC and calcium aluminate clink-
er filler produced at the enterprise “Gorka Cement” (Po-
land). Calcium aluminate clinker filler particle size
was 0.5-4 mm. Dispersive aggregate (DA) obtained by
grinding chamotte BOS145 (Al,05 ~38.0%) aggregate

produced at the enterprise “Tabex Ozmo” (Poland) in the
ring mill and screened through a 0.14 mm sieve. Micro-
silica (MS) RW-Fuller (SiO, — 96.1%) produced at the
enterprise “RW Silicium GmbH” (Germany). Calcinated
alumina (CA) CTC-20 (AL,O3 — 99.7%) produced at the
enterprise “Almatis” (Germany). Deflocculants, such as
polycarboxylate ether Castament FS-20 supplied at the
enterprise “BASF Construction Solutions GmbH” (Ger-
many) and sodium tripolyphosphate (NasP;0).

In the castable composition carbon fiber (CF) — BMH-
4 mark (C — 99.99%) (Russia), and polypropylene fiber
(PP) — produced at the Sika Group enterprise (Turkey)
(Sika 2007), as well as the additive based on their mix-
ture were used. The technical characteristics of the fibers
are given in Table 1; their morphology is demonstrated
in Figure 1.

Table 1. Technical characteristics of CF and PP fibers

Fiber additives
Properties

CF PP
Length, mm 5.0+1 6.0+1
Diameter, pm 6+1 20+1
Density, g/cm? 1.71 0.91
Young’s modulus, GPa 40-100 6-9
Tensile strength, MPa 500-1200 300440
Colour black natural
zfl“tlﬁzr;r“;regf use max +450 | max +160

1 pm

1pm X 8,000 JEOL 12/2/2013 13:06:20

Vacc=4.0KV PC=11 Signal=LEI _ r-Filter=sB,0 Mode=SEM _WD=9 . 8mm

10 pm

10pm X 1,000 JEOL 12/2/2013 13:29:13
Signal=LEI _ r-Filter=sB,0 Mode=SEM _WD=9 . 6mm

b) Vacc=2.00kV PC=11

Fig. 1. Morphology
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1.2. Specimen preparation

Six kinds of MCC (see Table 2 for composition) were
investigated. The control specimens of castable (B0) were
prepared by dry mixing materials such as CAC, micro-
silica, dispersed aggregate and clicker filler in the high-
speed Eirich RO2E mixer for 2 minutes. The dry mix ob-
tained was mixed for 4 minutes in the Hobart mixer after
adding the respective amount of water (more than 100%
of the dry material). The formation masses of refractory
castable specimens, obtained in this way, were poured
into 40x40x160 mm; 25%25%150 mm and 70%70x70 mm
forms, which were put in the 3401 RUMED (Rubrath Ap-
parate GmbH, Germany) climatic chamber and, then, the
formed castable specimens were left for 72 h to harden. The
temperature during the manufacture of the samples, and the
temperature of the components being mixed, as well as the
temperature in the climatic chamber was 20+1 °C.

The B1 and B2 specimens with CF additives, B3
and B4 with PP additives, as well as the BS specimen
with a mix additive (CF+PP) were prepared in a similar
way as the BO specimens. However, when making the
B1-BS5 specimens, the dry mix was mixed with the suit-
able amount of fibers.

Table 2. Mix proportion of the tested castables

. Castable composition, wt %

Materials

BO Bl B2 B3 B4 B5
Clinker filler 63 63 63 63 63 63
DA 15 15 15 15 15 15
CAC 12 12 12 12 12 12
CA 5 5 5 5
MS 5 5 5 5 5 5
Deflocculants* | 0.2 0.2 0.2 0.2 0.2 0.2
CF* - 0.01 | 0.02 - - 0.02
PP* - - - 0.02 | 0.04 | 0.04
Water* 5

* denotes the content of the components exceeding 100% dry
castable mix.

The principal technological scheme for the prepara-
tion of refractory castable specimens which were studied
in this work are shown in Figure 2.

1.3. Methods

The consistency of freshly mixed castable was controlled
using the Ball-in-Hand test (ASTM C860-15). Irrespec-
tive of the fiber used, the consistency obtained of all com-
positions of castables led to the correct “ball” which pro-
vided a good performance of castable.

Drying and heating of castable and binder were per-
formed according to the methods recommended by the
instruction of LST EN ISO 1927-5 (2013). Physical and
mechanical properties were performed according to the
methods recommended by the instruction of LST EN ISO
1927-6 (2013).

Cold crushing strength (CCS) was determined using
the ALPHA 3-3000 S (Form Test Seidner and Co. GmbH,
Germany) test machine.

The ultrasonic wave velocity was measured by the
Pundit 7 (Instruments A/S, Germany) device using two
54-kHz standard cylindrical transducers (transmitter
and receiver). The measuring surface of the transducers
was pressed against the samples at two strictly opposite
points. Vaseline was used to insure a good contact. The
ultrasonic wave velocity (UWV) in m/s was calculated:
Viwy = S/t (S is distance in meters; ¢ is time in seconds).

Thermal shock resistance of the refractory castable
was determined according to the provisions of standard
GOST 20910-90 (1991) for 70x70%70 mm samples, with
the heating cycles 950 °C (40 min), cooling in water
(5 min) and air (10 min). The process was continued un-
til @ 20% loss of specimen volume was achieved.

The linear coefficient of thermal expansion was
determined by the dilatometer Linseis L76 (Linseis
Messgeracte GmbH, Germany).

The values of thermal shock resistance were calcu-
lated by the equations:

E-¥oor
Ry =12t (1)
o
_ 7wof
R, = oo 2

where: E is Young’s modulus (GPa); v, is the work of
fracture (J/m?2); o, is bending strength (MPa); a is linear
thermal expansion coefficient (K1)

The formation masses

Mixing of dry materials

Mixing of materials

in the Eirich mixer -] with water
X in the Hobart mixer
2 min .
4 min

poured into
forms and vibrated
2 min

v

72 h hardening at the
temperature of 20+1 °C

Thermal treatment
(drying 72 h,
heating 5 h)

Fig. 2. The principal technological scheme for the preparation, hardening and thermal processing of refractory castable specimens
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The microstructure of the samples was examined
by the scanning electron microscope (SEM) JSM-7600F
(JEOL, Japan). The specimens were split and fastened to
the specimen holders of the microscope so that the cleav-
age surface could be observed. Testing was performed
at 10 kV accelerating voltage, secondary electrons were
used to form images.

The examined samples were covered with a layer of
electricity conducting material, using device “QUORUM
Q150R ES” (Quorum Technologies Ltd, Germany).

Work of fracture was found by the method of three-
point bending of a 25x25x150 mm beam with a notch,
having a depth of 6.0 mm and width of 0.5 mm, at a
loading rate of 200 um/min, the correction of deforma-
tion determined by a measuring system and the ambient
temperature of +20+1 °C.

The HMOR422 (NETZSCH GmbH, Germany) ma-
chine was used in testing for determining the deforma-
tion of samples by means of an extensometer. The work
of fracture y,,,s was calculated from the equation:

T F(dx)

Toor =5 3)
)4

where: F'is force (N), Ap is specimen cross-sectional area
(m?), Ax is deformation (m).

The amounts of fibers per unit volume (N/VC) and
the mean distance between them (S) were calculated by
Eqns (4) and (5) (Peret, Pandolfelli 2006).

N 4p
|46 ﬂ.dz.L,

2
S = /E: ’”d—]‘, (5)
N 4.p

where: p is the volumetric fraction of fibers in the casta-
ble, d and L denote the fiber diameter and length (m).
The modulus £ was found from the expression:

(+ (A =2u)
1-u ’

(4)

E= VUWVZID( (6)
where: V18 ultrasonic wave velocity (m/s), p is bulk
density of castable (kg/m?®), p is Poisson ratio equal to
0.17 for all compositions of castable.

The “STATISTICA 7” computer program was

used for statistical processing of the experiment data
(Sakalauskas 1998).

2. Research results and discussion

The TSR of MCC samples was determined by heat-
ing samples to a temperature of 950 °C. Table 3 shows
the apparent bulk density, bending strength, CCS, UVW,
Young’s modulus and linear thermal expansion coef-
ficient results of samples from concretes BO and BI,

675

Table 3. Properties of castable samples after heating at a
temperature of 950 °C

. Castable composition
Properties
BO B1 B2 B3 B4 BS
p, kg/m? 2442 | 2460 | 2456 | 2450 | 2440 | 2456
o MPa 17.3 | 19.2 19 | 204 | 21.1 | 20.8
CCS, MPa 108.1 | 111.1 | 140.6 | 132.2 | 149.4 | 141.1
Viyw, m/s 4830 | 4930 | 4950 | 4730 | 4730 | 4610
E, GPa 472 | 504 | 51.7 | 47.5 | 489 | 454
a, x1070 (K1) 7.4

B2, B3, B4, B5 with various amounts of different fiber
additives after heating at 950 °C.

The investigation results obtained in determining the
CCS and bending strength of castable samples show that,
due to the additives of CF, PP or a mix of fibers, casta-
ble CCS is higher by ~38%, and its bending strength is
higher by ~22% compared to those of the control com-
position of castable BO.

It should be noted that after heating at a tempera-
ture of 800 °C (for 5 h) the additives CF and PP burn
out (Figs 3 a, 3b).

A possible explanation of castable strength in-
crease can be given by the analysis of the microstruc-
ture of castable in the contact areas with the burnt-out
fiber. It can be observed that in the area of contact with
CF (Fig. 4a) and PP (Fig. 4b), densified castable sample
microzones have formed. This micro-compaction of the
castable matrix structure apparently appeared during ce-
ment hydration and remained after fiber burnout.

Perhaps, water distribution in the contact areas be-
tween the fibers and cement material differs from the
water distribution in all of the castable due to the hydro-
phobic properties of PP and CF. Cement hydration pecu-
liarities in such conditions are possible reasons for micro-
compaction of the structure around the fiber.

The amounts of CF (Eqn (4)) in 1 cm? of castable
are 370 and 720, while the distances between the fibers
are equal to 3.0 and 2.4 mm, for formulations of B1 and
B2, respectively. The amounts of PP (Eqn (5)) in 1 cm?
of castable are 130 and 260, while the distances between
the fibers are 3.4 and 4.2 mm, respectively, for casta-
ble compositions B3 and B4. These results show that the
number of micro-areas with a densified castable matrix
is significant. It seems to have a positive effect on the
strength characteristics of castable.

The data obtained in investigating TSR of castable
samples after heating at 950 °C and cooling in water
(given in Fig. 5) show that TSR of castable samples with
the addition of carbon fibers is 20% higher than TSR of
samples without this additive.

The addition of PP slightly reduces TSR of casta-
ble (only one cycle fewer than in the case of samples
without the fiber additive). The highest TSR is achieved
when a mix of fibers is used. It is difficult to ex-
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Fig. 5. Thermal shock resistance of refractory castable

samples after heating-cooling, the number of cycles

plain the difference in the influence of the additives
CF and PP on the TSR of castable. Perhaps it could be

accounted for by the difference in the diameters
and the microchannels that form.
The work of fracture (Table 4) and the v

of fibers

alues of

thermal shock resistance R, and R, were calculated for

three various castable compositions.

Table 4. Work of fracture and TSR of castable samples after

heating at a temperature of 950 °C

Castable composition

Properties
BO B1

B3

Voo /M2 84.1 115

88

Ry, m 0.014 0.016 0.01

R, °C'm!”? 5.44 5.82

5.6

The results of measurements show that the values
of the criteria R4 and R, are higher for castable with CF,

which corresponds to the data obtained during
cycling of the castable samples (Fig. 5).

thermal

There are several different methods for determining
Ywor A case of using the dependence force versus defor-

mation’ is presented in Figure 6.

Based on the displacement curve of the samples,
it is evident that good cohesion and a strong matrix is

achieved in the castable with CF. It is believed,

that the

strong matrix of the castable samples with CF could be
an important characteristic to enhance the thermal stabil-

ity of this refractory castable.

TSR of castable depends on its physical and me-
chanical properties, so in striving to estimate the effect of
CCS on the TSR of refractory castable, the interrelation
between CCS and the density of the castable (p) after
thermal processing at temperature of 950 °C was estab-

lished on the basis of experimental data; the g
processing of the results is provided in Figure 7.

raphical
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Fig. 6. Experimentally obtained force and strain curves under
bend

TSR, number cycles

2480
2470
2460

2440 0 Density, kg/m?

100

Fig. 7. Dependence of cold crushing strength and density on
thermal shock resistance of refractory castable samples after
heating at a temperature 950 °C

The obtained effect of CCS (100-160 MPa) and
density (2440-2480 kg/m3) on TSR (Fig. 7) show that
on increase of CCS and density in the examined ranges,
TSR was increasing as well, so a strong interrelation be-
tween the examined indicators exists.

Conclusions

Combustible additives of carbon and polypropylene fiber
contribute to the formation of densified hydrate micro-
zones during hardening in the matrix of medium cement
refractory castable with the calcium aluminate clinker
filler.

Carbon fiber additive (0.01% and 0.02%) increases
the CCS of castable by ~30% after heating at a temper-
ature of 950 °C, as compared to the CCS of the con-
trol specimen of castable. Polypropylene fiber additive
(0.02% and 0.04%) increases the CCS of castable by
~22% and ~35%, respectively, after heating at a temper-
ature of 950°C, as compared to the CCS of the control
specimen of castable. It is noteworthy that in the case
where the mix fiber (CF+PP) additive is used in refrac-
tory castable, CCS increases ~30%, as compared to the

CCS of the control specimen of castable. This has a posi-
tive effect on the strength characteristics of MCC, when
the additives of carbon or polypropylene fiber are used.

It has also been found that the addition of CF im-
proves the TSR of the investigated clinker-based MCC.
CF additive increases the indicator of TSR of castable
(950 °C — cooling in water); it increases by ~20% from
10 to 12 cycles. In particular, in the case of using the
mix fiber (CF+PP) additive in refractory castable, ther-
mal shock resistance increases 30%, as compared to the
CCS of the control specimen of castable. The calculated
values of the criteria R4 and R, are higher for castable
with CF as compared to the criteria of the control speci-
men of castable.
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