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Abstract

This work discusses an investigation of the hot elastic modulus and crack generation of two Al2O3–SiC–SiO2–C castable compositions

throughout two thermal cycles in an oxidizing atmosphere. A high temperature ultrasonic technique carried out using a long bar mode,

thermogravimetric, X-ray diffraction, apparent porosity analyses and thermodynamic calculations were evaluated in order to understand the

results. Significant changes in the castables’ elastic modulus values were observed with temperature, which were related to the decomposition of

hydrated phases, antioxidant reactions, changes in the liquid phase viscosity, and formation and closure of microcracks in the castable

microstructure. The results attained are fundamental for providing data for thermo-mechanical computing simulations by finite element analyses

and for the design of large refractory structures, such as blast furnace runners for the steel industry.
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1. Introduction

The difference between Young’s or elastic modulus (E) of

metals, ceramics and polymers is related to the types of atomic

bonds present in these three classes of materials [1]. From the

scientific point of view, the elastic constants can be expressed as

a second order derivative of the interatomic potentials,

providing information about the material atomic bond strength.

For multiphase composites, such as refractory castables, elastic

constants are sensitive to the phase changes and microstructural

transformations [2].

Elastic modulus can be measured using either static or

dynamic tests. The three most common ways of measuring the

static E value of refractories are by tensile, compression and

bending tests [3–5]. Dynamic and non-destructive methods

(such as the resonant technique, ultrasonic echography, etc.)

have the added advantage of keeping the integrity of the

material after taking the measurement [6–10]. Ultrasonic waves

used in these tests are derived from mechanical vibration with

frequencies higher than the audible domain, ranging from

20 kHz to hundreds of MHz [11]; with their propagation
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velocity depending on the elastic properties and density of the

chosen environment. Ultrasonic methods are often used to

evaluate the elastic modulus of heterogeneous materials due to

their simplicity and accuracy. However, for multiphase

refractories, the high attenuation of the acoustic waves

generated by the various phases present affects the quality of

the measurements, especially at high temperatures. Thus, the

use of a configuration known as ‘‘long bar mode’’, with a wave

frequency of about 150 kHz, is required in order to evaluate

refractory castable compositions [11].

The main purpose of using the ultrasonic long bar mode

echography test is to follow the evolution of the elastic

modulus, which depends on the intrinsic elastic properties of

constituents and the damage of the material [12]. The essential

condition of this type of test configuration states that the side

dimensions (d) of the prismatic sample must be small (i.e.,

samples presenting height and width in the range of 5–15 mm)

when compared to the wave length (l) of the ultrasonic

vibration (typical values are d/l = 0.2).

According to the literature, complex materials such as

carbon containing refractories could present atypical elastic

modulus behavior due to temperature [7,13]. For example, after

thermal treatment at 1000 8C, Al2O3–C refractories have a

complex microstructure consisting of Al2O3 coarse grains and

graphite flakes in a matrix bonded by carbon. Their high
d.
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Table 1
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thermal conductivity and lower thermal expansion make this

material a good option to use in iron making processes.

However, the elastic modulus of the pre-fired Al2O3–C

refractory shows a non-linear and irreversible behavior

(Fig. 1) where the large increase in elastic modulus from

450 8C to 650 8C can be associated to the closure of

interparticle gaps and cracks due to the thermal expansion

mismatch between coarse grains and the fine matrix particles

[13]. During the cooling step (below 650 8C), the E value

decrease is due to decoherences and crack opening [13]. The

hysteresis phenomenon of the elastic modulus is the object of

some studies, with efforts being made to better understand and

explain the mechanisms responsible for this effect [14–16].

Macroscopic properties of complex materials are difficult to

understand by traditional test methods. In fact, the behavior of

refractories is closely related to the role of each component and

to the interaction among several phases of the composition [11].

The scientific literature only contains a small amount of

research focusing on the determination of the elastic behavior

of MgO–C and Al2O3–C refractories due to the high

temperature [7,13], with no studies involving high carbon

containing castables of complex systems, such as Al2O3–SiO2–

SiC–C. This work evaluates the elastic modulus and crack

generation in high carbon containing refractory castables. Two

Al2O3–SiO2–SiC–C castable compositions containing 10 wt.%

carbon have been analyzed throughout two thermal cycles in an

oxidizing atmosphere in order to evaluate the effectiveness of

the antioxidant agents and possible damage caused by the

oxidation process. When used in blast furnace runners, these

castables are exposed to different working environment

atmospheres: oxidizing (upper surface) and reducing (surface

below the air–liquid interface). The wear mechanism of carbon

containing refractories can be described by a two-step process:

(a) oxidation of carbon at temperatures above 600 8C and (b)

corrosion by molten metal and slags. In order to understand the

E evolution of the evaluated castables, the high temperature

ultrasonic technique results were correlated with those
Fig. 1. Elastic modulus profile versus temperature for an Al2O3–C refractory

[13].
provided by thermogravimetric, X-ray diffraction, apparent

porosity analyses and thermodynamic calculations.

2. Experimental procedure

2.1. Castable compositions

Two Al2O3–SiO2–SiC–C refractory castables containing

three carbon sources (coke, pitch and carbon black) and

different antioxidants (Si, B4C and sodium borosilicate glass

[17]) were designed according to the Andreasen packing model

(q = 0.21 – composition given in Table 1). The formulations

consisted of a matrix with fine particles (d < 75 mm, including

2.0 wt.% of calcium aluminate cement) and coarse aggregates

(d < 4.75 mm). The dispersion of the castables was carried out

using an electrosteric dispersant (0.2 wt.%, Darvan-7S, R.T.

Vanderbilt, Norwalk, CT) and a non-ionic surfactant (HLB = 8,

4.0 mg/m2) as wetting agents for the carbon sources.

During the processing step, the dry powders of each castable

composition were mixed for 5 min in a rheometer developed for

refractory castable mixing [18] in order to attain a homogenized

material. After that, water, surfactant and a dispersant were

added to the mixture. All compositions were molded into

150 mm � 15 mm � 15 mm prismatic samples and cured at

50 8C in a humid environment (R.H. � 100%) for 12 h, then

dried at 110 8C for 24 h.

2.2. Elastic modulus

The elastic modulus profile of the carbon containing

castables was evaluated using an ultrasonic technique in a

long bar mode. Fig. 2 presents a sketch of the experimental

setup used for high temperature ultrasonic echography

measurements. According to this experimental setup, the

reflection of the pulse at the wave-guide and the alumina guide
Al2O3–SiO2–SiC–C castable compositions.

Raw materials 10C (wt.%) 10SBC (wt.%)

Brown fused alumina (d = 4/10 – 200 mesh)a 44.0 44.0

SiC (EC6R, d = 6/10 – 200 mesh)b 20.0 20.0

Calcined alumina (CL370C, d50 = 4 mm)c 21.0 16.0

Cement (Secar71, d50 = 6 mm)d 2.0 2.0

Silica fume (971-U, d < 2 mm)e 1.0 1.0

Silicon (Silgrain, d50 = 25 mm)e – 5.0

Sodium borosilicate glass (d50 = 7 mm)f – 1.0

Boron carbide (d50 = 25 mm)g 2.0 1.0

Pitch (d < 125 mm)h 5.0 5.0

Carbon black (d < 2 mm)h 3.0 3.0

Coke (d < 200 mm)h 2.0 2.0

Water 5.2 6.3

a Elfusa (Brazil).
b Treibacher (Brazil).
c Almatis (USA).
d Kerneos (França).
e Elkem Refractories (Norway).
f Ferro Enamel (Brazil).
g China Brasilis (China).
h Unimetal, Cabot and Nacional de Grafite (Brazil).



Fig. 2. Ultrasonic elastic modulus measurement at high temperature.
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sample interfaces gives the first echo, and the reflection at the

end of the sample the second one. The measurement of the time

between two echos (t) is related to the wave velocity and the

elastic modulus (E) of the material by the following equation

[15]:

E ¼ r
2L

t

� �2

(1)

where L and r are the sample length and density, respectively.

In the experimental setup of Fig. 2, an ultrasonic pulse is

generated by a ferromagnetic nickel bar transducer placed in

the cold zone of the system. Nickel was used due to its similar

value of acoustic impedance when compared with alumina and

a 40 kHz transducer was selected for elastic modulus

measurements.

During the measurements, the ultrasonic pulse was

transmitted from the transducer to the castable sample using

an alumina wave guide. The ferromagnetic bar (diame-

ter = 5 mm) was attached to one of the edges of the wave

guide using cyanoacrylate glue. Refractory cement (Cotronics

903HP, USA) was used to attach the castable sample to the

other edge of the same guide.

The experiments were carried out for two thermal cycles

between 20 8C and 1500 8C under oxidizing atmosphere at

heating and cooling rates of 5 8C min�1. In this work, only the

results attained in an oxidizing atmosphere will be presented,

but the experiments carried out under inert gas flux (argon

flux = 85 mL/min, heating/cooling rates = 5 8C min�1 and

temperature cycle = 20–1500 8C) were used to understand

and analyze the data presented and discussed here.

2.3. Additional measurements

The weight changes of the B4C and Si antioxidants and of

the carbon sources mixture [coke (partially crystallized), pitch

and carbon black (amorphous)] were recorded as a function of

temperature by thermogravimetric experiments. The aim of

these tests was to detect the beginning of the carbon oxidation

and antioxidant reactions with O2 and CO. Reactions occurring
in B4C, Si, and a mixture of carbon powders were evaluated

between room temperature and 1200 8C at a heating rate of

5 8C min�1.

The refractory phases were identified using an X-ray

diffraction technique. For this purpose, the castable samples

were fired at the temperatures of 600 8C, 1200 8C and 1500 8C
for 5 h in oxidizing atmosphere, then crushed and milled in a

WC shatter box. The resulting powders were analyzed for

crystalline phases by X-ray using an INEL CPS120 equipment

in the 2u range of 5–808 with Cu Ka radiation.

The apparent porosity of the refractory samples after firing at

400 8C, 600 8C, 800 8C, 1000 8C 1200 8C, 1400 8C and

1500 8C for 5 h was measured by the Archimedes method

(ASTM C380-00), using water as the immersion liquid.

Additionally, in order to better understand the phase

transformations of the carbon containing castables, thermo-

dynamic calculations were predicted using FactSageTM soft-

ware – version 6.0 (Thermfact and GTT-Technologies). The use

of this tool is required due to the complexity of the phases

formed at high temperatures and the difficulties of identifying

and determining their amount in the castable microstructure.

This software uses a series of modules that access thermo-

dynamic databases and do various calculations. The databases

used in this study were Fact53, FToxid and SGTE. The

equilibrium phases were predicted using the Equilib module

and considered the following phases: gas, slag or liquid;

assuming both stoichiometric solids and non-stoichiometric

solid-solutions. These calculations involved the thermal

treatments of 10C and 10SBC castables between 400 and

1500 8C in the presence of a total of 7.8 � 10�2 moles of

oxygen in the system.

3. Results and discussion

Most of the microstructural (densification, phase changes,

crystallization, etc.) and damage evolution (microcracking,

generation of pores, etc.) in solid materials are related to

changes in the elastic modulus. Consequently, E measurements

at high temperatures can be used to evaluate the thermo-

mechanical behavior of the refractory castables.



Fig. 3. Elastic modulus evolution as a function of temperature, under oxidizing

atmosphere ( pO2 = 0.21 atm): (a) 10C and (b) 10SBC samples obtained after

curing and drying steps.
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Fig. 3 presents the E results of the high carbon containing

castables collected throughout two thermal cycles up to

1500 8C in an oxidizing atmosphere. The evaluated samples

were previously cured at 50 8C and dried at 110 8C.

Consequently, the water withdrawal, carbon and cement phase

changes affected the first heating curve and the initial E values

at room temperature (10SBC = 18 GPa and 10C = 26 GPa).

Carbon from pitch can be graphitized at elevated

temperatures and the coke yield increased by the addition of

carbon black or other carbonaceous materials [19]. In general,

the yield of carbon is determined by the amount of volatile

carbon containing species that are generated and the initial

carbon content. Pitch was the main carbon source added to the

10C and 10SBC castable samples (5 wt.%), and during its

pyrolysis (between 400 and 550 8C), the formation of a liquid

crystal phase or mesophase in the castable structure can give

rise to a graphitizable carbon. These transformations may

directly affect the E values of the refractories, with new carbon

bonds forming at the beginning of the first heating treatment.
All elastic modulus curves presented a hysteresis, which is

usual because of crack closures and opening mechanisms that

occur during heating and cooling cycles in materials compris-

ing coarse grains [9]. The following sections present and

discuss the castables’ reactions and transformations that

influenced the elastic modulus behavior.

3.1. Decomposition of the hydrated phases and carbon

transformations – region I (room temperature up to 500 8C)

The initial drop of the E values from room temperature up to

500 8C in the first heating cycle is associated with the loss of

chemically bonded water of the cement hydrated phases [20]

and the development of mesophase derived from the carbon

transformations [19]. The mesophase usually is formed at

temperatures close to 400 8C, with a semi-coke phase generated

at temperatures of 500–550 8C, although these changes also

strongly depend on the heating rate.

The water loss and the cement phase changes result in voids

(pores) in the structure of the refractories, causing a decrease in

the elastic modulus up to 500 8C. Furthermore, for the 10SBC

samples, a higher water content was required (6.2 wt.%) when

compared with the 10C ones (5.2 wt.%). Low E values (attained

between room temperature and 500 8C in oxidizing conditions)

of the 10SBC castable were related to the higher water demand

used in processing, and consequently, higher samples porosity

(porosity after curing: 10C = 12.1 � 0.4% and

10SBC = 14.4 � 0.6%).

Some experiments performed in argon (results not shown

here) also presented the drop of the elastic modulus in the same

temperature range, indicating that the E behavior was the same

in both atmospheres.

3.2. Carbon oxidation and antioxidants performance –

region II (from 500 8C up to 1100 8C)

At temperatures higher than 500 8C, the elastic modulus is

affected by the cement phase transformations, antioxidants

behavior, and carbon oxidation. After the decomposition of the

CAH10, C2AH8, AH3 and C3AH6 hydrates (where C = CaO,

A = Al2O3, H = H2O) in the temperature range of 100–400 8C,

new cement phases can be generated, such as CH and C12A7H.

With the increase of the temperature, CH and C12A7H will

decompose at 450 8C and 750 8C, respectively, and CA

crystallization will take place between 900 and 1000 8C [1].

This latter transformation (Eq. (2)) is followed by a slight

volumetric shrinkage (DV/V = �1.14%), leading to the

decrease of the elastic modulus of the samples.

C12A7 þ 5A ! 12CA (2)

At higher temperatures (1100–1400 8C), expansive reac-

tions related to CA alumina enrichment can generate CA2 and

CA6 phases, which will affect the elastic properties of the

carbon containing castables.

Carbonization of the semi-coke phase resulting from the

carbon sources reactions will have a critical effect on the

castable properties between 600 8C and 800 8C, with compo-
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sites containing pitch in their matrix tending to show an overall

expansion due to the evolution of the volatile matter [19]. The

matrix expansion will allow the interaction of the carbon with

the gases of the environment, inducing the carbon oxidation and

decreasing the E values.

Si, B4C and sodium borosilicate glass additives in 10SBC

interact with oxygen or CO(g) and the castable components at

different temperatures, impacting the refractory E behavior in

distinct ways. It is also known that there is no single effective

antioxidant for all castable compositions and situations.

Nevertheless, recent results have indicated that the use of a

blend of metallic and non-metallic antioxidants is very efficient

at preventing carbon oxidation [17,21].

10C castable contains only B4C as an antioxidant in its

composition. Boron-based additives act to block the open

pores, reducing the oxidation of carbon by forming oxide and

liquid phases [17]. When analyzing 10C in Fig. 3a (first cycle),

E reached a maximum between 500 8C and 750 8C. This

behavior can be associated with the reaction of B4C with

oxygen or CO, resulting in liquid phase generation (B2O3) and

carbon deposition at the castable surface.

B4CðsÞ þ 3O2ðgÞ $ 2B2O3ðlÞ þ CðsÞ; DG500 �C ¼ �2077 kJ

(3)

B4CðsÞ þ 6COðgÞ $ 2B2O3ðlÞ þ 7CðsÞ; DG500 �C ¼ �997 kJ

(4)

The thermogravimetric results of the B4C in air (Fig. 4a)

showed that at 500 8C, the increase in the initial weight of this

carbide indicates the beginning of the B2O3 generation at the

surface of the B4C particles. The weight reaches its maximum

value at 700 8C, which corresponds to a 18.3 wt.% increase.

However, at higher temperatures the weight loss might be

associated to partial B2O3 volatilization and carbon oxidation

(secondary carbon produced by the initial reactions between

B4C and O2 or CO).

2CðsÞ þ O2ðgÞ ! 2COðgÞ; DG500 �C ¼ �360 kJ (5)

Thermodynamic equilibrium diagrams of B4C and Si as a

function of temperature and oxygen partial pressure were

prepared using the FactSage software as shown in Fig. 5. It is

observed in Fig. 5a that depending on the oxygen partial

pressure of the firing atmosphere, the carbon provided by B4C

(Eq. (3)) will be oxidized, generating some gaseous products

such as CO and CO2. Furthermore, thermodynamic calcula-

tions indicated that B2O3, BO2 and BO as gas species were in

equilibrium with liquid B2O3. However, boron containing gases

corresponded to a small fraction of the total amount of the

boron present.

From the thermodynamic plots in Fig. 5, one would expect

that B4C will act efficiently as an antioxidant at temperatures

through 1000 8C, where its performance becomes influenced by

oxygen partial pressure [21]. On the other hand, the carbon

sources mixture (coke, pitch and carbon black) investigated in

the castables began to oxidize close to 500 8C (Fig. 4b and

Eq. (5)). The carbon oxidation of the refractory material
increases the CO content and can induce B2O3(l) generation for

the 10C and 10SBC castables, according to Eq. (4).

A thin oxidized layer at the samples surface was detected

and the antioxidants performance inhibited the oxygen

interaction and further carbon oxidation. Regarding the

thermodynamic calculations and the XRD results, it was found

out that the resulting castable phases were associated with

transformations carried out in an environment containing a very

limited oxygen partial pressure. Thus, in order to match the

experimental results with the thermodynamic predictions, the

phase evolution was simulated in FactSageTM considering a

high shortage of oxygen (7.8 � 10�2 moles of oxygen were

added to the system as an initial reagent – pO2 < 10�24 atm,

Fig. 6). According to the results, liquid B2O3 can react with

alumina of the castables, resulting in the formation of

(Al2O3)9(B2O3) as a stable compound from 400 to 1200 8C.

These results also show the likelihood of SiC oxidation

(Eq. (6)) and CaAl2Si2O8 (anorthite – Eq. (7)) generation for

the 10C composition. Based on the thermodynamics, in a CO
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environment, SiC oxidation and the formation of anorthite have

a favorable Gibbs energy value (negative DG) at 400 8C under

equilibrium condition. Nevertheless, other factors such as the

reaction kinetics, particle size distribution, castable perme-

ability and oxygen partial pressure would impact these

transformations under practical conditions.

SiCðsÞ þ 2COðgÞ ! SiO2 þ 3CðsÞ; DG400 �C ¼ �378 kJ (6)

CaOðs;lÞ þ 2SiO2ðs;lÞ þ Al2O3ðsÞ ! CaAl2Si2O8ðs;lÞ; DG400 �C

¼ �118 kJ

(7)

Thermodynamically, the reaction of SiC with CO could

occur at low temperatures (Fig. 6a and b). The decrease in the

initial amount of SiC [20 wt.% (Table 1) to 18 wt.%, as shown

in Fig. 6] is related to the O2 content in the system and its role in

the carbon and B4C oxidation (Eqs. (3) and (5)). Additionally,

the resulting CO might still react with SiC and lead to SiO2 and

C generation (Eq. (6)). The DG value for Eq. (6) at 400 8C
(DG = �378 kJ) is higher than the one from Eq. (5), indicating

that the interaction between SiC and CO is thermodynamically

more favorable. SiO2 can further react with CaO (from the

calcium aluminate cement) and Al2O3 (from the castable and

cement), resulting in anorthite at higher temperatures.
Only SiC and B4C oxidation and anorthite formation are

predicted in the 400–1200 8C temperature range. X-ray

diffraction results determined the presence of (Al2O3)9(B2O3)

in the 10C castable samples thermally treated at 1200 8C
(Fig. 7). However, the predicted anorthite phase (CaAl2Si2O8)

was not identified in any of the evaluated samples. Thus, it is

believed that the pores filled by B2O3(l) (melting

point = 449 8C) and their reaction with alumina are the main

phases formed, and are thought responsible for the increase in

the elastic modulus of the 10C castable between 500 and 750 8C
(Fig. 3a).

10SBC castable (Fig. 3b) presents a smooth continuous

elastic modulus increase in the 450–1300 8C range on the initial

heating due to the combined action of the three added

antioxidants – boron carbide, sodium borosilicate glass and

silicon (metallic). Because sodium borosilicate glass is a boron

containing antioxidant, its performance should be very similar
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to B4C, with a higher amount of liquid B2O3 expected to be

formed in 10SBC refractory samples between 450 8C and

750 8C.

Thermodynamic calculations predict that a higher amount of

(Al2O3)9(B2O3) and SiC might be present in the 10SBC

castable composition (Fig. 6b). The increase in SiC content

from 20 wt.% (Table 1) to 26 wt.% (Fig. 6) is related to the

predicted reaction involving the metallic Si and carbon on the

surface and pores of the castable (Eq. (8)), which is derived

from previous SiC and B4C oxidation (Eqs. (3), (4) and (6)).

SiðsÞ þ CðsÞ $ SiCðsÞ; DG400 �C ¼ �68 kJ (8)

X-ray diffraction results did not indicate the presence of

(Al2O3)9(B2O3) and anorthite in the 10SBC refractory, and Si

could still be identified at 1200 8C. Most likely, the B2O3 liquid

phase formed on the surface of the samples, which acted to

protect the carbon particles and inhibit Si oxidation. Conse-

quently, the Si metal additive could be found in the castable

microstructure at high temperatures. The diagram shown in

Fig. 5b indicates that, when Si is exposed to an environment

with low oxygen partial pressure (a condition which might be

found inside carbon containing refractory samples), this

antioxidant does not experience oxidation at 1200 8C.

Pure metallic Si can react with O2 in the environment at

800 8C, according to the thermogravimetric evaluation pre-

sented in Fig. 4a. Thus, the E increase between 800 8C and

1300 8C might also be associated to SiO2 generation (due to Si

oxidation at the samples surface) in the 10SBC castable.
Experimental results presented in the literature indicate that Si

can still react with C and form SiC at temperatures higher than

1100 8C (Eq. (8)) [16]. The thermodynamic calculations

highlight that even at 400 8C, Eq. (8) might be possible

because the Gibbs energy of this transformation is negative.

Nevertheless, during the practical experiments, the reaction

kinetics and the physical contact of the particles of Si and C will

limit this reaction. Consequently, Si is not entirely oxidized or

reacted with C up to 1200 8C, and this phase is still identified in

the 10SBC composition, as shown in Fig. 7d.

SiC formed by Eq. (8) acts to prevent carbon oxidation and

improves the mechanical properties of the refractories.

However, at temperatures higher than 1200 8C, Si and SiC

oxidation will cause an increase of liquid phases in the castable.

The intensity decrease or the absence of the Si and SiC peaks in

the X-ray diffraction profiles for the 10SBC sample fired at

1500 8C (Fig. 7b) pointed out that these phases reacted with O2

or CO at this temperature. Thus, the 10SBC performance during

the first heating depends on the various transformations

involving the antioxidant agents.

3.3. Decrease in the liquid phase viscosity and mullite

generation – region III (from 1100 8C up to 1500 8C)

Liquid phase is formed at temperatures higher than 1100 8C
due to the reactions among CaO, Al2O3 and SiO2, and

(Al2O3)9(B2O3) (Fig. 6). With an increase in temperature,

however, the liquid phase viscosity can be reduced, the

volatilization of B2O3 increases, and carbon oxidation might



3.0

3.5

4.0  10C

 10SBC

A.P. Luz et al. / Ceramics International 37 (2011) 2335–23452342
take place in the 10C and 10SBC samples. These transforma-

tions would result in a decrease of elastic modulus values at

elevated temperatures. Additionally, mullite generation can

also affect the E behavior above 1200 8C due to the volumetric

changes during its formation (�5% [22]), which might induce

some flaws and cracks in the castable microstructure. Never-

theless, further investigations are still necessary to improve the

understanding of the role of mullite in elastic modulus changes

at high temperatures.

Liquid formed in the castable microstructure above 1100 8C
can partially fill in pores and interstices between the solid

particles. Besides predicting the total amount of each phase (see

Fig. 6), thermodynamic calculations also provide the mole

fraction of the oxides that comprise the liquid phase formed in

the castable compositions. This information for 10C and

10SBC castables is presented in Table 2.

In addition to the solid phases, the liquid composition

(predicted by FactSage) and its viscosity can be estimated using

the modified Urbain model [23]:

h ¼ ATe
1000B

T

� �
(9)

where h is the viscosity in Poise, T is the temperature in Kelvin,

and A and B are constants depending on the composition of the

liquid. A and B are related according to the following expres-

sion:

lnðAÞ ¼ �0:2812B � 11:8279 (10)

The value of B is a function of the mole fraction of SiO2 (N)

(Eq. (11)) and it can be calculated using the following

equations:

B ¼ B0 þ B1N þ B2N2 þ B3N3 (11)

B0 ¼ 13:8 þ 39:9355g � 44:04g2 (12)

B1 ¼ 30:481 � 117:1505g þ 129:9978g2 (13)

B2 ¼ �40:9429 þ 234:0486g � 300:04g2 (14)

B3 ¼ 60:7619 � 153:9276g þ 211:1616g2 (15)

g represents the ratio involving the oxide components that

influence the liquid behavior; whereas the compounds
Table 2

Mole fraction of the liquid phase components of the 10C and 10SBC castables

for pO2 = 0.05 atm.

Oxides 10C – mole fraction 10SBC – mole fraction

Temperatures (8C)

1350 1400 1450 1500 1350 1400 1450 1500

Al2O3 0.35 0.37 0.38 0.40 0.33 0.35 0.36 0.38

SiO2 0.16 0.15 0.15 0.14 0.20 0.20 0.20 0.20

CaO 0.26 0.25 0.24 0.23 0.25 0.23 0.21 0.20

B2O3 0.23 0.23 0.23 0.23 0.19 0.19 0.19 0.18

Na2O – – – – 0.01 0.01 0.01 0.01

NaAlO2 – – – – 0.02 0.02 0.02 0.02

NaBO2 – – – – 0.00 0.00 0.01 0.01
presented in the numerator of Eq. (16) are the ones that

impact its viscosity.

g ¼ CaO þ MgO þ Na2O þ K2O þ FeO þ TiO2

CaO þ Al2O3 þ MgO þ Na2O þ K2O þ FeO þ TiO2

(16)

This method assumes that all oxides in Eq. (12) will change

their liquid viscosity depending on their content. However,

B2O3, which is one of the main oxides present in the liquid of

the 10C and 10SBC castables, is not taken into account in this

model. Thus, the results generated in the calculation correspond

to an approximation of the actual behavior of the formed liquid

phase.

Fig. 8 plots the predicted viscosity (h) based on FactSage

liquid chemistry as a function of temperature. The h values of

the liquid vary from 3.8 to 1 Pa s between 1350 8C and

1500 8C. The liquid viscosity in the 10SBC composition is

slightly higher than the 10C one due to the larger amount of

SiO2 generated by the Si and SiC oxidation. SiO2 has a large

impact on the viscosity of the liquid because Si4+ ions are

network formers [23,24]. The decrease in the liquid phase

viscosity with the increase of the temperature is one of the

mechanisms related to the reduction of the elastic modulus of

the refractory castables above 1350 8C (Fig. 3).

On the other hand, the main mechanism for mullite

generation is silica diffusion (SiO2 derived from the initial

silica fume in the composition and from partial Si and SiC

oxidation) through the liquid phase to the vicinity of the

alumina grains. It is thought that Al2O3 diffusion is very low

and can be ignored [25]. X-ray diffraction results confirmed the

formation of mullite in the fired samples at 1200 8C and

1500 8C of the 10C and 10SBC castables (Fig. 7). Nevertheless,

additional research is necessary to define and understand the

role mullite plays in the presence of liquid phase and in the

elastic modulus profile of the carbon containing castables.
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Fig. 8. Viscosity of the liquid phase formed in the 10C and 10SBC castables as

a function of temperature (7.8 � 10�2 moles of oxygen were added to the

system to simulate a condition similar to the experimental observations).
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Fig. 9. Apparent porosity of the 10C and 10SBC castable samples after firing at

various temperatures for 5 h in oxidizing atmosphere ( pO2 = 0.21 atm).
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The antioxidants performance is predicted to be less

effective at high temperatures, and it is expected that the

carbon particles will become partially oxidized, increasing the

porosity in the refractories microstructure. This effect was

observed and confirmed by evaluating some castables’ samples

exposed to various thermal treatments carried out between

400 8C and 1500 8C in an oxidizing atmosphere. The amount of

pores and flaws increased in the evaluated temperature range,

mainly due to the decomposition of the hydrated phases

(between room temperature and 500 8C) and carbon oxidation

(Fig. 9). Pores and other flaws led to a decrease of the E values

at high temperatures.

3.4. Increase of the liquid viscosity – region IV (from

1500 8C down to 600 8C)

During the cooling cycle, a large increase in the elastic

modulus occurred from 1500 8C to 600 8C (Fig. 3) for the two

castables studied. This E variation is related to the usual

stiffening of the material when temperature decreases due to the

increase in the liquid viscosity [11].

The elastic modulus curves of the 10C and 10SBC samples

attained in the first cooling cycle had a distinct behavior when

compared with ones collected during the heating stage. This

difference can be explained by all the microstructural

transformations of the castable samples and the changes

between the initial phases and those generated with the increase

of the temperature.

3.5. Microcracks generation – region V (from 600 8C down

to room temperature)

When elastic modulus is plotted from 600 8C to room

temperature, the decline of E values is associated with the

development of flaws induced by the thermal expansion

mismatch among the phases comprising the 10C and 10SBC

castables’ samples. This behavior is not discussed in detail here
because various mechanisms can simultaneously take place on

cooling cycle (micro-displacements between grains within the

matrix, interfacial decoherences between phases, microcrack-

ing, etc.). Thus, even when experimental techniques are used to

evaluate cracks and flaws contained in the castable samples

after the elastic modulus tests, difficulties are still found and

few sound conclusions can be drawn [26].

Some work in the literature evaluated refractory composi-

tions containing only two constituents (a matrix and grains of a

unique sort of aggregate) that suggested the mechanisms which

are related to the thermal expansion mismatch between these

phases (interfacial decoherences, microcracking, etc.)

[2,8,11,26] caused the decrease in the elastic modulus.

However, from a practical point of view, the evaluation of

the actual castable compositions (containing various constitu-

ents, as most industrial ones) by the long bar mode can provide

useful information by defining at which temperature range the

embrittlement or cracks opening in the refractory’s micro-

structure might occur.

The final elastic modulus measurement at room temperature

of the castables attained after one complete (heating and

cooling) cycle showed a slight increase, changing from 26 to

33 GPa for the 10C material and from 18 to 40 GPa for the

10SBC one. This is indicative that some of the initial flaws

contained in the castables’ microstructure were eliminated in

this first thermal treatment and that some in situ formed phases

have average elastic modulus values higher than the original

raw materials of the compositions. However, further conclu-

sions would be speculative due to the microcracking effect. It is

worth noting that the highest elastic modulus was attained by

the 10SBC samples (�40 GPa) after the thermal treatments,

showing good performance of the antioxidant blend.

3.6. Second thermal cycle

The elastic modulus results collected throughout the second

thermal cycle (Fig. 3) had a narrower hysteresis loop than the

first cycle, with the initial and final E values very similar to the

ones after the first treatment. The lower hysteresis area

indicates that the castable samples underwent less micro-

structural damage during the second firing. During the second

heating, the changes in the refractory samples microstructure

resulted in a gradual decrease in the thermal expansion

mismatch, leading to a progressive elastic modulus increase.

The E evolution from room temperature up to 600 8C might

also be related to the closure of the cracks formed in the first

cooling cycle, and to further generation of B2O3(l), because the

first cycle was carried out using a heating rate of 5 8C min�1.

The faster heating rate might not have allowed the oxidation

reactions to reach the equilibrium condition shown in Fig. 5.

Regarding the cooling step, castable 10C showed the same E

profile in the two curves, which supports the contention that the

phase transformations of the first cycle were completed (Fig. 3).

Nevertheless, during the second cooling of the 10SBC samples,

no E change was observed over the 1200–650 8C temperature

range. Various experiments using the 10C and 10SBC castable

samples were carried out between 20 8C and 1500 8C and



Fig. 10. Cross sections of the samples after two thermal cycles in oxidizing

atmosphere ( pO2 = 0.21 atm).

Table 3

Information of the transformation observed along the elastic modulus evalua-

tion.

Composition Hysteresis area (GPa 8C)

18 cycle 10SBC 80.454

10C 34.618

28 cycle 10SBC 17.553

10C 18.086
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similar reproducibility of the collected results were observed.

Therefore, at the moment, the only viable explanation for this E

plateau in this temperature range is a balance between the

viscosity increase and crack formation, both of which occur on

cooling.

In order to better compare the attained results, additional

information of the hysteresis area was calculated to determine

which castable had the most damage resulting from thermal

treatments.

According to the hysteresis area of the elastic modulus

curves (Table 3), castable 10SBC was the one which showed the

highest values in the first cycle (80.454 GPa 8C), and

consequently, the greatest microstructure changes. Due to

the action of three sorts of antioxidants, the 10SBC composition

presented an unstable elastic modulus behavior during its first

thermal treatment. However, this refractory also showed the

lowest hysteresis area during the second cycle, which means

that further treatments might not cause significant damage or

structural changes in this material.

Fig. 10 presents the cross sections of the samples after the

elastic modulus experiments. The higher decarbonized area and

apparent porosity of the 10C sample resulted in similar values

of E after two thermal treatments, when compared with 10SBC

composition. Nevertheless, the addition of the antioxidant

blend comprised by sodium borosilicate glass, Si, and boron

carbide provided a better carbon protection in the evaluated

castable samples.

4. Conclusions

Ultrasonic measurements using the long bar mode were able

to identify the temperature range where the mechanisms of

cracks healing (during heating) and opening (during cooling)

were effective. Castable 10SBC presented the highest elastic

modulus during heating due to the antioxidant blend

performance (Si, B4C and sodium borosilicate glass) in an

oxidizing atmosphere.

The low E values of the 10C and 10SBC castables measured

at the beginning of the first heating cycle are associated with the

carbon content, the flaws generated during the castables

preparation, and the decomposition of the hydrated phases

contained in the refractory samples. The progressive elastic

modulus increase with temperature is related to the micro-
structural transformations, such as B2O3 and (Al2O3)9(B2O3)

formation, and sintering.

The use of the FactSage software and the thermodynamic

calculations provided useful data which enabled the under-

standing and prediction of phase changes; and allowed one to

estimate the viscosity of the liquid formed in the refractory

castables as temperature increased. Additionally, the decrease

in the liquid viscosity, mullite formation and carbon oxidation

affected the rigidity of the samples at high temperatures. During

initial high temperature cooling, the increase in E is related to

the usual stiffening of the material when temperature decreased

due to an increase in the liquid viscosity. As the castables

continued to cool, the residual stresses imposed by the thermal

expansion mismatch generated microcracks in the 10C and

10SBC castables’ microstructure, leading to lower E values.

The 10SBC refractory showed the lowest hysteresis area

during the second cycle, which means that further treatments

might not cause significant damage or structural changes in this

material. However, due to the action of three antioxidants added

to the sample, this composition presented significant changes in

the elastic modulus profile during its first thermal treatment.

It must be pointed out that the elastic modulus evolution of

the refractory castables as a function of the temperature (for

samples attained after curing and drying steps) provides very

useful information, enabling one to identify the main

microstructural transformations of these complex composi-

tions, and provides valuable inputs for the thermo-mechanical

computing simulation. Besides the scientific aspect, these

results are relevant to the structural design of the castables, as

well as to detecting the critical temperature ranges during

material use.
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