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Abstract

Coating materials are widely used in refractorynignto prevent different deleterious
effects such are reactions on the mold-metal costatace, abrasion from liquid metal or
alloy, gasses, slags, and other materials in conii#it the coating. In this paper, behavior
of cordierite based coating exposed to the cawitagrosion was investigatedordierite
samples sintered at 1200 and 1400 °C were usebddests. Mass loss, level of surface
degradation obtained using image analysis and #lemaging analysis were applied for
the cavitation erosion evaluation. Results showeatithe cordierite samples can be
successfully used in conditions where the cavitatesistance is required.

Keywords: A. Ceramic-matrix composites (CMCs); B. DefedsNon-destructive

testing; D. Surface analysis.

1. Introduction

An extremely lightweight material, cordierite (2Mg@Al,03-5Si0,), with low thermal
expansion and excellent strength, rigidity andrtre@rshock resistance is an excellent
candidate for different industrial applicationsq]L-

Cordierite is mainly a structural ceramic materidten used for kiln furniture due to its
extremely good thermal shock resistance. Like oshictural ceramic materials, it also has
good thermal and electrical insulating capabilitiesengineering practice, mechanical
properties of materials play a major role in deiarng their suitability for specific
applications. These mechanical properties areeelat the crystalline phase and
microstructure of the materials. Desirable propsrdof ceramic systems can be obtained by

the proper selection of the stoichiometric compositequired for the formation of the



crystalline phases. Development of fine-grainedrosituctures in ceramics improves the
thermo-mechanical properties [6]. The formatiom@famics is influenced by the
composition, the choice of nucleating agents, dsal lay the performed treatment
processes [7].

Cavitation involves the formation, growth, and apke of bubbles in a liquid due to the
local pressure changes. This phenomenon can ddtwr pressure in a liquid is reduced
sufficiently to cause formation of bubbles or vafited voids. When a liquid is
subsequently subjected to higher hydrostatic pressue bubbles can collapse and cause
pressure waves and microjets. If these collapsesepeated, the solid surface in the liquid
is subjected to the fatigue, which can cause thigateon erosion. Cavitation erosion is a
type of wear that occurs in many types of hydrasiifactures such as pumps, valves, water
turbines, ship propellers. Previous studies weoeipied with the cavitation erosion of
many kinds of materials: gray cast irons with gitephase, stainless steels, coated
materials and Ni—P-SiC composite coatings, andermaterials such are sialon, silicon
carbide, and silicon nitride ceramics [8-18]. Howe\cavitation damage test is usually
used for metallic materials. Recent studies areipéiased on designing and developing
modern materials as well as replacing metallic comemts with composite and ceramic
materials. Over the last few decades, consideeftes have been devoted to enhancing
the erosion resistances of different alloys anel ig deposition of protective coatings on
their surfaces [9-14]. The coatings can be easiiméd on the surface of steel, which can
exhibit smooth surface and good mechanical praggsersuch are high hardness, high elastic
modulus, and high oxidation resistance [13]. Mdaoidfmachinery components are

supplied with coatings to prolong their lifetimedato improve their work efficiency.



Nowadays, combined usage of modeling and nondeisteuesting (NDT) is a
consolidated practice in order to study the physioadition of a component, above all in
the aeronautical and aerospace fields [19-22].

Image analysis of the sample surface degradatiam important non-destructive method
for assessing damage of the materials. Namely,eraaglysis provides more objective
characterization of materials from the aspect eirthroperites. Evaluation of various
materials properties, as well as the effect of imatienfluences on their microstructure, can
be investigated using this methodology. The ImageHus is a special program for
processing and analysis of image [23].

Among the NDT techniques, the infrared thermogra@pRY) is the only diagnostic
technology allowing the operator to instantly vizeand verify the thermal material
performance [24]. Active thermography represemsradestructive technique (NDT) and
it is based on observing the temperature differenagth an infrared camera after a thermal
excitation, and can be analyzed by various methodk:in thermography (LT), pulse
thermography (PT), and pulsed phase thermograpgPy)(R25].

In order to estimate level of subsurface anomajiemtitatively, it is necessary to apply
advanced algorithms to the raw curves [26,27]hig way, it is possible to gather
information, such as depth and dimensions of tlhswsifiace anomalies [27,28] and also, in
some cases, their nature [29,30].

In this study attention was focused on investiggatire cavitation erosion resistance of
the cordierite samples sintered at different temfpees. Accordingly, the idea was to
investigate behavior and possible application oflievite coatings under extreme

conditions of the cavitation exposure. Level ofitation damage was monitored by mass



loss and surface erosion of the tested materialplay between properties and structure of
the samples sintered at two different temperatasesell as their influence on damage
level caused by cavitation was the main task af $fuidy. The obtained results can be used

for finding other possible applications of cordiercoatings.

2. Experimental
2.1 Materials

Cordierite (2Mg@RAI,O3[BSi0y) as refractory coating is selected in accordance
with the following properties: high refractoringd$ SK/1470°C), hardness by Mosh scale
7, density 1.9-2.2 g/cinlow coefficient of thermal conductivithé 2.3-2.9 W/mK); low
coefficient of linear thermal expansiog=(L.7-10° °C* (20-1000C)); high resistance to
thermal shock; relatively high melting temperatwith the possibility of application to
1380 °C; high inertness to the liquid metal (doesdevelop fumes in contact with liquid
metal); low wettability with the liquid metal.

Cordierite used for the samples preparation wathegized using the following
materials: kaolin, alumina, and sepiolite, whosensital composition is given in Table 1.
The initial materials except kaolin, which was owgler form, were crushed to the upper
limit of size 100 % -0.1-Idm. Then, the components were mixed accordinggo th
following amounts: 35 mass% of alumina (maximuntipke size of 0.1 mm), 28 mass% of
sepiolite (maximum particle size of 0.1 mm), andh3¥ss% of kaolin (< 6@m). After

homogenization, the mixture powder was pressedruhdegpressure of 1 MPa and sintered



at the temperature of 1200 and 1400 °C for 2 houtise laboratory furnace with an
oxidation atmosphere.

Composition of the synthesized cordierite sami@es follows: 51.11 % SiD
30.9 % AbOs, 13.5 % MgO, 1.29 % K©3, and 3.2 % CaO.

In order to determine size and shape factor dfghas, which is important for
preparation of coating materials, the obtained nateas mechanically activated for 60
min in vibratory mill with the upper limit of siz€00 % -40-16 m to a grain size of 100 %
-24.10° m,

Size and shape factor of particles were measisieg) 3510 and 3240 grains,
respectively. Average particle size was 24145(100 % -24 x 18m). Minimum and
maximum measured grain sizes were 4.88 and §6r80espectively. The standard
deviation wass = 16.44. Middle shape factor was 0.67. Based ndiduta, the grain of the
sample belongs to the category of rounded graimifum and minimum shape factors
were 0.85 and 0.29, respectively. The standardatieni wass = 0.15.

Particle size distribution and grain shape factdithe sample before sintering are

shown in histograms presented in Figures 1 and 2.

Figure 1.

Figure 2.

XRD of sintered cordierite samples is given inufey3.



Figure 3.

In the Figure 3 a), the sample sintered at 1ZD@xhibits typical pattern of
cordierite with the following phases: cordieritéstobalite, spinel, ortopyroxen, forsterite,
garnet and silimanit. Diffraction pattern of condlie sintered at 1400 °C, given in Figure 3
b), shows the dominant presence of cordieritewith iron and minor amount of
ringwoodite.

SEM analysis of cordierite samples sintered aDl&td 1400C is given in

Figure 4.

Figure 4.

As can be seen, morphology of the samples is&inlihe sample sintered at
1200 °C shows parts with the porosity (dark pathatsurface). For the sample sintered at

1400°C, the amount of pores is lower and their surfaesasare smaller.

2.2 Methods
2.2.1 Cauvitation erosion testing

Cavitation erosion testing was performed accortinigpe procedure described by
ASTM G32 standard. The ultrasonic vibratory cavwtaiset up and stationary specimen
method were applied. The set up consisted of: la fnegjuency generator of 360 W, an
electro-strictive transducer, a transformer for haggcal vibrations, and a water bath

containing the test specimen. Cavitation erosistirtg was accomplished by utilizing the



recommended standard values: mechanical vibrateguéncy (20 + 0.2 kHz); mechanical
vibrations amplitude at the top of the transforifi€) £ 2um); gap between the test
specimen and the transformer (0.5 mm); water katipérature (25 £ AC); ordinary water
flow (5-10 ml/s).

The same conditions developed for metallic matetedting were applied to the
cordierite samples. These parameters were cordrtiifeughout the testing process.

The cavitation damage level was determined by rodng the mass loss and the
surface degradation during the experiment. Totedtilbn of the cavitation tests was 80
min.

Mass loss of the test specimens was measured byiealbalance with an
accuracy of £0.1 mg. Before being weighted, thedpscimens were dried at 130 until
the constant mass. The measurements were perfafteecach 10 min of subjecting the
test specimens to the cavitation.

Surface degradation was monitored by image anabysample surface
photographs using Image Pro Plus program as wéleasnographic images [8-10,15,31-
33

In order to provide reliability of obtained resultswitation experiments were done
using three samples of both series for each tepenigd. Accordingly, the presented

results of mass loss and surface degradation ara@e values of three measurements.

2.2.2 Image analysis
Image analysis was added to the standard laborptocgdure of measuring the

mass loss with the aim to monitor surface erosaursed by the cavitation and to determine



level of surface damage. Photographs of the sasupfaces were analyzed by Image Pro
Plus, special software program that enables wosll iknown formats of images (TIFF,
JPEG, BMP, TGA). It automatically measures, coants classifies data on analyzed
objects. Program communicates directly with Extiels enabling statistical and graphical
treatment of data. Results were presented as tfecewdegradation level (R)RIuring the
testing time. Since certain degradation was notatetie sample surface even before the
tests, Bwas determined according to the ideal facetsdserarea without any defects). P
was measured surface area destructed during tiregteBased on the correlation of these
results with the material properties, behaviothef investigated material can be analyzed

[8-10,15].

2.2.3 ThV testing

To perform presented testing experiments, two iRosof 250W were used as
thermal excitation source. IR camera FLIR E60 whigr spectral range from 7.5 to i),
thermal sensitivity of 50 mK at 30 °C, MSX 320 x(2#solution, and frame rate of 60 Hz
was used. In the post-processing of thermogramesegs after step of heating, FLIR

Tools + software was used to determine the tempergirofiles and histograms.

3. Resultsand Discussion
3.1 Mass change
Mass loss results of sintered cordierite samplesmduhe cavitation erosion testing

are given in the Figure 5.



Figure 5.

According to the obtained results presented aFipere 5, the mass loss was higher
for the cordierite samples sintered at 1200 °C carexgbto the samples sintered at 1400
The difference between mass losses of the sangiesreasing with the duration of testing
time. Samples sintered at 1400 °C exhibited maelstbehavior during the experiment, as
mass loss was 8.63 mg after 60 minutes and fosdh®les sintered at 1200 °C mass loss
was 39.01 mg, for the same time. It is obvious $inatering temperature has significant

influence on the cavitation erosion resistancénefdordierite samples.

3.2Image analysis
Photographs of sintered cordierite samples befodedaring the cavitation erosion

testing are given in Figure 6.

Figure 6.

According to the photographs presented in Figuteé&surface area of the samples
sintered at 1200 °C is covered with small pits vehesmber is increasing during the
testing. However, cordierite samples sintered 8014 showed different surface damage,
as larger pits are forming during the testing comagavith the samples sintered at 1200

These results correspond to the results of thasaidegradation level given in Figure 7.

Figure 7.



As shown in Figure 7, during the entire testinggubrcordierite samples sintered at
1200 °C exhibited higher surface degradation lévah the samples sintered at 1400
These results are in accordance with the mentior@dasing number of small pits during
the testing of the samples sintered at 1Z2D00ppositely, for the samples sintered at 1400
°C, the main mechanism is related to the formatidarger pits from the beginning of the
testing and to their growth during the testing.sTtiaim can be supported by SEM
microphotographs of typical pits at the end oftéeting period for both cordierite samples,

Figure 8.

Figure 8.

It is obvious that for the samples sintered at 12D0pit areas are smaller and their
depths are also smaller (Figure 8 a)), comparédetisamples sintered at 1400 °C (Figure 8
b)).

Besides, Image Pro Plus offers line profile fottier analysis of surface
degradation level. The appropriate color channeal gfesen and applied on the images of
the sintered cordierite samples at the end of &éivéation testing while RGB mode was
selected. Based on the analysis of the samplessnaging red, blue or green color
channel, the best resolution between damaged ateimaged surfaces was obtained using
blue color channel. After choosing filter chanriele profile option by sample diameter
was applied. Figure 9 represents photographs tdreih cordierite samples at the end of

cavitation testing as well as the obtained lindij@®.



Figure 9.

Considering the cordierite samples sintered a0 P20(Figure 9 a)), degraded
surface area is obvious and visible, as part ofitieeprofile in the center of the sample
exhibits maximum differences in intensity, thusigating large amount of small pits. For
the cordierite samples sintered at 1400 °C (Fi§ung), maximum differences in intensity
of the whole line profile are much greater, whinticates larger pits compared with the
sample sintered at 1200 °C. This observation cpomds with the previously given surface
degradation level. The above approach can be lisafain additional analysis of the

surface degradation for the purpose of estimatinguat and size of existing pits.

3.3 Thermal imaging
Cordierite samples after 80 minutes of cavitaBoosion testing were heated by
two IR lamps for 90 seconds and then cooled for&&@nds. Thermal changes at their
surfaces, which provide to discover zone with disfezan be noticed after only 15 seconds
of cooling.
Cooling curves for cordierite samples sinteredi®rent temperatures after
cavitation testing and IR- heating, presenting gearof the maximum temperature with

cooling time in defect zone, are given in the Fegl0.

Figure 10.



Cooling curves indicate lower density of the sangaheered at 1200 °C (Figure 10
a)) compared with the sample sintered at 1400 {gu¢e 10 b)), which is in agreement
with the fact that the density of materials risethwncreasing the sintering temperature.
Based on the initial parts of the curves, wherdaéngperature changes are larger, time for
post-processing analysis (line temperature proéiles temperature distribution histograms)
was determined and then adequate thermograms Wwesert.

For this analysis, thermograms of the samplesr&dtat 1200 °C and 1400 °C after
cooling time of 390 seconds were chosen and pregemt~igure 11 a), c) and Figure 12 a),
c), respectively. Another reason for choosing theeselitions is clear representation of the
damaged and undamaged zones of the samples. Eiyime d) and Figure 12 b), d) show
line temperature profiles and temperature distidoubistograms of cordierite samples

sintered at 1200 °C and 1400 °C, after 390 secohdsoling, respectively.

Figure 11.

Figure 12.

Based on the obtained results for thermal imagogie differences in behavior of
samples sintered at various temperatures can leevaos

The thermograms given in Figure 11 a), ¢) and [Edw a), c) represent differences
in damaged and undamaged zones, which correlatetivétphotographs in Figure 8. Based
on the temperature line profiles, shown in Figute)land Figure 12c), damaged and

undamaged zones cannot be distinguished preciBedge results can be useful only for



distribution of the defects. The temperature disifion histograms, presented in Figure
11d) and Figure 12d), indicate more regular tentpesadistribution of the cordierite
samples sintered at 1200 °C compared to thoseaathéd 1400 °C. Also, according to the
temperature distribution histograms, pits depthsooflierite samples sintered at 1200 °C in
deformation zone are approximately the same, vduitdierite samples sintered at 1400 °C
exhibit greater differences in their pits depthisisicorrelates with the results obtained by
image analysis.

Thermography offers noncontact, wide area for dieteof subsurface defects, and
can be used as an alternative or complement méthth@ conventional inspection
technologies [24,25]. To improve detection of tleéodmation, it is necessary to apply a IR
camera with higher graphical and thermal resoluff). The introduction of lock-in

system would also be a great improvement [29].

4. Conclusion
Behavior of the cordierite samples sintered aedgiit temperatures (1200 and 1400
°C) and subjected to the cavitation erosion testiag monitored using mass loss, image
analysis for determination of surface degradatemell and line profile, as well as thermal
imaging for obtaining temperature line profiles dachperature distribution histograms.
Obtained results pointed out the following conabast:
- Samples sintered at various temperatures showkstatit defect formation
mechanisms, as well as level and distribution efawrface defects;
- Samples sintered at 1200 °C are characterizedrg feumber of small pits whose

number is increasing with the time of cavitatiopesure;



- Samples sintered at 1400 °C are characterizedrhyirig larger pits but in lower
amount compared to the samples sintered at 1200

- The image analysis results, expressed throughuttfieéce degradation level and line
profile, can be correlated to the size and numbeite formed during the
cavitation;

- Thermal analysis indicated that the most usefulltegan be obtained from the
temperature distribution histograms, which aredocoadance with the image
analysis results;

- Cordierite samples can be used for applicatioromd@ions where cavitation

erosion resistance is needed.
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Figure captions

Figure 1. Histogram of patrticle size distributidrtloe sample before sintering

Figure 2. Histogram of grain shape factors of gmagle before sintering

Figure 3. XRD of cordierite samples sintered at2)0 °C and b) 1400 °C

Figure 4. SEM microphotographs of cordierite samgiatered at: a) 1200 °C and b) 1400
°C

Figure 5. Mass loss of sintered cordierite samglasng the cavitation erosion testing
Figure 6. Photographs of sintered cordierite samipéfore and during cavitation erosion
testing

Figure 7. Surface degradation level of sinteredlieoite samples before and during
cavitation erosion testing

Figure 8. SEM microphotographs of cordierite samgiatered at a) 1200 °C and b) 1400
°C, after cavitation testing

Figure 9. Photographs of cordierite samples sidtate) 1200°C and b) 1400°C

after implementation of blue filter and correspargliine profiles

Figure 10. Cooling curve (maximum temperature v&tsue) for cordierite samples
sintered at a) 1200 °C, and b) 1400 °C.

Figure 11. Cordierite sample sintered at 1200 € &90 s of cooling: a, ¢)
Thermographic images; b) Temperature line profl)eTemperature distribution histogram
Figure 12. Cordierite sample sintered at 1400 € &90 s of cooling: a, ¢)

Thermographic images; b) Temperature line profl}eTemperature distribution histogram



Tables

Table 1. Composition of starting components fodamite synthesis

Composition (%)

Precursor | Si@ MgO Al,O3 FeOs CaO (%)| NaoO+K,0 | LOI

Alumina | 0.14 0.01 95.96 0.09 0.16 0.05 3.2(]
Sepiolite | 52.33 29.25 1.19 0.22 0.54 0.18 18.
Kaolin 53.55 / 28.93 1.35 0.65 0.07 8.14
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