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Abstract:

Alumina based refractories are usually used in metallurgical furnaces and their
thermal shock resistance is of great importance. In order to improve thermal shock resistance
and mechanical properties of alumina based refractories short ceramic fibers were added to
the material. SEM technique was used to compare the microstructure of specimens and the
observed images gave the porosity and morphological characteristics of pores in the
specimens. Standard compression test was used to determine the modulus of elasticity and
compression strength. Results obtained from thermal shock testing and mechanical properties
measurements were used to establish regression models that correlated specimen properties
to process parameters.
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1. Introduction

Alumina is the most cost effective and widely used material in the family of
engineering ceramics. The raw materials from which this high performance technical grade
ceramic is made are readily available and reasonably priced, resulting in good value for the
cost in fabricated alumina shapes. With an excellent combination of properties and an
attractive price, it is no surprise that fine grain technical grade alumina has a very wide range
of applications [1].

Ceramic matrix composites (CMCs) combine reinforcing ceramic phases with a
ceramic matrix to create materials with new and superior properties. In ceramic matrix
composites, the primary goal of the ceramic reinforcement is to provide toughness to an
otherwise brittle ceramic matrix. Chemical and thermal stability, relatively good strength,
thermal and electrical insulation characteristics combined with availability in abundance have
made aluminum oxide Al,Os, or alumina, attractive for engineering application [2].

Fiber reinforced composites (FRCs) have been greatly improved since the 1970s, and
their use has been expanded rapidly in the world of civil engineering because of several
advantages, such as, high strength, stiffness, ductility, and impact resistance. In the FRC, the
spatial distribution, length, and orientation of the fiber inside the matrix can be used as a
design variable, to optimize particular mechanical characteristics (stiffness, compliance,
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weight, etc.) or particular response quantities (energy density, peak stress, displacements, etc.)
of the composite. [3]

In fibre reinforced composites, strong and stiff fibers are usually embedded into a
ductile matrix with the aim of enhancing mechanical properties, mainly strength, strength-to-
weight ratio, etc. Under load, the matrix transmits the force to the fibers, which carry the most
of applied load. The geometry and arrangement of fibers is also important in controlling the
mechanical properties of a fiber reinforced composite.

Thermal shock resistance dictates refractory performance in many applications. In
many instances, a twofold approach, i.e. (1) material properties [4-7] and/or (2) heat transfer
conditions [8-10] is used to characterize thermal shock behavior of the refractories. As an
alternative, information on the thermal shock behavior of refractories can be obtained
experimentally.

2. Experimental procedure
2.1 Materials

Aluminum oxide is a very important ceramic which is extensively used as a high
temperature, corrosion resistant refractory material. [11] Alumina based specimens were
prepared using chamotte and clay as it was used in industrial production in Samot
Arandjelovac. The fibers were ball milled for 1 h. Components were milling with Al,O; balls
in DI water in polyethylene bottle. Three series of samples were prepared. Samples were
cylinders of dimensions 30 x 9 mm. One series consist of raw materials without the addition
of alumina fibers, and other two series of samples were prepared using the addition of 1 wt.%
and 2 wt.% of alumina fibers having the aspect ratio 1/d = 17). Two pressing forces, of 36
MPa and 50 MPa, were used for specimen compaction. The samples were sintered at 1200°C
for 2h in oxidative atmosphere.

In this experiment Thermal Ceramics bulk fibers were used. Those fibers offer a
maximum temperature range of between 1260° - 1549° C. They provide good chemical
stability and resistance to chemical attack. The fibers were cracked in mortar. The goal of this
operation was to obtain fibers having defined lengths to diameter ratios.

2.2 Mechanical characteristics

Mechanical characteristics were obtained using the standard compression test using
the servo-hydraulic testing machine Instron 1332 with load cell of 100kN and 5kN with data
acquisition system. Data for strengths and Young modulus were obtained from measured
compression load and deformation. The morphology of the sintered samples was examined
using a scanning electron microscope (SEM), Jeol JSM 5800, operated at 20 keV. The
obtained SEM micrographs were analyzed using software for image analysis, Image Pro plus
Program, version 4.0 for Windows. Porosity was obtained from SEM micrographs using
image analysis techniques.

2.3 Thermal shock

Thermal stability of the refractories was determined experimentally by water quench
test (ICS 81.080 SRPS B.D8.308 former JUS B. D8. 306). Samples were cylinders with 30.0
mm diameter and 9.0 mm high. In experimental procedure 12 samples were used and one
sample was selected randomly from the set after 4, 8, 12 up to 16 cycles to be examined using
ultrasonic measurements and image analysis. The samples were dried at 110°C and then
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transferred into an electric furnace at 950°C and held for 40 min. The samples were then
quenched into water and left for 3 min, dried and returned to the furnace at 950°C. This
procedure was repeated until total destruction of sample or destruction of 50 and more percent
of surface. The number of quenches to failure was taken as a measure of thermal shock
resistance.

2.4 Image analysis

Image analysis was performed on samples after sintering and on samples exposed to
defined number of quench experiments. The surface of the specimen was colored with blue
chalk in order to enable determination of non-damaged and damaged surfaces. The images
were treated using the Image Pro Plus program. [12] The program gives possibility to select
parts of the image that are colored in a defined color and this was used to separate damaged
and non-damaged surface. Simple visual inspection says that samples do not exhibit total
destruction during test procedure until 16 cycles. Images of samples without fibers before and
during testing are presented at the fig.1 Images of samples with 1 and 2 percent of fibers
before and during testing are presented in fig.2 and fig.3.

In this study image analysis was used for the determination of surface damage level
before and after a defined numbers of quenches. Sample’s surfaces were marked by blue color
in order to obtain better resolution and observe difference in damaged and none-damaged
surfaces of the material. Results were given as ratio S (damage surface) and Sy (surface before
quenching) as function of number of quench experiments, N (Fig. 4).
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Fig. 4. Damage surface level (S) vs. number of quench experiments (N) fiber.

3. Results and discussion

Tab. I Compressive strengths of specimens having different fiber contents.

Samples o, MPa (compression) for preassure | 6, MPa (compression) for
of 36 MPa preassure of 50 MPa

Without fibres 20.47 35.81

1% of fibres
33,88 39,11

2% of fibres 37.50 43.69

Short ceramic fibers were added to specimens in order to influence the crack
propagation in them and to improve mechanical properties. The propagation of observed
cracks was stopped by fibers and this could be seen in the micrographs, Fig. 5. On the other
hand the measurements of modulus of elasticity gave results showing that the modulus of

elasticity was decreased with addition of fibers into the composition.

stopp

es the crack propagation.

Fig. 5. SEM micrograph of the specimen
pressed at 36MPa and having 1%volume of
fibers showing the fiber in the specimen's
structure that interacts with the crack and
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Several SEM images of every specimen were used to determine the porosity of
specimens. The porosity was measured using the image analysis software. The method is
based on the fact that the pores absorb more light and they appear darker in images compared
to solid material [13]. The porosity increased with the addition of fibers and this could explain
the decrease of bulk modulus of elasticity.

Strengths of specimens increase with addition of the fibers and increase with the
pressure used for specimen compaction. Addition of fibers is advantageous for compressive
strengths as is the increase of pressing force for specimen preparation.

Data of surface level damage, porosity, compressive strength and Young modulus of

elasticity of samples were used for regression analysis. The data of the mathematical model
are shown as a grid on the diagram and the points are the experimental data presented together
with the model in order to illustrate the accordance of data to the regression model.
Surface degradation damage level was established as function of fiber content and number of
cycles of thermal shock. The data concerning the pressure used for specimen preparation had
much less statistical importance than those two parameters so this parameter was omitted
from the model. Damage surface level of samples change according to the linear model:

AS 3 147-50.68x+0247N (1)

0
Where : Sy — damage surface level before exposure of the material to the thermal shock
testing, x - the volume fraction of fibers, N - number of thermal shock cycles. The damage
surface level increases with the number of cycles and decreases with the volume content of
fiber. Squared correlation coefficient for this regression model is 0.81 and the graphical
representation of data and regression dependence are shown in Fig. 6.
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Fig. 6. Damage surface level of samples together with the regression dependence of trend
data changes

Determining parameters for the compressive strength were the fiber content and the
pressure used in compaction of specimens. Compressive strength of samples varies according
to the linear model:

o =1.468+622.63x+0.637P 2)
Where x - the volume fraction of fibers added to the composition, and P — pressure used for
compaction of specimens in MPa. The strength increases with increasing pressure and the
fibers content showing that both parameters contribute to improvement of mechanical
characteristics of the specimen. Squared correlation coefficient for this regression model is
0,880 and the graphical representation of data and regression dependence are given in Fig. 7.
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Fig. 7. Compressive strength of samples with regression dependence, which shows the trend
of change data

Young modulus of elasticity was determined using the slope of the stress-strain curve
obtained during the compressive test. It was found that Young modulus of elasticity is
dependent on two parameters — volume fraction of fibers and pressure used for sample
preparation. The linear regression model is given by equation (3):

E=0.82-14.6x+0.00149P 3)
Where: x - the volume fraction of fibers added to the composition, and P - pressure. Young
modulus increases with increasing pressure and decreases with increase in the fiber content.

Squared correlation coefficient for this regression model is 0,977 and the graphical
representation of data and regression the dependence shows Fig. 8.
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Fig. 8. Young modulus of elasticity of samples with regression dependence, which shows the
trend of change data

Porosity of the specimens was determined from SEM images using image analysis as
shown in Fig. 9.
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Fig. 9. Porosity of the specimens

Porosity of the sample varies according to the linear model:
Porosity =10.895+76.5x —0.0385P “4)

Where: x - the volume fraction of fibers added to the composition, and P - pressure. Porosity
of the samples increases with increase in the fiber content and decreases by increasing the
pressure. Squared correlation coefficient for this regression model is 0,897 and the graphical
representation of data and regression the dependence are given Fig. 10.
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Fig. 10. Porosity of samples with regression dependence, which shows the trend of change
data

Conclusion

Alumina based specimens strengths were improved using the addition of short
ceramic fibers. This was also confirmed with observation of microstructure as the fibers
stopped the crack propagation. This proved that the lengths to diameter ratio were well
chosen. The decreases of modulus of elasticity correspond to increase in specimen porosity.
The optimization of microstructure and properties could be done using the addition of fibers
and changing the pressing force for specimen compaction. The content of fibers added is
relatively limited as their addition could be cost effective.
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Caopicaj: AnyMuHO3HU BaAMPOCMATHU Mamepujaiu Hajyewhe ce kopucme y nefiuma y
MEMANYPUKOM UHIICEHEPCEY 20€ je 00 U3Y3eMHEe BANCHOCIU FUX08Ad MEePMOCMAOUIHOCT
(omnoprocm Ha mepmowiok). Y yumy nobosuiasara mepmMocmaduIiHoCmy u MexXaHUuyKux
ceojcmasa 06e 2pyne Mmamepujana 000asaHa cy —Kpamka —KepaMuuKa — 61AKHA.
Kapaxmepusayuja muxpocmpyxmype ysopaxka oopehena je CKeHuHe eleKmpOHCKOM
muxpockonujom (SEM), a pesynmamu cy xopuuwhenu paou nopeherva noposHocmu u
Mopgonowkux Kapaxmepucmuka nocmampanux yzopaxa. Kopuwhena je cmanoapoua
nabopamopujcka memooa oopehusarba uepcmohe u Jyneoeoe mooyna enracmuU¥HOCMU.
Hobujenu pezynmamu 6e3anu 3a mepmoCmMadUIHOCM U MEXAHUYKA C80JCMBA NOCIYHCUNA CY
3a popmuparse mMooena Koju nogesyje cojcmea y30pka ca NPOYeCHUM napamempuma.
Kawyune peuu: xepamuuku KOMNO3um, aHaiu3a Ciuke, MEXAHUYKd CBOjCcM6d, eleKMpPOHCKA
MUKPOCKONUja




