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Abstract

Refractory castables are composed of fractions of fine to fairly coarse particles. The fine fraction is constituted primarily of raw materials and

calcium aluminate cement, which becomes hydrated, forming chemical bonds that stiffen the concrete during the curing process. The present study

focused on an evaluation of several characteristics of two refractory castables with similar chemical compositions but containing aggregates of

different sizes. The features evaluated were the maximum load, the fracture energy, and the ‘‘relative crack-propagation work’’ of the two castables

heat-treated at 110, 650, 1100 and 1550 8C. The results enabled us to draw the following conclusions: the heat treatment temperature exerts a

significant influence on the matrix/aggregate interaction, different microstructures form in the castables with temperature, and a relationship was

noted between the maximum load and the fracture energy.
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1. Introduction

1.1. Refractories—definition and history

Refractories are materials with complex and coarse

microstructures consisting of a population of very coarse

particles called aggregates (in the order of millimeters in size)

and a fine fraction (which can be as fine as nanometric in size),

called the matrix, which interlinks the coarser particles of the

material. The fine fraction promotes the chemical bond

formation at low temperature (through the formation of

hydrates which are responsible for the stiffness of the material)

and ceramic bond formation at high temperature (dehydrata-

tion, followed by sintering of the particles). Refractories are

frequently applied in processes involving high temperatures

and aggressive environments subject to thermal shocks and

corrosion, as in the production of metals, glasses, cements and

oil derivatives [1,2].
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Initially, refractories were used in the form of bricks for

furnace lining. In 1914, a new form of lining was presented

commercially, leading to the emergence of the so-called

monoliths, whereby a fluid mass of refractory aggregate was

placed inside the furnace, forming an entire seamless wall,

which made the application of these materials far more

efficient. These materials are the so-called refractory castables

[1].

1.2. Cure and hydratation of the refractories

Refractory castables are complex formulations, requiring

high quality raw materials, precise control aggregate sizes,

additives, and binders [1]. Basically, refractory castables are

produced by the mixture of calcium aluminate cement (CAC),

certain fine raw materials, aggregates, additives, and water.

After mixing the solid raw materials (cement, aggregate and

fine particles), water is added, causing the phenomenon of

hydration; and forming a stiff structure in the green concrete,

which will indirectly influence the castable properties after

firing. Several phases can be formed during hydration, with

distinct chemical and mineralogical compositions. The material

formed has different relative quantities that depend on several
d.
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Fig. 1. Variation of Young’s modulus, E, and of the relative dimension, DL/L0,

as a function of the heat treatment temperature of a cement and water paste [2].
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factors, e.g., curing temperature, CaO/Al2O3 (C/A) ratio, the

amount of water, and the presence of impurities both in the

aluminate solution, and on the surface of the aggregates and

other raw materials [1,2].

After curing, a refractory castable is subjected to high

temperature processing and usage; which, depending on the

temperature attained, causes alterations of the phases during

curing of the castables, as well as variation of its chemical

composition. The chemical composition of a castable varies,

particularly with respect to water, since the refractory castable

dehydrates during heating. These variations lead to micro-

structural changes that may improve or reduce the refractory’s

mechanical strength, and lead to variations in its density, pore

distribution, and pore size.

When refractory castables or pastes containing CAC are

heat-treated, they undergo microstructural modifications that

lead to a change in their mechanical behavior. Research has

shown that when these materials are heated between 200 and

300 8C, their mechanical strength is diminished in relation to

the material that is only cured, which contributes to an increase

in porosity caused by the loss of water of hydration. Fig. 1

shows the variation in Young’s modulus and in the dimension of

samples prepared using 100 g of cement and 33 g of water,
Fig. 2. SEM micrographs of fracture surfaces of samples prepared using CaO–Al

evolution and morphology of CA2 and CA6, respectively [2].
standardizing as a water-to-cement ratio of 0.33. The chemical

composition of the cement is: CaO = 27.00, Al2O3 = 60.72,

Na2O = 0.25, SiO2 = 0.30, Fe2O3 = 0.15, MgO = 0.20, wt%,

with a specific surface area of 1.66 m2 g�1, and with a bulk

density of 3.04 g cm�3 [2]. Note that, starting at about 1100 8C,

there is a visible recovery of Young’s modulus, which is

attributed to the beginning of the formation of ceramic bonds

(sintering), and to the reduction of porosity, both change

causing an increase in the mechanical strength of the material

[2–5]. It is well known that Young’s modulus is influenced by

porosity [6]. In addition to porosity, Young’s modulus is also

affected by the cohesion among the particles of the material.

That is why this modulus declines when the hydrates are

destroyed, and later recovers through sintering [6–9].

Fig. 2 depicts the microstructures of the composition using

79.00 wt% of Al2O3 (99.80 wt% Al2O3 purity) and 21.00 wt%

of cement (the chemical composition of this cement was cited

early) [2]. The samples of this composition were prepared using

a water/cement ratio of 0.91, afterwards materials were than

dried and sintered at 1300 or 1550 8C for 2 h, using heating/

cooling rates of 5 8C/min [2]. These micrographs show typical

globular crystals morphologies of CA2 (CaO�2Al2O3)

(Fig. 2(a)); and a hexagonal morphology of the CA6

(CaO�6Al2O3) grains (Fig. 2(b)), indicating the microstructural

evolution from the specific heat treatment temperature

procedure [2].

Fig. 3 shows a complete view of the entire process of

hydration, dehydration and sintering of an alumina-based

refractory castable containing CAC, indicating the regions of

temperature where phase formation and transformation occur

[10]. The upper part of the figure shows the cement, presenting the

phases CA (CaO�Al2O3), CA2, C12A7 (12CaO�7Al2O3) in the

presence of water (H); and the alumina aggregates (Tabular grog).

When in contact with water, these phases hydrate, and transform

into various hydrates whose crystalline structures depend on the

temperature, as indicated in Fig. 3, between 20 and 350 8C. The

phases are symbolized by AH3 and CAH10, C2AH8 and C3AH6,

which represent Al2O3�3H2O [or Al(OH)3], CaO�Al2O3�10H2O,

2CaO�Al2O3�8H2O and 3CaO�Al2O3�6H2O, respectively. When

the temperature increases, these hydrates decompose, forming A,
2O3: (a) sintered at 1300 8C and (b) sintered at 15508 C for 2 h, showing the



Fig. 3. Transformations that can occur during the heating of alumina refractory

castables containing CAC [10].

Fig. 4. Load–displacement curve typical of one of the refractory castables of

this work, in the stable crack propagation test by the wedge splitting method.
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C (CaO), C12A7, CA, CA2 and even CA6, depending on the

amount and reactivity of the alumina initially present [10].

A comparison can be made of the micrographs of Fig. 2(a

and b) and the lower part of Fig. 3, which indicates the

formation of CA2 and CA6 phases observed at temperatures of

1300 and 1550 8C, respectively. Simonin et al. showed using X-

ray diffraction analyses that above 600 8C no hydrates existed

with the crystallized phases formed, having a mineralogical

structure dependent on the final temperature to which a material

was exposed [4].

1.3. Thermal shock

Once a refractory was made and processed, it was

characterized for mechanical and thermomechanical proper-

ties, with one of the most important properties being thermal

shock damage resistance, since these materials normally are

used in severe conditions of temperature cycling and of

temperature differences along a body. To study the thermal

shock damage of refractories, two parameters were presented

by Hasselman and mathematically expressed in the following

equations [11–19]:

R
0000 ¼

gwof E

s2
f ð1� nÞ (1)

Rst ¼
gwof ð1� n2Þ

Ea2

� �1=2

; (2)

where R
0000

is the parameter of thermal shock damage resistance,

Rst is the parameter of crack stability under thermal stress, n is

the Poisson’s ratio, sf is the modulus of rupture, a is the
coefficient of linear thermal expansion, and gwof is the fracture

energy.

As can be seen, fracture energy is an important term in the

prediction of the thermal shock damage resistance of a

refractory material. Applying the equations to a refractory, the

results can be used to design new materials, or to improve those

already commercially available on the market.

1.4. Fracture energy

Fracture energy can be defined as the mean work per unit of

projected fracture area required to propagate a stable crack, and

is represented by the sum of distinct energies consumed during

the crack propagation process. The value of gwof can be

determined from the load–displacement curve obtained from

stable crack propagation tests and from the following equation

[11,15,18–21]:

gwof ¼
1

2A

Z
PMdd (3)

where A is the projected area of the fracture surface, PM is the

vertical load applied by the testing machine, and d is the

displacement of the machine’s actuator. The value of the

integral in Eq. (3) is determined by the total area under the

corresponding load–displacement curve.

Fig. 4 illustrates a typical load–displacement curve obtained

during a crack propagation test by the wedge splitting method, a

test which will be used to determine the fracture energy of the

commercial refractory castables in this study. This curve

reveals stable crack propagation, mainly near the maximum

load, of the crack throughout the test. The operational

conditions of the mechanical tests used to obtain this curve

were: load cell of 5 kN, test control by actuator displacement,

and ramp-up of 0.020 mm min�1 (3.33 � 10�7 m s�1). The

attained maximum load (Pmax) is observed in Fig. 4.

The area under this curve can be divided into three distinct

regions: ‘‘A’’, ‘‘B’’ and ‘‘C’’. Region ‘‘A’’ is characterized by a

linear elastic behavior. In region ‘‘B’’, between the end of the

linear region (point a in Fig. 4) and the point of maximum load

(Pmax), the graph shows a curve which indicates the beginning

of the growth of the crack (starting from the tip of the notch),



Fig. 5. (a) The test fixture and sample dimensions (all dimensions in mm) for the wedge splitting test [16,17,32], (b) cross-section of the sample, passing through the

notch and lateral grooves [17], and (c) geometry and dimensions of the sample; all measures in mm.
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along with increasing load, until a critical size is reached at the

highest load point of the curve (Pmax). This size is called

‘‘critical crack length’’ [20,22]. Region ‘‘C’’ is characterized by

continuous and stable propagation of the crack as the load

decreases.

The profile of the curve in Fig. 4 and the corresponding value

of fracture energy depend on several factors, which include the

strength of the matrix, the matrix–aggregate interfacial

interaction, and the size and tensile strength of the aggregates.

Toughening mechanisms acting in the microstructure will also

influence the fracture energy. The strength of the matrix–

aggregate interface can be evaluated by the fracturing of

aggregates when the test specimen is subjected to quasi-static

crack opening test [20,23]. Depending on these properties, the

three regions of the load–displacement curve vary in different

materials. These differences can be evaluated by relating those

areas to each other, mainly those referring to the energy stored

in region A and the region of stable crack propagation, C.

The study of the relationships between areas ‘‘A’’, ‘‘B’’ and

‘‘C’’ can be used to evaluate the fracture behavior of mortars

and castables. This is done by evaluating [(B + C)/A] [23,24].

The value of this relation can be highly dependent on the

properties of the matrix–aggregate interface, and this can be

correlated with the fracturing or nonfracturing of the aggregates

in the matrix. If the aggregates are tightly bonded in the matrix,

they may undergo greater fracturing, or if loosely bond, the

aggregates are pulled out from the matrix during stable crack

propagation, eventually causing interlocking of the two fracture

surfaces. This has the effect of increasing the fracture energy,

reaching to a higher resistance against the crack propagation,

which caused an increase of the [(B + C)/(A)] ratio [25–28].

Different authors have studied this behavior of refractories

using the ratios between the ‘‘A’’, ‘‘B’’ and ‘‘C’’ areas, calling it

flexibility [24], or the flexibility ratio. In the present work, we

call the [(B + C)/(A)] ratio ‘‘relative crack-propagation work’’,

since we consider it a better way to describe the behavior of

crack propagation. This ratio, thus defined, considers all the

work in the effective crack propagation (including the

subcritical region ‘‘B’’) in relation to solely elastic work.

Therefore, the higher this relative work, the more resistant the

material would be to the propagation of a crack.
Fracture energy in prismatic samples can be determined

experimentally by three-point bending. However, a more recent

and widely accepted test, which has been used frequently for

materials with coarse microstructures, is the method patented

by Tschegg under the name ‘‘Wedge Splitting Test’’ [29,30].

This method, which consists of opening a crack using a wedge,

can be called simply the ‘‘Wedge Method’’. This technique is

being used by a numerous research centers and universities, as

well as by manufacturers of refractories [16,26,29,31–33].

Fig. 5(a) illustrates how the components are used in this

method. As can be seen in the figure, the wedge receives the

load from the machine, FM, and transmits a load to the lateral

rolls, and from these to the supports; which produce the

horizontal forces, FH, causing opening of the crack (notch), and

its subsequent propagation. Fig. 5(b) shows details of the notch,

the lateral grooves and the fractured section after the test.

Fig. 5(c) depicts the geometry of the sample and its typical

dimensions (in mm) [16,17].

The main advantage of the wedge test is the possibility of

working with relatively large samples, for which the size of the

aggregate is sufficiently small in relation to the cross-section

area, which results in a low ratio of aggregate/transversal

dimensions. In the wedge test, the force applied by the

testing machine is quite small due to the wedge effect. The

wedge effect can be analyzed by the following equation

[16,17,31,32]:

FH ¼
FM

2tanða=2Þ ; (4)

where a is the angle of the wedge (smaller a, bigger FH/FM

ratio) and FH is the horizontal force produced by FM, which is

the vertical load applied by the testing machine. Since

FH > FM, this reduces the load applied on the machine’s frame,

storing less elastic energy in it, thus reducing the possibility of

instability during crack propagation through a sudden release of

energy.

The objective of the present work was to study the behavior

of two commercial refractory castables with similar chemical

compositions but having aggregates of different particles sizes.

To this end, maximum load, fracture energy and the ‘‘relative



Table 1

Chemical composition and apparent density of the castables used in this work (data given by the supplier).

Castable Chemical composition (wt%)

Al2O3 CaO Na2O + K2O (maximum) SiO2 (maximum) Fe2O3 (maximum)

A 94.00/98.00 3.00/4.00 0.40 0.30 0.08

B 95.00/98.00 2.00/3.50 Trace Trace Trace
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crack-propagation work’’ were determined from load–displa-

cement curves. The results from those curves were correlated

with the microstructure of the two materials under study.

2. Materials and methods

2.1. Raw materials and its characteristics

Two commercial alumina-based refractories were used,

identified here as A and B. Tables 1 and 2 show the chemical

composition (given by the supplier) and particles size and its

amounts, respectively, of the two castables. In Table 2 can be

seen the difference between the particles sizes in the two

concretes. The finer fractions (smaller than 0.0108 mm)

constitute the matrix of the two refractory castables, and its

compositions are cement (2 wt% in both concretes) and reactive

alumina. The coarse fractions (above 0.0108 mm) are

composed of Al2O3 aggregate in both concretes, comprising

64.36 and 67.8 wt% of aggregates in A and B castables,

respectively.

2.2. Preparation of the samples

To produce the test specimens of concrete A, were used

2200.0 g of raw materials (cement, reactive alumina and

aggregates) and 209.0 g of water, which is equivalent to

9.5 wt% of water relative to the solid mass. For concrete B,

2200.0 g of solids and 187.0 g of water were used, equivalent to

8.5 wt% of the solid mass. These water quantities produced a

mass with good consistency for molding. The materials were

mixed for 2 min in a planetary mixer prior to casting.
Table 2

Particle size and distribution particles size of the two concretes obtained by

sieves analysis.

Aperture size (mm) wt% retained

A B

+22.43 0.00 0.00

�22.43 + 9.5 0.00 8.97

�9.5 + 4.75 0.24 19.35

�4.75 + 2.00 17.55 19.55

�2.00 + 0.85 27.16 7.11

�0.85 + 0.6 2.98 2.70

�0.60 + 0.425 10.98 5.95

�0.425 + 0.30 3.59 3.23

�0.30 + 0.212 0.50 0.76

�0.212 + 0.125 0.48 0.09

�0.125 + 0.108 0.88 0.09

�0.0108 35.64 32.20
After mixing, the castables were poured into a PVC mold

equipped with steel blades that produced the grooves and the

notch on the test specimens. Fig. 6 shows a photograph of the

mold with its steel blades. A vibrating table was used to help

settle the concrete in the mold and remove entrapped air. The

notch produced in this way is of the ‘‘V’’-type, with an angle

equal to 608. This increases the stress concentration at the notch

tip facilitating the initial stable propagation of the crack.

The test specimens were cured at 23 8C for 48 h in a water-

saturated atmosphere. The samples were removed from the

mold 24 h after curing started. All the test specimens were then

oven-dried at 110 8C for 48 h. After curing and drying, groups

of test specimens were subjected to distinct heat treatments in

preparation for evaluating their respective properties as a

function of the microstructure induced in them. One micro-

structural condition resulted from the curing and drying of the

material, with other microstructures produced by different 12 h

heat treatments applied to groups of samples at: 650, 1100 and

1550 8C. The heating rate used to reach the soak temperature

was 2 8C/min, and a cooling rate to reach the room temperature

was 1 8C/min. Four distinct microstructural conditions were

produced, namely, from the purely green (cured and dried) to

the sintered material. To align the test specimens within the

testing machine, they were all ground at their respective bases

by a diamond grinding wheel with grains size average 80 mm.

2.3. Apparent density and apparent porosity

Apparent density and apparent porosity of prepared specific

samples were determined by the water immersion method

according DIN 51056.
Fig. 6. Photograph of the PCV mold, showing the steel blades to form the notch

and the grooves on the test specimen during molding.



Table 3

Apparent density and porosity of the samples from castables A and B dried at

110 8C (110A and 110B), calcined at 650 8C (650A and 650B), and sintered at

1100 8C (1100A and 1100B) and 1550 8C (1550A and 1550B).

Sample Apparent density (g/cm3) Porosity (%)

110A 2.92 � 0.06 16.69 � 1.06

650A 2.98 � 0.05 16.33 � 0.96

1100A 2.99 � 0.05 15.79 � 0.92

1550A 2.82 � 0.06 25.70 � 1.09

110B 2.99 � 0.07 13.24 � 1.06

650B 2.96 � 0.05 13.59 � 1.01

1100B 2.98 � 0.06 13.48 � 0.86

1550B 2.80 � 0.05 23.94 � 1.06
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2.4. Stable crack propagation

To carry out the stable crack propagation tests, the

specimens were placed in an appropriate holder together with

the device containing the supports, the rolls and the wedge. The

set was mounted on an MTS model 810 mechanical testing

machine (Material Testing System) using a TestStar IIs

controller. In this work, a wedge with a-angle equal 108 and

supports with b-angle equal to 58 (see Fig. 5(a)) were used, with

a horizontally transmitted load, FH, 5.7 times greater than the

load applied by the machine, FM. The operational conditions of

the mechanical tests were: load cell of 5 kN, test control by

actuator displacement, and ramp-up of 0.020 mm min�1

(0.333 � 10�6 m s�1). The gwof values were obtained through

the integral of the FM � d-curves for the d-values from zero up

to the displacement corresponding to 10% of Pmax, after the

maximum load point that was reached in the test. The wedge

splitting tests were performed at room temperature.

2.5. Microstructural analysis

The fracture surfaces obtained in the crack propagation tests

of the samples of refractories A and B were analyzed by

scanning electron microscopy (SEM) to determine possible

microstructural variations and their influence on the properties

studied here. The samples were coated with a gold film to

render them conductive, and the secondary electron (SE) mode

was used.

2.6. Count of fractured aggregates

The purpose of making a semi-quantitative evaluation of

fractured aggregates in the samples of refractories A and B that

were heat-treated at 110, 650, 1100 and 1550 8C was to obtain

data for comparison with maximum load, fracture energy and

relative crack-propagation work. Microstructure date was used

to compare samples of the same refractory subjected to

different heat treatment temperatures. To correlate the results of

the two refractories would require counting all the aggregates

of the samples and obtaining a relation between fractured and

total aggregates, which was not determined in this study. To

carry out the aggregates count, two samples from each heat

treatment temperature were used, which were selected as a

function of the fracture energy results. The fracture surfaces

evaluated were taken from one of the test specimens that were

subjected to stable crack propagation testing.

3. Results and discussion

3.1. Apparent density and apparent porosity

Table 3 shows the apparent density and porosity results of

samples from castables A and B dried at 110 8C (110A and

110B), calcined at 6508 (650A and 650B), and sintered at

1100 8C (1100A and 1100B) or 1550 8C (1550A and 1550B).

In this table, it is noted that the apparent densities are similar

for all temperatures and refractory castable compositions (A
and B), except at 1550 8C, which had lower values. Following

the same tendency, the porosities are similar, with a small

decrease as temperature increase in the A composition, but with

significant increase for samples sintered at 1550 8C. The cause

of this increase was assumed to be the high sintering

temperature caused the evaporation of some substance during

soaking time (1550 8C for 12 h), which produced higher

porosity and lower density than other heat treatment

temperatures. The different quantities of the water added in

concrete A (9.5 wt%) and concrete B (8.5 wt%) are not enough

to negatively influence the densities and apparent porosities in

concrete A, so concrete B had more consistent porosity values at

lower temperatures.

3.2. Stable crack propagation

Fig. 4, as mentioned, depicts a load–displacement curve of

refractory A cured for 48 h under controlled humidity

conditions, then dried at 110 8C for 48 h. It showed the three

distinct regions. The maximum load indicates mechanical

strength under a condition of slow crack propagation, contrary

to the notion of modulus of rupture under a condition of

catastrophic fracture. In the slow crack growth of the wedge

test, one can monitor the transformation of elastic energy stored

in the test specimen and in the machine into surface energy and

into energy consumed by dissipation during the quasi-static

crack propagation.

3.3. Maximum load

Fig. 7 illustrates the behavior of refractories A and B with

respect to maximum load. The graphs in the figure indicate that

the heat treatment temperature influences the maximum load in

both refractories, with bigger difference for sample B sintered

at 1550 8C. This indicates that the aggregate contributes

strongly to the material microstructure, and, hence, to the final

properties of material. The aggregates of concrete B had a

different size distribution and larger size of particles than

material A (see Table 2).

For both the refractories, the maximum load increased with

heat treatment temperature, except at 650 8C, where it

decreased sharply. The explanation for this behavior is in the



Fig. 7. Maximum load graphs of the samples of refractory castables ‘‘A’’ (a) and ‘‘B’’ (b), heat-treated at different temperatures as indicated under the respective

horizontal axes.
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microstructure, because at 110 8C the concrete is cohesive due

to the formation of hydrates during curing, which provides a

rigid interaction inside the matrix and between the matrix and

the aggregates. When these castables were fired at 650 8C, the

hydrates formed at the low temperatures were destroyed,

causing a strength reduction in the two concretes. This behavior

can be compared with that depicted in Fig. 1, where the

modulus of elasticity decreases in the temperature region

around 650 8C, indicating a loss of cohesion in the material

structure [2]. When the test specimens were fired at 1100 8C,

another mechanism of bonding began between the constituents

of the refractory grains, i.e., the beginning of the formation of
Fig. 8. SEM micrographs of samples of castable A, in a region of the matrix, treate

1550 8C.
ceramic bonds by sintering. This helps to explain why Fig. 7

shows a visible recovery in the maximum load. The maximum

load was greatest at 1550 8C, when sintering of the refractories

was greatest.

3.4. Microstructure

Important aspects of the microstructural changes resulting

from the four heat treatment temperatures are depicted in the

micrographs of Fig. 8, for material A, and in Fig. 9 for material

B. Figs. 8(a) and 9(a) show microstructures that consist of

interlinked particles of hydrates that bond the matrix and
d at different temperatures: (a) dried at 110 8C, (b) 650 8C, (c) 1100 8C and (d)



Fig. 9. SEM photomicrographs of samples of castable B, in a region of the matrix, treated at different temperatures: (a) dried at 110 8C, (b) 650 8C, (c) 1100 8C and

(d) 1550 8C.
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aggregates to each other. Because the test specimens were cured

at 23 8C, the hydrates formed were probably AH3 and CAH10,

which, after drying at 110 8C, the literature [4,10] and Fig. 3

suggest transformation into AH3 and C3AH6. A comparison of

the microstructures of the refractories indicates that material A

has a finer hydrate structure than B. The microstructure,

however, does not alter the maximum load behavior at lower

treatment temperatures (see Fig. 7).

Consistent with the literature [4,10], the calcium and

aluminum hydrates decompose at 650 8C, forming CA-type

aluminates. The CA-type aluminates, together with remainder

Al2O3, are the microstructures depicted in Figs. 8(b) and 9(b).

These microstructures have finer particles than those of the

solely dried material. Material strength decreased by 650 8C
due to the decomposition of the hydrates in the samples. This

explains the lower maximum load compared with that resulting

from the treatment at 110 8C. The B refractory had a slightly

smaller strength decrease than A at 650 8C (Fig. 7).

Figs. 8(c) and 9(c) show microstructures with a certain

degree of sintering characterized by the formation of necks and

the rounding of grain edges, which is very clearly visible in

material A. This obviously leads to higher mechanical strength

due to the greater cohesion of the system. According to the

literature, this microstructure consists predominantly of a-

Al2O3, CA and CA2. In spit of lower densities and greater

porosities for both refractories, the contribution of the ceramic
bonds improved the mechanical strength when measured at

room temperature.

The changes in the microstructures depicted in Figs. 8(c) and

9(c) can be compared with that presented in Fig. 2(a), that was

taken from the work of J. M. Auvray et al. [2]. The effect of this

microstructure is identified in Fig. 7 for both refractories treated

at 1100 8C, with material B displaying significantly greater

mechanical strength.

Treating refractories A and B at 1550 8C for 12 h led to major

changes in their microstructures, which displayed well-defined

morphologies and grain sizes in the matrix, as shown in Figs. 8(d)

and 9(d). This morphology is characteristic of CA6, and can be

compared with that shown in Fig. 2(b). Moreover, this

microstructure showed higher maximum load strength for both

refractories, although refractory B displayed a greater difference

than A. This greater difference is probably ascribable to matrix/

aggregate interaction, since the aggregates in refractory B are

much larger than those in refractory A. The large particle size

distributions for castable B (Table 2), can help strength due to

lower final porosity than castable A (Table 3), in spit of small

difference between A and B castables porosities.

3.5. Fracture energy

Fig. 10 shows the results of fracture energy for the two

refractories under study, obtained from the load–displacement



Fig. 11. Relative crack-propagation work: relation between (B + C) work and purely elastic work, A, for refractories A (a), and B (b), treated at the temperatures

indicated under the horizontal axes.

Fig. 10. Fracture energy results for the samples of refractory castables A and B heat-treated at the temperatures indicated under the horizontal axes.

Fig. 12. Photograph of the fractured sample showing: matrix (fine fraction),

fractured and debonded aggregates (coarse fraction), and hole produced by pull

out of the aggregate.
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curves, fractured area and Eq. (3). In order to determine mean

values, at least five distinct samples were used for each heat

treatment temperature.

The behavior of the fracture energy of the analyzed

refractories basically followed maximum load data in Fig. 7,

i.e., a tendency to increase with increasing heat treatment

temperatures, except at the temperature of 650 8C. Refractory B,

however, behaved differently at 650 8C, displaying an increase in

fracture energy in relation to the temperature of 110 8C, showing

a slight increase. Note also, in Fig. 10, that castable B showed a

significant increase in fracture energy in the test specimens

treated at 1100 and 1550 8C, unlike refractory A, which showed a

slight increase in fracture energy from 650 to 1100 and 1550 8C.

In general, there is a good correlation between the maximum load

behavior and the fracture energy as a function of the heat

treatment temperature. Moreover, it is clear that the greater

cohesion of the refractory castable matrix and the matrix–

aggregate bond leads to higher values of maximum load and

fracture energy. It appears that the difference in maximum load

and fracture energy between A and B could be due to the hole of

the size and particles size of the aggregates, see Table 2, in the

castable B, which causes a significant increase in the fracture

energy of the sintered materials.

3.6. Relative crack-propagation work

The [(B + C)/A] ratio indicates the extent to which a

material resists crack propagation after it initiates at the
beginning of the curvature of the P � d curve. The higher this

ratio, the greater the material’s resistance to crack propagation.

The graphs in Fig. 11 show the value of this ratio, determined

from the integral under the load–displacement curve of the

type shown in Fig. 4. Note that the behavior of the two

refractories is similar, i.e., they display the same tendency with

respect to the relative crack-propagation work. However, also

note that, at all the temperatures applied in this study,

refractory A shows lower values for the respective heat

treatment temperatures than refractory B, except at 1550 8C.

This indicates that refractory B is more resistant to crack



Fig. 13. Results of the count of fractured aggregates at the fracture surface, in the samples of refractories A (a) and B (b) heat-treated at the temperatures shown under

the horizontal axes.
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propagation than A, but when sintered at 1550 8C, this property

decreases drastically in refractory B. The behavior of

refractory B resulting from the treatment at 1550 8C indicates

that most of the fracture energy (gwof ) it has in relation to the

other values shown in Fig. 10 is more a consequence of its high

mechanical strength (high value of Pmax) than because of some

toughening process that may have caused a greater extension of

the P � d curve. In contrast, Fig. 11 clearly shows that the

relative crack-propagation work declined substantially in the

material treated at 1550 8C, making it more brittle and less

resistant to crack propagation.

Because the materials are very similar from the standpoint of

chemical composition, it was concluded that these differences

between materials A and B originate from the difference in the

sizes of the largest aggregates in each material, but other

mechanism may influence the crack propagation that need to

study in the future, mainly at 1550 8C.

3.7. Aggregates behavior—fractured and non-fractured

aggregates

Fig. 12 shows the fractured surface of the castables B,

sintered at 1100 8C for 12 h, illustrating the fractured

aggregates and debonded aggregates, and the place where

the aggregates were debonded from the refractory castable

matrix.

The question of the number of aggregates broken during

fracturing, was counted, and the results of those counts in the

test specimens after the stable crack propagation tests are

shown in Fig. 13. The way this analysis was carried out allows

only for a comparison of results of the samples of the same

refractory at their respective heat treatment temperatures, not a

comparison of the two refractories. The reason for this

condition is that only the fractured aggregates were counted,

and this number was divided by the fractured area of the test

specimen. Refractory A has a larger number of smaller

aggregates than refractory B. Due to the smaller size of

aggregates in A sample, was impossible to count the total

number of aggregates to find the percentage of this number. The

typical values extracted from Fig. 13 for the materials treated at

1550 8C, for example, 3.3 aggregates/cm2, are too distinct to be
compared to the total number of large aggregates per unit of

cross-section of each material.

An analysis of graphs (a) and (b) in Fig. 13 reveals that the

number of fractured aggregates increased with the heat

treatment temperature, indicating that the aggregates are

strongly bonded in the structure of the matrix, and that the

energy required to debond from the matrix would be higher

than their resistance to fracture. This occurred in both A and B

refractories of this study. This behavior is more pronounced for

the higher test temperature at 1550 8C, when sintering

occurred.

In both the refractories, it was also found that the greatest

difference in the numbers of fractured aggregates occurred at

the temperature of 1550 8C, which may be caused by the high

degree of cohesion resulting from the sintering of the

refractories, which was also reflected in the maximum load

and the fracture energy.

The overall results of this research indicate that greater

cohesion of large particles in the refractory matrix micro-

structure resulted from the increase in heat treatment

temperature, which increased not only the fracture energy

of these materials, but also the maximum load attained during

stable crack propagation tests, and in the number of large

particles of aggregates broken by the crack. However, the

relative crack-propagation work, defined in this research by

the [(B + C)/A] ratio, showed a tendency to decline after

reaching a maximum in the samples treated at 650 8C,

demonstrating that these materials become more brittle with

increasing temperature above 650 8C or tend to become

unstable in slow crack propagation. This finding indicates

that, in these materials, the increase in fracture energy was

more due to the increase in the material’s mechanical strength

(greater cohesion of the system) than to the introduction of

mechanisms that might have rendered the material more

‘‘ductile’’, in the sense that the test specimen could withstand

larger openings of the crack before sample failure by crack

propagation occurred. Thus, it can be stated that although the

materials became stronger through better sintering and

showed a higher fracture energy value, they nevertheless

became more brittle, as indicated by the relative crack-

propagation work.



S. Ribeiro, J.A. Rodrigues / Ceramics International 36 (2010) 263–274 273
4. Conclusions

The heat treatment temperature of the high alumina

refractory castables of this study exerted a significant

influence on the maximum load, fracture energy and

matrix/aggregate cohesion. Heat treatment also impacted

the number of fractured aggregates and the relative crack-

propagation work. From this research, the following conclu-

sions were reached:

1. The different microstructures of the two castables investi-

gated as a function of the heat treatment temperature were

determined to be responsible for the different levels of

maximum load and fracture energy.

2. In general, there is a correlation between the maximum load

and the fracture energy in the refractory castables studied.

3. The increase in the mechanical strength of these refractories

caused the fracture energy to increase, although the materials

became more brittle, as indicated by the lower relative crack-

propagation work.

4. The main goal of this work was to show the behavior of

refractories castable when subjected to different tempera-

tures treatment, changes in properties were evaluated using

maximum load, fracture energy and relative crack-propaga-

tion work as measured properties. The differences of some

measured properties of the two castables can be correlation

with different size and size distributions of the aggregates

when the castables had similar chemical composition and

cement content.
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[22] A. Hillerborg, M. Modéer, P.E. Petersson, Analysis of crack formation and

crack growth in concrete by means of fracture mechanics and finite

elements, Cement Concrete Res. 6 (1976) 773–782.
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