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bstract

his paper presents monitoring of changes during thermal shock and cavitation testing for low cement concrete that was synthesized and sintered
t 1600 ◦C for 3 h. Water quench test was applied as an experimental method for thermal stability testing. Image analysis of the samples showed
ome level of deterioration at the surface and inside the samples before water quench test. During the testing, the level of samples destruction was
ncreasing. Damages inside the samples and at the surface during the water quench test were correlated to the number of quench experiments.
odels based on the damage level of both the surface and inside the bulk were proposed for calculation of the strength degradation. Cavitation
amages of the samples were induced by the modified vibratory cavitation set-up. Mass loss and surface erosion were determined during the
xperiment. The results indicated excellent thermal shock behavior and resistance to cavitation erosion.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

In recent decades, unshaped monolithic refractory materials,
specially refractory concretes also known as refractory casta-
les, have been increasingly used due to their advantages over
haped refractory bricks of the same class. Refractory concrete is
idely used for critically high temperature application in com-
lex constructions, thin sections, and difficult-to-reach areas.
nitially, refractory concrete contained aggregate and relatively
igh cement content; therefore, the content of mixing water was
igh as well, forming strong bond, high open porosity (up to
0%), and low raw density. Later, the research was directed
owards development of low and ultralow cement concrete due
o increasing industry requirements: better rheology, superior

hysical and mechanical properties, and very high thermal shock
esistance. Accordingly, different fine and ultrafine fillers (cal-
ined and reactive aluminas, and microsilica) were added to
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onventional concrete in order to fill the open pore space between
he coarse aggregates, as well as to reduce the cement content
nd amount of mixing water. Also, some dispersing agents had
o be added to improve the rheological behavior of the concrete.
dding of deffloculants and fillers enables simple installation
f concrete with low water content thus providing high density
nd low open porosity. Reduced content of cement and there-
ore lime results in reduced formation of low melting phases with
ow refractoriness. In comparison to former (conventional) con-
rete, the concrete with low and ultralow content of cement has
mproved hot strength, higher thermal shock resistance, lower
pen porosity, and increased corrosion resistance.1–6

A wide range of Al2O3 ceramics are commercially available
ith strength and heat resistance depending on Al2O3 con-

ent, which is usually in range of 85–99. Alumina is a ceramic
aterial suitable for high temperature application, with good

hemical resistance. Al2O3 offers good corrosion resistance to

any substances, including inorganic and organic acids, molten

nd dissolved salts, weak alkali solutions, anhydrous ammo-
ia, hydrogen sulphide, hydrocarbons, organic and inorganic
ulphides, molten Sr, Ba, Na, Be, Fe, Co, P, As, Sb and Bi,

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.041
mailto:tatjana@tmf.bg.ac.rs
dx.doi.org/10.1016/j.jeurceramsoc.2010.07.041
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Table 1
Chemical composition of the refractory concrete (dried on 105 ◦C for 24 h).
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tion is applied: C is CaO, A is Al2O3, and H is H2O).25–29,31 In
this paper, phase transformations were monitored by XRD of the
matrix and SEM analysis of the castable and confirmed the pres-

Table 2
Relevant mechanical properties of the samples.

Property Value

Compressive strength after 20 ◦C/24 h 59.43 MPa
Compressive strength after drying at 105 ◦C/24 h 84.37 MPa
ontent Al2O3 CaO Fe2O3

%) 98.11 1.22 0.018

nd free molecular hydrogen. Alumina is a most widely used
ngineering ceramic material due to advantages such as high
egree of hardness (25 GPa or 9 on the Mohs scale), high melt-
ng point (2054 ◦C), and good electrical and thermal insulation
roperties.7–9

The properties of refractory concrete depend on character-
stics of raw materials and processing procedure. Drying and
intering play the most important role since they influence
he formation of final microstructure, that is, creation of typ-
cal phases, discontinuities, porosities, vacancies, and cracks.
he presence of defects in the structure of sintered refrac-

ory concrete is considered undesirable because of deteriorating
roperties of the material, such as strength, wear, corrosion,
brasion, and thermal shock resistance. They occur randomly
hroughout the structure, producing smaller or bigger varia-
ions in values of measured properties. During the service, the
efractory concrete is exposed to mechanical loads, sudden tem-
erature changes, abrasion, corrosion, wear, effects of slag and
elted metal. Therefore, all defects in the sintered structure and

t the surface of the material will increase and propagate until
eaching the critical level that leads to degradation of the material
roperties and eventually, to the breaking of the bulk.10

Since the thermal shock resistance of refractory materials
etermines their application, it is very important to know thermal
tability and behavior of the material during sudden temperature
hanges. Due to increasing requirements of the iron–steel and
etal industry and also nuclear engineering, modern refractory

oncrete structures should provide a sufficiently long time of
esistance to high thermal stress after repeated heating and cool-
ng. Therefore, acquainting with thermo-mechanical behavior of
he refractory concrete is of particular importance for its appli-
ation and life-time. In this paper, thermal shock behavior of
ow cement high alumina concrete samples sintered for 3 h at
600 ◦C will be discussed. Water quench test was applied as an
xperimental technique.11–13

Cavitation, one of the mechanisms of liquid erosion char-
cterized by the generation and collapse of vapor structure in
iquid, occurs frequently in hydraulic machinery like pumps,
urbines, and propellers. The pressure waves emitted during the
ollapse of vapor structures interact with adjacent solid surfaces,
eading to material damage.14–24 Cavitation damage test is usu-
lly used for metallic materials. As many composite and ceramic
aterials are expected to replace some of the metallic compo-

ents, the goal of this investigation was to subject the samples
f refractory concrete to cavitation testing.

In addition, the goal was also to investigate the possibilities
or application of image analysis in monitoring of the changes

n the refractory sample during thermal stability and cavita-
ion resistance testing. The results obtained by image analysis
howed that level of degradation could be correlated to the num-
er of quench test cycles and duration of the cavitation test.

C
B
W
M

MgO Na2O K2O LOI

0.02 0.35 <0.001 2.43

. Experimental

.1. Material

Refractory concrete was prepared using as an aggregate the
abular alumina (T-60, Almatis) with maximum particle size of
mm and matrix composed of fine fractions of tabular alumina,
wt.% of calcium aluminate cement (CA-270, Almatis), reac-

ive alumina (CL-370, Almatis) and dispersing alumina (ADS-3
nd ADW-1, Almatis). The concrete was mixed with 4.67 wt.%
f water (dry basis) dispersed with citric acid. Particle size
istribution was adjusted to theoretical curves based on modi-
ed Andreassen’s packing model, with a distribution coefficient
q) of 0.25. The refractory concrete mixture was cast in steel
oulds by vibration. The samples used for mechanical strength

nd water quench testing were cubes of 40 mm side length,
hile 40 mm × 40 mm × 15 mm prisms were used for cavita-

ion testing. After demoulding, the samples were cured for 24 h at
oom temperature and subsequently dried at 110 ◦C for 24 hours.
hen, they were sintered at 1600 ◦C for 3 h and cooled down to

he room temperature inside the furnace. Chemical composi-
ion of the samples is given in Table 1 and relevant mechanical
roperties are given in Table 2.

Refractory concrete should be considered as a two-phase
omposite, comprised of a matrix surrounding a skeleton of
oarse aggregate grains. Based on the reference literature25–28

ll fractions of concrete components lesser than 45 �m make
matrix. Coarser particles (≥45 �m) that make up an aggre-

ate are considered as an inert component, since they do not
articipate in formation of hydratable phases.29,30 Among the
omponents of matrix, cement is the most important one as it
ontains certain amount of CaO. After introduction of water, fine
nd ultrafine particles of alumina and CaO form calcium alumi-
ate hydratable phases inside the matrix and during the heating
drying and sintering), they undergo the transformation. Phase
hanges in the matrix caused by temperature increase can be
redicted by phase diagrams C–A and C–A–H (Bogue’s nota-
ompressive strength after sintering at 1600 ◦C/3 h 247.17 MPa
ulk density 3.21 g/cm3

ater absorption 4.6%
odulus of elasticity 53.7 GPa
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ig. 1. XRD pattern of the castable matrix sample sintered at 1600 ◦C/3 h.

nce of the phases described in the literature.31 XRD analysis
f the sample sintered at 1600 ◦C for 3 h was done, Fig. 1.

XRD pattern confirmed presence of hibonite phase (CA6),
s a high temperature bonding phase as well as newly formed
orundum crystals (�-Al2O3). Hibonite phase was created by
olid phase sintering of fine alumina and calcium aluminate
ement during concrete heating and it significantly improved
he mechanical strength of the refractory. A and CA6 phases
rovided very high ultimate cold crushing and flexural strength,
lmost four times the value of the reference samples, Table 2.
herefore, assumption that any level of CaO is detrimental in
astable systems is not true for all mineral systems. In fact,
ithin the A–C system the formation of CA6 can be used to
ield castables with higher strength.

This paper will present the results of thermal shock stability
nd cavitation resistance for samples sintered at 1600 ◦C for 3 h.

.2. Methods

.2.1. Water quench test
Thermal shock behavior of the samples was investigated

sing the water quench test as an experimental method (ICS
1.080 SRPS B.D8.308 former JUS B. D8. 306). The samples
ere 4 cm × 4 cm × 4 cm cubes. Each thermal shock cycle con-

isted of several consequent steps: slow heating up at a nominal
eating speed of 10 ◦C/min to the quench temperature set at
50 ◦C; keeping samples at this temperature for 30 min to reach
he thermal equilibrium throughout the specimen volume; and
nally, quenching the sample into the water bath at tempera-

ure of 23 ◦C. Experimental method is similar to the procedure
escribed in PRE Refractory Materials Recommendations 1978
PRE/R5 Part 2). The material exhibited excellent resistance to
apid temperature changes since it withstood 40 cycles without
ignificant degradation of surface and internal structure.
.2.2. Cavitation test
The cavitation damage level was determined by monitoring

f the mass loss and surface degradation during the experiment.

F
d

a
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he image analysis of the photographs of sample surfaces using
he different software enabled measurement of the surface dam-
ge during cavitation erosion.15–18,21–23 The samples surfaces
ere marked blue in order to obtain better resolution and to dis-

inguish easier damaged from undamaged surfaces. The results
ere presented as a surface erosion ratio. The mass loss of the

est specimens was determined by analytical balance with an
ccuracy of ±0.1 mg. Before being weighted, the test specimens
ere dried in a dryer at 110 ◦C for 1 h. The measurements were
erformed after subjecting each test specimen to the cavitation
or 30 min. The duration of the tests was 3 h. The erosion param-
ters were the same as those for metallic samples. The optical
icroscopy technique was used to analyze the effect of erosion

nd to interpret the results of cavitation tests.

.2.3. Image analysis
The image analysis by means of the Image Pro Plus Pro-

ram was used to determine the destruction level at the surface
nd inside the bulk of the samples. This is a very convenient
ethod for the determination of damage during thermal shock

nd cavitation testing. The photographs and microphotographs
f samples were taken before and during the tests in order to
bserve the difference between undamaged and damaged surface
f the material during both tests, water quench and cavitation.
he samples were marked on the surface by different colors so

hat better resolution would be obtained and in order to facilitate
ifferentiation between damaged and undamaged surfaces of the
aterial. Five surfaces of the samples were photographed and

nalyzed in order to measure level of surface deterioration, while
he sixth surface was used for marking. The internal structure
egradation of the concrete samples during the water quench
esting was monitored at the cross sections by using the SEM
scanning electron microscope), type JEOL JSM-5800.

The cross-sections of samples of 5–8 mm in size were pre-
ared by the spattering with nitrogen for 30 min. The changes
n surface appearance during water quench and cavitation tests
s well as in microstructure inside the samples during the water
uench test were detected by image analysis and Image Pro Plus
rogram. All results were calculated and compared to the ideal
urface and finally they were presented in percentages ((P/P0)
00%). Since certain level of degradation occurred at the surface
nd inside the bulk even before tests, P0 was determined accord-
ng to the ideal facets of 4 cm × 4 cm (16 cm2) in case of surface
egradation monitoring and according to the ideal analyzed area
f the micrograph in case of detected damage inside the bulk,
hat is actually the level of porosity adopted as a measure of
nternal degradation of the bulk.

. Results and discussion

The changes in appearance of the specimen surface and SEM
tructures inside the bulk during the water quench testing are
resented in Fig. 2. The results of image analysis are given in

ig. 3 as a function of number of water quench cycles. The
eterioration level was determined after every 10 cycles.

As it could be seen in Fig. 2, the level of destruction is defined
s P/P0 (P – damaged area and P0 – undamaged area before
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Fig. 2. Samples before a

uenching), and it is increasing with the number of quench

xperiments (N). It is important to note that certain level of sur-
ace damage was observed before quenching (3.22%) because
hat affects the thermal shock behavior of the samples, as higher
evel of destruction will lead to lower thermal stability. The test-

ig. 3. Damaged surface level (P/P0) versus number of cycles (N), (P is damaged
rea and P0 is undamaged area before testing).
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ring water quench test.

ng consisted of 41 cycles. After 40 cycles of water quenching,
he level of surface destruction was below 8%. This low level
ndicates that the samples exhibited excellent thermal stabil-
ty behavior. Slightly higher level of damage existed inside the
ample before the testing, 4.55%. The tested cubes survived
ore than 40 cycles with only minor visible fractures at the sur-

ace of the samples. It is obvious that surface degradation was
ot predominant during testing, but degradation inside the bulk.
amely, after 40 cycles, the level of surface degradation was
.43% while the level of damages inside the bulk was 19.26%.
he damage level of both the surface area and inside structure
f the sample showed similar trend during the testing, but the
amage inside the bulk was occurring faster than at the surface
f the sample. It means that spalling effects typical for thermal

hock behavior were insignificant in comparison to the influ-
nce of inducted stresses inside the bulk that increase with the
rowing level of damage inside the samples and the number of
esting cycles.
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The cracks and defects are visible and also detected in
he sintered structure before the thermal shock experiments,
ut it is evident that their propagation during the test hap-
ened very slowly. The microstructure of the tested material
atrix is characterized by XRD, proving the presence of

hases A and CA6, Fig. 1. CA6 phase is embedded and dis-
ributed inside the Al2O3 matrix. Thermodynamically, CA6
hase is compatible with alumina and it has the same average
hermal expansion coefficient (≈8.5 × 10−6 ◦C−1). However,
he thermal expansion behavior is highly anisotropic, since
A = 7.3 × 10−6 ◦C−1 and αCA6 = 11.8 × 10−6 ◦C−1, so ther-
al expansion mismatch between A and CA6 particles may

e expected. Difference between thermal expansions of these
wo phases upon sudden temperature changes can provoke
he material anisotropy, generating the thermal stresses that
an cause initial formation of micro-cracking around the
oaded boundary between two phases and sites for the crack
ropagation.32

The residual stress (P) can be estimated based on Eq. (1)33,34:

= �α�T

(1 + νm)/2Em + (1 − 2νp)/EP
(1)

here �α is the difference between thermal expansion coeffi-
ients, �T is the quenching temperature range, ν is Poisson’s
atio, E is the Young modulus and R is the radius of particular
hase.

When the thermal expansion coefficient of the secondary
hase (CA6) is higher than of main grains (A), the grain bound-
ry phase (CA6) is under tensile stresses and the fraction of
ntergranular fracture is very high. However, it allows a very
igh toughness due to crack deflections and grain branching
round large, elongated grains of A. Because of these mecha-
isms the material shows good resistance to the thermal shock
n spite of cracks presence.

The resistance of the prepared sample to cavitation was
etermined by measuring of the mass loss as well as sur-
ace degradation of the samples. Since refractory concrete with
igh content of alumina were used, some water absorption was

xpected. According to the data presented in Table 1, water
bsorption was 4.6% for the sample sintered for 3 h at 1600 ◦C.
fter the first cycle of cavitation experiment (30 min), mass

oss was not observed, but the sample mass increased due to

ig. 5. Samples before and during testing: (a) before testing, (b) after 60 min, and (c)
umber of cycles (N)

w
c

t

Fig. 4. Mass loss and surface erosion during the cavitation testing.

ater absorption. For the quantification of the expected mass
oss, after every cycle of experiment the samples were dried at
05 ◦C until reaching the constant mass. After drying, samples
xhibited the expected behavior and the mass loss during the
avitation experiment, which is presented in Fig. 4.

Regarding results presented in Fig. 4, small change in the
ass loss was observed. Mass loss during the experiment

howed excellent correlation with time. Surface deterioration
as observed at the samples; photographs of the samples before

nd during the experiment are presented in Fig. 5.
Image Pro Plus Program was used for surface analysis and

etermination of the level of deterioration during the cavitation
esting. For better distinction between damaged and undamaged
urface areas, the observed sample surface was covered by blue
halk. The damaged area appeared as dark blue and undamaged
rea as white or lighter shade of blue). The results are given in
ig. 4.

The erosion parameters were the same as those for metallic
amples. The obtained results showed that surface erosion was
n strong correlation with time: erosion of the sample surface
after 180 min, Fig. 6. Strength degradation (model with surface damage) versus

as 0.76% before the testing and below 24% after 180 min of
avitation testing.

The image analysis showed certain level of destruction at
he surface and inside the sample before thermal stability test-
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ig. 6. Strength degradation (model with surface damage) versus number of
ycles (N).

ng. According to the previous results, model for prediction of
trength degradation based on level of degradation is presented:

= σ0

(
P

P0

)n

(2)

here σ is the compressive strength, σ0 is the strength before
uenching, P is the level of destruction, P0 is the level of destruc-
ion before quenching, and n is the coefficient. For Eq. (2) and the
esults of surface damages and damages inside the samples, coef-
cient had value n = 0.188. The obtained results are presented in
igs. 6 and 7. The results indicated a strong correlation between
trength degaradation and number of thermal shock cycles. As
xpected, the compressive strength was decreasing during the
uenching. For presented model validation, experimental val-
es of strength were obtained by using the standard laboratory
rocedure (cold crushing strength test ICS 81.080 SRPS B. D8.
04). The proposed models showed excellent correlation with
xperimental values, as well with number of cycles.

The results obtained using the model for prediction of
trength degradation based on level of destruction inside the
ample showed excellent correlation with experimental results.
he proposed model based on measured level of destruction
xhibited excellent compliance with the experimental values. As
he levels of damage at the surface and inside the sample during

he testing were different, the models with the same coefficient

were proposed for determination of surface destruction level
r the destruction level inside the sample.

ig. 7. Strength degradation (model with damage inside the sample) versus
umber of cycles (N).
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The cavitation experiment indicated that excellent mechan-
cal characteristics, especially high values of cold crushing
trength (Table 2) could lead to good cavitation resistance. The
esults presented in Figs. 6 and 7 confirmed correlation between
echanical characteristics and cavitation resistance. The image

nalysis results showed that the level of degradation of samples
as increasing during the experiment. After 180 min, the level
f surface destruction during cavitation was 23.75%. This level
as higher than the level of destruction caused by thermal shock
hen the damage of the surface was below 10% and below 20%

nside the bulk after 40 cycles of thermal shock.

. Conclusion

The synthesis of the low cement concrete with high content
f alumina and its thermal stability and cavitation resistance
haracterization were the goals of this paper. The tested material
as prepared and subjected to sintering temperature of 1600 ◦C
ith the dwell time of 3 h. The conclusions are as follows.
Material exhibited excellent thermal stability, as the maxi-

um number of quench experiment was over 40 cycles.
Non-destructive evaluation of surface behavior during the

ests was performed in order to monitor the level of destruction
y using Image Pro Plus Program.

The results of image analysis of sample surface and inside
tructure were used for elaboration of the model for strength
egradation prediction. In both cases, samples showed an
xcellent correlation with the number of cycles. Validation
f the proposed model was realized by comparing the model
esults with the experimental data. The proposed coefficient was
= 0.188 for both models, one based on surface destruction, and
nother on destruction inside the sample.

This material exhibited very good cavitation resistance
ehavior.

The applied non-destructive method (image analysis) showed
dvantages in monitoring of samples’ behavior during ther-
al stability testing. The results obtained by non-destructive
easurements enabled much better monitoring of the sample

ehavior during the testing. It proved to be very convenient for
easurement of the degradation level which is important for bet-

er prediction of material behavior, as well as optimum design of
aterials for specific application where thermal stability and/or

avitation resistance are involved.
The obtained results showed that the investigated mate-

ial exhibited very good thermal shock and cavitation erosion
esistance. The future use of this material can be expected in
onditions where cavitation resistance is required.
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