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Abstract. The purpose of this study was to investigate different types of measurements by image analysis technique using Image
Pro Plus program for determination of surface degradation during cavitation erosion testing. As a refractory concrete, low cement
castable was synthesized, cured, and then sintered at 1600 °C. Mass loss and surface degradation of investigated samples were
monitored during three hours of exposure to the cavitation erosion testing. Two different approaches using image analysis for surface
degradation determination were applied: manual and automatic. The results obtained by those different approaches were similar.
Cavitation damage test is usually used for metallic materials. Due to the fact that development and design of modern materials moves
in direction of replacement metallic components with composite and ceramic materials, the idea of this study was to investigate
possible application of refractory concrete in the extreme conditions of exposure to the cavitation. Usual method for monitoring the
material degradation during the cavitation is measuring the mass loss. Novelty of this study is implementation of image analysis for
monitoring the level of surface degradation during the cavitation resistance testing. Both methods are non-destructive.
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AHHOTa[[HH. LLE.."Ibm JaHHOI'0 HCCICO0BAHHA ABIACTCA H3YHCHHC Hzmcpem{ﬁ Ha OCHOBC TCXHHKH aHallH3a H}GﬁpaH{eHH_ﬂ c
HCTIOJIB30BAHHEM  TIPOrpaMMBbI Image Pro PIUS, KOoTOpas HCOONB3YCTCA I OINpPEIclICHHA BHEIITHEH ACTrpaJaliiil HCHBITAHHA
KaBHTALHOHHOI 3p03ueﬁ. B kauecrtre 06})331.16 HMCMONB30BANCH ODETOH U3 OTHEYIMOPHOT'0 CTPOHTENBHOTO MaTEpHaa. HOTEpH Macchl H
BHCIIIHAA Jcrpananus 06pa3u03 KOHTPOJIHPOBalack B TCUCHHC TPCEX 4HYacoB BO3ICHCTBHA KaBHTa].lHOHHCIﬁ IPO3HH. ,]:[J'[S[ aHamH3a
H3D6paH{€HHH OIpeAc/ICHHA BHEIIHEH AcrpajalHd HCNOJIB30BAIHCE ABa MI0AX0J4. py‘-IHDI:'I U aBTOMATHYSCKHIA. PeSyJ'IbTaTbI.
MOIYy4YCHHBIC B HTOTE, OBLTH ]']D}].Oﬁ[—[b[]\‘[ﬂ. HeneiTanne KaBHTAIIHOHHOTO NOBPEKICHHA 00BIYHO HCTIOJIB3YETCA JUJIA METAIITHYCC KHX
MaTepHalos. B cBamm ¢ Pa3sBHTHEM, }].H}af:{l-] MaTepHAaIoOB NepEMENIacTCa B CTOPOHY 3daMEHbI METALIHHYECKHX KOMIIOHEHTOB
KOMITO3HTHBIMH H KE€paMH4YCCKHMH MaTcpHalaMH. B paﬁcTe HCCNIEAYETCA BOSMOMKHOCTL HCIIOIB30BAHHA OeToHa W3 OTrHEYINOPHOTO
CTPOHTEIIEHOTO MaTepHala B YCIOBHAX KaBHTauHOHHOﬁ IPO3HH. QobIuHO A/ KOHTponA Jerpajaliid B TEUCHHC KaBHTAllHH
HCIIONIB3YETCHA METOM, OCHOBaHHBIN Ha H3IMEPECHHH MACCOBOH NOTEPH. l'[pe;:u‘[arae*rcn HOBBIH METOO, OCHOBAaHHBII Ha aHaIH3e
H306p33{€HHH A7 KOHTPOJIA YPOBHA BHEITHET JAerpajalHid B TEHEHHE HCINBITAHHA KaBHTALlHOHHOI'O COIIPOTHBICHHA. Oba METOIa
OTHOCATCA K HEPA3PYLIAKOIIHM.

KawoueBnie caoBa: CONMpOTHBICHHE KaBUTALIHOHHOM IPO3HH, aHaIH3 }’]306})3}1{&[—[}‘]5{; OeToH OrHEYNOpHOro CTPOHTE/ILHOTO
MarepHana
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AHoTanif. MeToro 1aHOTO JOC/IIIKCHHS € BHBYCHHS BHMIPIB HA OCHOBI TeXHIKH aHAIi3y 300pa/KeHHA 3 BHKOPHCTAHHAM IPOTpaMH
Image Pro Plus, sixa BHKOpHCTOBY€TbCA Ml BH3HAUCHHS 30BHIIIHBOI Jerpananii BHOpoOyBaHHA KaBiTamiiiHolo eposi€ro. ¥ skocTi
3pa3ka BHKOpPHCTOBYBaBcsi OeTOH 3 BOTHeTpHBKoro OyaiBenbHoro marepiany. Brpara macu i 30BHIINHA JAerpajanis 3paskis
KOHTPOMIOBaIacs MPOTAroM TPhOX FOMH BILUIMBY KaBiTaliiiHol eposii. [Ina ananisy 3o0paieHHs BU3HA4E€HH: 30BHIIIHbOI Aerpajauii
BHKOPHCTOBYBAIHCA JBa MIJIX0AM: PY4YHHIT | asToMaTHuHuil. PesyneTaTn, oTpHMaHi B miicyMKy, Oyin noaiduumu. Bunpodysanna
KaBiTalliiHOTO YIIKO/KCHHS 3BHYAifHO BHKOPHCTOBYETBCH JUIS METAJIEBUX MaTepianis. ¥ 3B'S3KY 3 PO3BHTKOM, AM3aliH MaTepiamis
nepeMintyeTbes yOIK 3aMiHH METaleBHX KOMIIOHEHTIB KOMIO3HTHHMH H KepaMiuHHMH Matepianam. ¥ poDOTi JOCHiIKyeThCH
MOMUIMBICTD BHKOPHCTaHHS O€TOHY 3 BOTHETpHBKOro OyadiBenbHOrOo MaTepialy B yMoBaxX KasiTaliiinol eposil. 3BHuaiiHo 11si
KOHTpPOIIO JierpajaLil IpoTAroM KasiTallil BUKOPHCTOBYETbCA METOJ, 3aCHOBAaHHI Ha BHMipi MacoBoi Brpath. [IpononyeTscs HoBHId
METO/1, 3aCHOBaHMI Ha aHamni3i 300pameHHd 18 KOHTPOIIO PiBHA 30BHINIHBOI Aerpananii NpoTAroM BHNpoOYBaHHA KaBiTalliiHOTO
onopy. O6uaBa METOAH BIIHOCATBLCA 10 HE PYHHYIOUHX.

K.rouoBi ciioBa: onip kasitauiiinoi eposii, aHanis 300paskeHHs; GETOH BOTHETPHBKOT0 OY/1iBEIBHOTO MaTepiamy

Introduction and cavitation erosion mechanisms of technical ceramics
is of importance for improving their performances in real
applications. Cavitation erosion usually involves an
attack on the surface by gas or vapor bubbles. This attack
is creating a sudden collapse due to a change in pressure
near the surface. Low pressure (below the saturated
vapor pressure) is generated hydrodynamically, due to
various flow parameters, such as liquid viscosity,
temperature, pressure and nature of flow. This
deterioration is initiated by a sudden surge of bubbles
harming the surface, and resulting in deformation, as well
as pitting [5-7].

Image analysis is an important non-destructive method
for assessing damage of the materials. Due to image
analysis, more systematic and more accurate measurements
have become possible. Therefore, more objective
characterization of refractory concrete related to material
properties is provided. Evaluation of various concrete
properties, as well as the effect of external influences on
the microstructure of concrete, can be investigated using
these non-destructive methodologies.

Image analysis is powerful tool for many applications
including surface degradation determination. The Image
Pro Plus is one of the programs which allow performing

such type of measurements. This special program for Experimental

treatment and analysis of image recognizes and enables Materials

work in all known formats of images (TIFF, JPEG, BMP,

TGA). It automatically performs image analysis- Samples of refractory composite material, low

measures, counts and classifies all data obtained by cement castable, were used to measure damage caused by

analyzing objects. The advantage of Image Pro Plus is its the cavitation.

compatibility with Excel that provides transfer of the Low cement high alumina refractory concrete (LCC)

obtained results to excel, so further analysis and was prepared by using the commercially available raw

calculation can be performed[1-4]. materials (Almatis, Germany). Tabular alumina (T-60)
Degradation of ceramic materials can be caused by with maximum particle size of 5 mm was used as an

many factors such are: thermal shock, cavitation erosion, aggregate, while the fine fractions of tabular alumina, 5

chemical influence (by acids, bases, salts, slags, liquid wt. % of high alumina cement (CA-270) as hydraulic

metalls etc.). In this paper degradation caused by binder, reactive alumina as a component of ultra-fine

cavitation erosion was monitored. filler (CL-370) and 1 wt. % dispersing alumina as an
Cavitation, i.e. the appearance of vapor cavities inside additive (ADS-3 and ADW-1) were used as components

an initially homogeneous liquid medium, occurs in very of the matrix. All fractions of matrix components lesser

different situations. Hence, the study of the cavitation ~ than 45 pm constitute 35 % of concrete mixture.
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Optimum particle packing, and therefore maximum
density and sufficient porosity, that allows concrete
flowing and placing with slight water addition are
achieved by adjustment of the particle size distribution to
the theoretical curve based on the modified Andreassen’s
packing model, with the distribution coefficient (q) of
0.25, maximum grain size of 5 mm, continuous particle
size distributions and dry mixture density of 3.75 g/cm’.

The concrete was mixed with 4.67 wt. % of water
(dry basis) dispersed with 0.05 % solution of citric acid.
Namely, citric acid acts both as dispersing agent and
additive to slow down concrete hardening (retarder).
Since contents of water and cement were 4.67 wt. % and
5 wt. %, respectively, it corresponded to a water/cement
ratio (w/c) of 0.934. This value satisfies requirement of
w/c = 1, typically used for the low cement concrete
preparation.

First, dry components were mixed and afterwards
deffloculant containing water was added; stirring
continued until the appropriate consistency was achieved.
The wet concrete mixture was cast in steel moulds by
vibration in order to support removement of trapped air
bubbles out of the concrete and to ensure easier flowing
of wet concrete mixture. The cubes of 4 mm edge length
were prepared for testing. After 24 hours, samples were
demoulded. The prepared specimens were cured for 24
hours in the moisture saturated environment at room
temperature and subsequently dried at 105°C for another
24 hours. Finally, they were sintered at temperature of
1600°C with the dwell time of three hours and cooled
down to the room temperature inside the furnace.

Methods
Cavitation erosion testing

Modified Vibratory Cavitation Test Method was used
for conducting the laboratory testing of the cavitation
resistance. The set up consists of: a high frequency
generator of 360 W, an electro-strictive transducer, a
transformer for mechanical vibrations and a water bath
containing the test specimen. Cavitation erosion testing
was accomplished by utilizing the recommended
standard values:

*» Frequency of mechanical vibration: 20+0.2 kHz;

» Amplitude of mechanical vibrations at the top of the
transformer: 504+2 pum;

» Gap between the test specimen and the transformer:
0.5 mm;

» Temperature of water in the bath: 25+1 °C;

* Ordinary water flow: from 5 to 10 ml/s.

The same conditions developed for metallic materials
testing were applied to the refractory concrete with high
content of alumina investigated in this research. These
parameters were controlled throughout the testing
process [8-10]. The test specimen was placed under the
transformer with a gap of 0.5 mm. The cavitation damage
level was determined by monitoring the mass loss and
the surface degradation during the experiment. The mass
loss of the test specimens was determined by analytical
balance with an accuracy of + 0.1 mg. Before being
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weighted, the test specimens were dried in dryer at 110
°C until the constant mass. The measurements were
performed after each 30 minutes of subjecting test
specimens to the cavitation. Total duration of the
cavitation tests was 3 hours.

Image analysis

Image analysis, as non-destructive method for macro
and micro structural characterization, was added to the
standard laboratory procedure in order to monitor surface
erosion caused by the cavitation and to determine level of
surface damage. The sample surfaces were colored by
blue in order to obtain better resolution and to make
difference between damaged and undamaged surface
more distinctive. Photographs of the sample surfaces
were analyzed by Image Pro Plus, special software
program that enables work in all known formats of
images (TIFF, JPEG, BMP, TGA...). It automatically
measures, counts and classifies all obtained data about
analyzed objects. Program communicates directly with
Excel, thus enabling statistical and graphical treatment of
data. Results were presented as surface erosion ratio
during the testing time.

Results and discussion

Figure 1 presents images of the samples sintered at
1600 °C before and during the cavitation erosion testing.
Theinitialdegradationofthesamplescanbeobserved.

it i

o

Fig. 1. Images of the samples sintered at 1600 °C during
cavitation erosion testing:

a) before testing, b} after 60 min, and c) after 120 min
Mass loss

The total duration of the cavitation erosion testing
was 150 minutes.

As the samples with high content of alumina were
used, water absorption was expected and proved since it
was about 4.5 % for all tested samples. After the first
cycle of cavitation experiment, mass of the samples was
increased, due to the water absorption. With the aim to
quantify expected mass loss, samples were dried at 110
°C until the constant mass after every cycle of the
cavitation experiment. In this way it was possible to
follow behavior of the material and expected mass loss
during the experiments is presented in Figure 2.

Masses of the testing samples were measured by
analytical balance with an accuracy of +0.1 mg. The
measurements were performed after subjecting samples
to cavitation erosion testing for each 30 minutes.
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Fig. 2. Mass lossduring cavitation erosion testing

According to the results presented in Figure 2, small
change in mass was observed for the samples sintered at
1600 °C. Also, linear trend of the curve that presents
dependency of mass loss with duration of cavitation
experiment was observed. Slope of the curve shows
velocity of the cavitation erosion, while the intercept on
the abscissa presents an indicator of the incubation
period, which means time elapsed from the beginning of
the testing to the beginning of the material destruction.
Calculated values of cavitation erosion velocity is very
small (0.013 mg/min), which indicate that the material is
with good cavitation resistance. The incubation periods
of 0.29 min is considered as short. Strong correlation
between mass loss and time of the experiment can be
observed.

Surface degradation

Optical microscopy technique was applied to analyze
the effect of the erosion and to interpret the results of
cavitation erosion testing. Image Pro Plus Program was
used for determination of the surface deterioration level.
For better differentiation between damaged and non-
damaged surface areas, observed surfaces of the samples
were covered with chalk. Damaged area was blue and
non-damaged area was white. Determination of the
damaged area was performed manually.

Erosion ring diameter and erosion ring area

The samples exposed to cavitation erosion testing
(Figure 1) were also monitored in order to measure the
diameters and area of the erosion ring region. These
measurements were performed using the following steps:

Step 1: Taking the appropriate micrographs which
include erosion ring area.

Step 2: Measurements of ring diameter.

At this point two types of measurements were taken:
the diameter d; and the diameter d, of the cavitation ring
erosion measured using Image Pro Plus Program. The
effective diameter of each ring is calculated according to
the equation (1):
de d +d,

1
5 (M
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Step 3: The effective area of the erosion ring
calculated using measured values of diameter explained
by Step 2, equation (2):

F:wszldzfﬁl- (2)

Step 4: Measurement using Image Pro Plus program
to determine the average erosion surface area of the ring
(Pmean)'

Measurements for average diameter of erosion ring
were taken into after 60 and 120 minutes of cavitation
testing.

Average erosion surface area was determined using
two approaches. First approach included previous ring
diameter measurements, and second was to determine
ring area surface automatically, as ring area.

The obtained results using three different approaches-
manual, with ring diameter and with ring surface, are
given in Figure 3.
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Fig. 3. Surface degradation during cavitation erosion
testing using different measurements

Level of surface degradation, caused by cavitation
erosion, was defined as portion of damaged (P) and
undamaged surface area (Py), and quantified by software
program for image analysis.

Obtained results show good correlation of surface
degradation level with time of exposure to the cavitation
as well as linear trend. Surface degradation level was
below 25 % after 150 minutes of exposure to the
cavitation erosion testing. Changes in surface
degradation level are in accordance with the presented
mass loss. It is obvious that the samples sintered at 1600
°C exhibited small damage during the testing. Also,
presented results suggested that these samples could be
very good candidate for application where the cavitation
resistance is required.

Conclusion

Implementation of image analysis for surface
degradation determination during cavitation erosion
testing was presented. Theobtainedresultsare as follows:

- Manual measurements can provide more
accurate results, but the process is slower.
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- Automatic approach i1s very fast. Using this

approach ring diameter and ring surface can be
measured.
Differences between the results obtained by
various approaches were grater at the beginning
of the cavitation erosion testing, and automatic
method did not include initial degradation of the
sample. For longer experiment time, the
differences between results obtained by various
approaches were negligible.
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