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Abstract The aim of this paper is to establish the cor-
relation among sintering process, porosity, and important
thermo-mechanical property of refractory concrete, i.e.,
creep. Creep deformation was investigated according to the
standard laboratory procedure applied at three tempera-
tures: 1200, 1300, and 1400 °C. Corundum and bauxite-
based refractory concretes were investigated. The concretes
are varying in chemical and mineralogical composition.
Both loss of strength and degradation of material occur
when refractory concrete is subjected to increased tem-
perature and compressive static load. Measuring of thermo-
mechanical properties can indicate and monitor the chan-
ges within microstructure. Variation of refractory concrete
microstructure, as a consequence of sintering process,
during exposure to constant compressive load and constant
elevated temperature during certain time-intervals was
investigated using scanning electron microscope and Image
Pro Plus program for image analysis. Obtained results of
the investigation proved that creep can be useful method
when type of refractory concrete is to be chosen for an
application.

Introduction

Monolithic elements used for linings of metallurgical fur-
naces and other plants operating at high temperature, such
as linings for oil refinery plants, thermal insulation in
plants and in objects, linings in nuclear power plants,
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linings in chemical and petrochemical industries, and so
on, are made of either shaped or unshaped refractory
material. Unshaped refractory materials, i.e., refractory
concrete, refractory mortar, and shotcrete, have numerous
advantages: simplified building of refractory linings, eco-
nomic aspect, i.e., cheaper process of manufacturing,
possibility of damaged lining reparation, and so on [1].

Thermo-mechanical properties, including creep defor-
mation, are among the most important properties of
refractory concrete since they can determine its perfor-
mance in various applications. Creep deformation is
measured in terms of applied compressive load in which
concrete can withstand at elevated temperature. Micro-
structure of the material changes when refractory concrete
is subjected to compressive load and high temperature:
apparent porosity increases, pores become bigger, and
cracks within structure open. It results in loss of strength
and material degradation. Therefore, development and
change of concrete microstructure can be directly moni-
tored by measuring either of these properties. This
asumption is also supported with the study by other authors
who investigated similar correlation on various refractory
materials. For example: Boussuge investigated thermo-
mechanical properties on industrial refractories, Kong et al.
investigated metakaolin geopolymers exposed to elevated
temperatures, Tamtsia et al. investigated early-age short-
term creep of hardening cement paste, Wereszczak et al.
investigated creep of CaO/SiO2-containing MgO refracto-
ries, and so on [2-8].

According to the scientific definition, creep is plastic
deformation which is a time-dependent function of an
investigated material at constant temperature and constant
compressive load (0.2 MPa). Creep takes place at tem-
peratures above 0.5 - Ty, (T}, is the melting temperature of
an investigated material). Creep test can be carried out in
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different modes (compressive, tensile, and bending).
However, creep is generally investigated in compressive
mode, because compressive force is the most dominant
strain existing in a plant [1, 9].

There are three stages within the creep curve: primary,
secondary, and tertiary creeps. Secondary state creep is
the dominating region in the creep curve. Therefore,
material which is deforming by creep spends the longest
period of time in secondary region of creep. During sec-
ondary-state creep isothermal sintering process occurs.
Rate of creep is always determined by the rate of the
slowest diffusion particle movement along the fastest
diffusion path [1].

Beside temperature and stress, creep of refractory con-
crete is affected by the porosity of the material, average
grain size, chemical, and mineralogical composition of the
refractory concrete, firing temperature of samples and the
texture and the microstructure of the material [10-14].

The following equation describes the assumed rela-
tionship between a property of the refractory concrete (x)
which varies during the sintering process and the duration
of the sintering process (f). It is a quantitative description
of power-law creep which relates to the isothermal sinter-
ing process of refractory concrete during secondary-state
creep:

x=k-1, (1)

where k is the time constant, and » is the constant which
describes mechanism of sintering.

If variable x is dimensional change (linear shrinkage),
then Pines’ equation of sintering can be applied [15]:

Aljly =k - 1", (2)

where Al is linear shrinkage of a concrete sample (mm),
and [y is initial linear dimension of a concrete sample
(mm).

The activation energy of the sintering process can be
calculated using the following equation:

E = (R . T1 . T2/(T1 — Tz)) -ln(Vl/Vz), (3)

where FE is activation energy (kJ/mol), R is a gas constant
(J/mol °C), T is temperature (°C), v is the rate of sintering
process (v = Al/Af) (mm/min), Al is the shrinkage of a
sample, and At is the duration of shrinkage process.

Besides Eq. 2 suggested by German [16], the other
equation which was derived from Frenkel’s model of sin-
tering can be used for calculating the activation energy of
the sintering process:

Alfly = (a-1)/(2-7-n), (4)

where o is the specific surficial energy of boundary grains
at the contact, r is the diameter of grains, # = A - exp (—E/
R - T) is the viscosity.

Final form of Eq. 4 is:
Aljly=c-T?-exp(—E/R-T), (5)

where ¢ is the constant that merges all constants from
Eq. 4.

If Eq. 5 is to be transformed into its logarithmic form,
energy of activation of sintering process could be calcu-
lated as the coefficient of the curve slope from the diagram
which describes dependence between log (Al/ly) - (/T
and 1/T.

The goal of this study is to use correlation between the
results of creep testing and type of sintering process for
prediction of behavior and refractory concrete microstruc-
tural change during concrete actual service-life.

Experimental

The experiments were performed on two different types of
concrete containing different volume fractions and differ-
ent refractory aggregates. First type of concrete (B sample)
contained bauxite as aggregate. Other type of concrete (C
sample) was prepared with corundum as aggregate.
Aggregates had different granulations (bauxite particle
sizes ranging 0—1, 1-4, and 4-6 mm and corundum particle
size ranging 0-1, 1-3, and 3-5 mm). Both types of con-
crete were prepared with high-aluminate cement SECAR
70 (Lafarge). The chemical compositions of the investi-
gated concretes are as follows: sample B (Al,O;—62.88%,
Si0,—21.17%, Ca0—8.26%) and sample C (Al,O3—
93.62%, Si0,—0.7%, CaO—5.97%).

Thermo-mechanical properties of samples C and B were
experimentally determined according to standard labora-
tory procedures [17-20]. Twenty cubic samples (ten for
each series) whose dimensions were 10 cm x 10 cm
x 10 cm were investigated. After 7 days of curing in cli-
mate chamber (at temperature 20 °C), samples were
demolded and then dried at 110 °C for 24 h. Afterward
samples were transferred into an electric furnace and
heated at 1100 °C for 4 h. Such concrete specimens were
tested on compressive mechanical strength using conven-
tional laboratory hydraulic pressure device [17].

Creep test was performed on C and B concrete samples
(20 and 10 samples, respectively) which were cylindrical;
height 50 mm and diameter 50 mm. Hole (diameter 5 mm)
was drilled in the center of each concrete sample. Concrete
samples were dried at 110 °C for 24 h and afterward pre-
heated at 1100 °C for 4 h. Surface of samples was polished
with diamond paste. Pre-heated samples were heated at the
rate of 5 °C/min from room temperature (20 °C) up to
testing temperature (1200, 1300, or 1400 °C) in the com-
pressive creep apparatus (Netzsch, Germany) and then
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submitted to a constant compressive static load (0.2 MPa) at
the temperatures of 1200, 1300, and 1400 °C, respectively.
Each test on specific temperature lasted for 30 h. During
this period secondary-state creep was reached. Investigation
was performed according to valid standards [18].

Apparent porosity of the refractory concrete samples
was investigated with optical microscope (Olympus,
CX31-P) accompanied with PC program for image analy-
sis. The original microscope images were transmitted to the
image processor by a color camera. The Image Pro Plus
(IPP) program (Materials Pro Analyzer, Version 3.1, Media
Cybernetics, Silver Spring, MD, USA) was used in the
experiment [21-23]. Results of image analysis were cor-
related with results of the creep testing.

Same specimens from the creep testing were used in IPP
analysis. The specimens were covered with thin chalk-
powder film before surface damage was investigated. The
film provided better contrast and differentiation of dam-
aged and non-damaged surfaces. Digital photographs of the
samples surface were taken before and after each thermal
treatment. Different (damaged and non-damaged) surfaces
of the samples were marked with different colors using IPP
tools. Thus, higher resolution and sharper difference in
damaged and non-damaged surfaces on the specimens
could be obtained. When the appropriate color is selected,
it is possible to quantitatively measure the ratio and level of
damaged and non-damaged areas by means of image
analysis using a statistical approach.

The images processed in the analyzer were converted into
binary form as white features in front of the black back-
ground. The binary images were filtered to reduce as much
as possible the other features captured together with the
target crack images. Then, a final retouching was performed
on the images to eliminate the remaining undesirable fea-
tures and defects by using painting software. In this stage,
enhanced images were ready for quantitative analysis. Pro-
gram contains a procedure for systematic collection of the
image analysis data by dividing the total observation area
into squares. Following a similar procedure, a transparent
grid was attached on each plane section before the analysis.
IPP basically works on comparing colors of different objects
and calculating squares in marked area. At least ten photo-
graphs per sample were analyzed in order to obtain a reliable
characterization of the microstructure. The ratio between
sample surface area and damaged surface area was calcu-
lated for each refractory concrete sample and, thus, surficial
apparent porosity was determined.

Results and discussion

Results of the investigation of thermo-mechanical proper-
ties are presented in Table 1.

@ Springer

Table 1 Thermo-mechanical properties of concrete samples B and C

Parameter B C
Bulk density at 1100 °C (g/cm?) 2.03 2.46
Water absorption at 1100 °C (%) 15.2 10.1
Refractoriness 20 SK/ 34 SK/
1540 °C 1755 °C

Refractoriness under compressive load (0.2 MPa)

T, (°C) 1300 1500

T. (°C) 1570 >1600
Compressive strength at 1100 °C (MPa) 16.9 25.3
Apparent porosity at 1100 °C (%) 33.2 27.1

Table 2 Linear creep deformation (Al/ly) of B and C concrete sam-
ples after 5 and 30 h of thermal treatment

Allly at 1200 °C Alfly at Allly at

(mm) 1300 °C 1400 °C

B C B C B C
After 5 h —1.86 —2.25 —3.10 —-324 —-428 —4.17
After 30 h  —2.57 —2.94 —3.60 —372 —-4.6 —448

A(AllLy) (%)  0.71 0.69 0.5 048 032 031
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Fig. 1 Creep deformation curves obtained during creep tests on
samples B and C at three temperatures: B; and C;—at 1200 °C, B,
and C,—at 1300 °C, and B3 and Cs;—at 1400 °C

Results of creep deformation testing are presented in
Table 2.

Creep deformation curves of B and C refractory con-
crete samples are shown in Fig. 1.

The percentage of the compressive creep deformation
increases with rising temperature. As it has been noted
previously, the creep curve consists of primary, secondary,
and tertiary creeps. Secondary-state creep can last for a
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long period and it is of prime importance. The analysis of
the creep curves of samples B and C (Fig. 1) shows that
maximal deformation occurs at temperature 1400 °C for
both samples. They are 4.6 and 4.48% for B and C,
respectively. Higher percentage of deformation for sample
B is consequence of its higher apparent porosity. This
statement is also supported with the results of IPP
analysis.

Primary creep lasts for 6 h approximately for both
samples. Transition of primary into secondary-state creep
is hardly noticeable at 1200 °C. However, the transitions at
1300 (after 6 h for B and C) and 1400 °C (after 10 h for B
and 15 h for C) are clearly visible. Onset of tertiary-state
creep was not detected due to the short interval of inves-
tigation (30 h).

The fine matrix situated in inter-aggregate space of
concrete sample changes with increasing temperature. Its
viscosity significantly diminishes above 1200 °C. There-
fore, the plastic deformation of concrete samples at
1400 °C is higher than deformation at 1200 and 1300 °C.
The formation of certain amount of liquid phase was noted.
Secondary mullite crystallizes from the liquid phase. The
amount of mullite depends on Al,05:SiO, ratio. Mullite
has influence on the deformation at higher temperatures.
The creep deformation of the refractory concrete at
1400 °C is higher than deformation at 1200 and 1300 °C
due to the surplus of the liquid phase. Ninety percent of the
deformation has already taken place at 1400 °C. Rate of
deformation significantly decreases in following interval.
After 15 h spent at 1400 °C, very little deformation can be
observed. Initial deformation is caused by insufficient
amount of mullite in structure, whose formation requires
sufficient time and high temperatures. Mullite formation
induces a structural reinforcement that causes a more rapid
mechanical hardening of concrete at high temperatures.

As power-law creep can be applied on creep curves
shown in Fig. 1, calculation of sintering constant (n) and
activation energy (E) were also performed. Results of
dimensional change (Al/ly) of samples B and C were
obtained during creep test at 1200, 1300, and 1400 °C. The
durations of the dimensional change (shrinkage) of con-
crete samples were registered by an automatic writer for
each time interval. Using Eqs. 2 and 5 approximate sin-
tering constant, i.e., coefficient of sintering reaction
mechanism (n) and activation energy (E) has been calcu-
lated. The sintering rates and temperature dependences
were calculated using coefficient of direction (slope) of the
function Al = f(Af). Figure 2 shows numeric results for
coefficient of reaction mechanism of sintering process (1)
and the rate of sintering (v) for the B and C concretes at
temperatures 1200, 1300, and 1400 °C, and also gives
conclusion concerning type of sintering mechanism which
occurs during secondary-state creep.

1,05
1,00 1-at1200°C
0,25 2-at1300°C
0904 |3, 1400°C
0.85
0.804
0.75 v ¥, =076
0703
0.55 v. =062
0,50 ¥
0.55 3 -
050 ] eV, =053
0.45
0,404 P “-f 039
0354 m =034 ¥
0.30 =

«n_=0.28
0254 2
020 =, =021
0.15] n_=013
0.10 e : . ; .
1200 1250 1300 1350 1400

Temperature, (°C)

A 1.02

v, =002

. Ve: =063

1 3 By
n/vx 107 (mmimin)

=052

Fig. 2 Results for coefficient of sintering (n), rate of sintering (v),
and mechanism of reaction for samples B and C: B;—surficial
diffusion, B,—diffusion along the grain boundary, B;—plastic-
viscous flow, C,—surficial diffusion, C,—surficial diffusion, and
C;—diffusion along the grain boundary

The coefficient n describes the mechanism of particle
transport during sintering process in secondary-state creep.
From results exposed in Fig. 2 it can be seen that the most
dominant mechanisms are: the surficial diffusion, diffusion
along grain boundary, and plastic-viscous flow.

Approximate activation energy (E) was calculated using
Eq. 3 from results obtained at 1300 °C. Results are pre-
sented in Table 3.

The microstructure of concretes was examined using
scanning electron microscopy (SEM). SEM (SEM JEOL
JSM-5300) photomicrographs of refractory concrete sam-
ples heat treated at 1100 °C are shown in Figs. 3 and 4.
Aggregate particles sizing few millimeters which are sur-
rounded with fine matrix composed of micronic size
particles can be seen in Figs. 3 and 4. Also, there can be
seen pores of various sizes. Porosity of these samples was
calculated using IPP method and (average) results are: 33.2
and 27.1% for samples B and C, respectively, measured at
1100 °C. Higher porosity of sample B is the reason why its
creep deformation is also higher than in the case of sample
C, as it was previously assumed (Fig. 1).

By using IPP method, parameters such as maximal,
minimal, and average pore diameter (Dyax, Dmin, and D,,),
pore roundness (R), and number (N) of pores within
superficial pores were obtained. Digital photos (as
explained in section “Experimental”) of concrete samples

Table 3 Approximate activation energy (E) for B and C concrete

T (°C) Eg (kJ/mol) Ec (kJ/mol)
1200-1300 89.2 84.5
1300-1400 76.9 82.1
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Fig. 3 SEM of B refractory concrete sample heat treated at 1100 °C:
porosity is clearly visible and obviously higher than in the case of
sample C (Fig. 4)

Fig. 4 SEM of C refractory concrete heat treated at 1100 °C: large
corundum grains surrounded with matrix are visible

were used in analysis. Results are presented in Table 4.
According to IPP analysis, average pore diameter increases
untill temperature of approximately 1300 °C is reached and
afterward significant shrinkage occurs. Shinkage of pores is
a concequence of sintering process. Sample B has smaller
average pore diameter although its apparent porosity is
higher on all temperatures of investigation. It is conse-
quence of better choice of aggregate granulation. Ideal
roundness would be 1.00, and for investigated pores
roundness is 1.05-1.15. That means that pores are almost
spheric. N is smaller for sample C, which also indicates that
apparent porosity of C concrete is smaller than in the case
of B concrete, i.e., most of pores are surficial (Table 4).
Microstructure of samples used in creep tests at various
temperatures is presented in Figs. Sa—c and 6a—c. Samples
heated at 1200 °C (Figs. 5a and 6a) exhibit little structural

@ Springer

change when compared to the samples heat treated at
1100 °C. Structural changes are noticeable on the samples
exposed to 1300 °C. There can be noticed a formation of
liquid phase and emersion of initially formed crystals. The
microstructures of samples investigated at 1400 °C are
significantly different than the microstructure of the rest of
samples. Formation of mullite is noticed in the structure.
Mullite provides structural reinforcement and makes the
rate of the creep slower (rate of deformation). Larger
amount of secondary mullite is noticed in sample B, and it
can explain the smaller deformation of these samples
during secondary-state creep, when compared with con-
crete C. Phase analyses confirmed the presence of mullite
in concrete samples. Beside previously mentioned, there is
significant difference in porosity. Namely, samples of
bauxite concrete have noticeably higher porosity than
concrete with corundum.

Conclusion

Investigation of time-dependent viscoplastic deformation
at various constant temperatures and constant static loads,
i.e., creep deformation, lead to the following conclusions:
corundum-based concrete samples show smaller deforma-
tion than bauxite-based concrete samples investigated at
same temperature (1200, 1300, and 1400 °C). Therefore
corundum-based concrete is more adequate for application
in certain proposed extreme conditions in plants operating
at high temperatures. At these temperatures, material is in
the secondary-state creep which is a characteristic for most
of concrete actual “life” in actual service. Deformation of
concrete which occurs at high temperature could damage
the plant’s lining. However, a structural reinforcement
occurs within concrete at temperatures above 1300 °C due
to the formation of secondary mullite situated in inter-
aggregate space, which was noted by SEM technique. This
affects creep and decreases rate of plastic deformation as it
is proved in the case of isothermal sintering at 1400 °C for
30 h. Furthermore, this affects all mechanical properties of
refractory concrete (mechanical strength and refractoriness
are increased, porosity decreased, etc.) and “life” of
refractory concrete lining is elongated.

Microstructure of refractory composites was also
investigated in this article. Apparent porosity, pore distri-
bution, and pore size of concrete samples were investigated
using IPP program. Results presented in this article con-
tribute to the idea of including other test methods for
investigation of mechanical properties and microstructure
such as nondestructive methods instead of commonly used
standard laboratory procedures. Benefits from using image
analysis are numerous: it is nondestructive, simple, and fast
method; same samples could be used for further tests; there
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Table 4 Results of IPP analysis for C and B concrete samples

T (°C) C B

Dmax (mm) Dmin (mm) Dav (mm) N R Dmax (mm) Dmin (mm) Dav (mm) N R

110 0.046 0.0042 0.0067 9 1.08 0.056 0.00129 0.003 51 1.07
1100 0.057 0.00448 0.0077 14 1.1 0.073 0.00137 0.0035 74 1.12
1200 0.072 0.0045 0.0084 22 1.13 0.079 0.00138 0.0037 81 1.14
1300 0.089 0.0046 0.0089 26 1.138 0.085 0.00138 0.004 80 1.22
1400 0.084 0.00455 0.0086 24 1.091 0.082 0.00130 0.0038 75 1.17

Fig. 5 SEM of sample B heat treated at: a 1200 °C; b 1300 °C; ¢ 1400 °C: pores within sample B are bigger; and emersion of liquid phase can

be seen (white shade on SEM microphotograph)

Fig. 6 SEM of sample C heat treated at: a 1200 °C; b 1300 °C; ¢ 1400 °C: pores are visibly smaller than in sample B; liquid phase is noticeable

is financial benefit in minimizing number of samples for
testing—there is saving in material and in time; entirely
new and important information about damages and poros-
ity of surface could be obtained—precise diameters of
pores, roundness, number of pores in a section, and so on;
as surficial damage level is measured, results could be
useful for prediction of sample behavior during further
testing or application.

Investigations presented in this article confirmed that
results of creep deformation test, image analysis, and
quantitative description of sintering process are intercon-
nected and that they, as well their interconnection, can be
useful when type of refractory concrete is to be chosen for
application in a metallurgical furnace or some other plant
operating at high temperature.
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