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A B S T R A C T

Numerous industrial parts, devices, and processes are designed to withstand the 
conditions that lead to cavitation erosion. Metallic, ceramic, and composite materials used for 
these conditions must achieve specific mechanical characteristics required to resist cavitation 
erosion. When molten metal or alloy flows and comes into contact with refractory material or 
coated furnace linings, cavitation erosion can occur. This phenomenon is particularly expected 
in metallurgy, especially in casting operations. Alumina-based refractories, specifically low 
cement castable (ALCC), are often used in furnace lining applications due to their superior 
properties, such as high refractoriness, thermal stability, and mechanical characteristics. 
Mullite is another refractory material frequently used in foundry lining applications. It can 
be utilized as a coating in casting processes, such as the Lost Foam process, which is a novel 
method for producing high-quality, cost-effective castings. These two refractory materials 
were chosen to study their behavior under cavitation conditions. An ultrasonic vibratory test 
with a stationary specimen (ASTM G-32) was used for experimental cavitation determination. 
The results of mass loss and surface morphological parameters of degradation revealed that 
ALCC samples eroded predominantly at the surface, while the mullite samples exhibited more 
significant degradation by depth.
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1. Introduction

Cavitation resistance of material for engineering applications is one 
of the demands which is very common. This results from conditions with 
fluid flow which can cause erosion of material induced by cavitation. 
Conditions including fluid flow are often part of the processes in 
chemical and metallurgical engineering. Parts of the equipment used in 
these processes (valves, turbines, hydropower plant reactors, pipelines, 
and parts of the furnaces in metallurgy) are often exposed to cavitation 
erosion. In metallurgical engineering conditions when the refractory 
lining is exposed to liquid metal or flue gases can be estimated by 
cavitation erosion testing.

Gas or vapor pockets can frequently result from high-velocity liquid 
pressure variations in hydraulic parts. These pockets suddenly collapse 
on the surface of the material due to a change in pressure near the 
surface. These burst gas bubbles, also known as micro-jets, eventually  

cause material damage (Hammitt 1980; Franc and Jean-Marie 2006; 
Brennen 2011; Karimi 1986).

Bubble cavitation and sheet cavitation are two of the several varieties 
of cavitation erosion. The following are some cavitation erosion 
influences (Okada et al. 1995; Huballi and Sondur 2013; Brennen 1995; 
Krella and Zakrzewska 2018):

•	 The claimed material’s microstructure, hardness, and other ma-
terial-specific characteristics,

•	 Other operational characteristics include the kind of pressure 
fluid, operating pressure, and operating viscosity,

•	 The length between the vulnerable solid surface and the flow 
resistance, the flow resistance’s geometry, and additional con-
structive factors.

Several factors can lead to cavitation erosion:
•	 Element creation via basic water or acid and electrolytic erosion,
•	 Chemical reactions under high pressure or temperature were

impacted by oxygen,
•	 Pressure rise brought on by pushing a fluid/liquid over its boiling 

point and experiencing an abrupt collapse of the vapor bubble,
•	 Pressure-induced local speed increase reduces bubble formation.
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a)

b)

Two very often used refractory materials based on alumina were used 
in this investigation: alumina-based low cement castable (ALCC) and 
mullite-based samples. In this study, results related to the monitoring 
of the level of degradation of these samples caused by cavitation erosion 
will be the goal of the paper. Cavitation erosion testing was performed 
using standard ultrasonic vibratory testing with stationary specimen 
(ASTM G-32, 2021).

2. Materials and methods

Two ceramic materials used as refractories for various applications 
in metallurgy were selected. The low-cement castable was prepared 
using tabular alumina (T-60, Almatis, Ludwigshafen, Germany) 
as an aggregate, with a matrix comprising fine fractions of tabular 
alumina, 5 wt.% calcium–aluminate cement (CA-270, Almatis, Botlek, 
The Netherlands), reactive alumina (CL-370, Almatis, Ludwigshafen, 
Germany), and dispersing aluminas (ADS-3 and ADW-1, Almatis, 
Ludwigshafen, Germany). Alumina low cement castable (ALCC) 
samples, sintered at 1600 °C for 3 hours, were synthesized and analyzed 
by the procedure earlier explained in detail (Martinovic et al., 2010; 
Martinovic et al., 2013). Mullite ceramic samples were prepared using 
pure mullite powders initially ground to a size of 15-25 μm from 40 
μm granules through micronizing grinding in a vibrating mill with 
agate balls. The goal was to achieve specific grain sizes and shapes that 
improve properties, grain packing, and densification during pressing, 
aiming for a homogeneous sintered structure resistant to cavitation. 
These powders were pressed into cylindrical samples (20 mm diameter, 
3 mm thickness) at 1 MPa pressure. The mullite samples were sintered 
at 1200 °C with a dwell time of 3 hours.

Cavitation erosion testing was performed using the standard 
ultrasonic method with a stationary specimen (ASTM G32, 2021). The 
procedure is described in detail (Martinovic et al. 2021; Martinovic 
et al. 2023). For both samples, the time of cavitation exposure was 
120 minutes. After certain periods, samples were dried, weighted by 
analytical balance, and scanned with a resolution of 1200 dpi. 

3. Results

3.1.	 Mass loss

One of the most used simple methods to follow the behavior of the 
samples subjected to the degradation caused by cavitation erosion is 
mass loss monitoring. According to the ASTM G32 standard mass loss 
is used. Obtained results for ALCC and mullite samples are presented 
in the Figure 1.

Fig. 1. Mass loss of ALCC and mullite samples during the cavitation

3.2.	 Image analysis

Image analysis of the sample surface was used for degradation 
monitoring, and this approach is more reliable compared to mass loss 
measurements. An image analysis approach for different morphological 
parameters can be measured, describing the formation and growth of 
formed pits, as a result of the cavitation erosion process. One of the 
most used parameters are pits area, pits diameters, and number of pits. 
Discussion of these parameters can be used for the determination of the 
degradation mechanism.

Images of the sample’s surface during cavitation testing are given in 
Figure 2. Images of the samples were obtained by scanning with high 
resolution (1200 dpi), to monitor the total surface of the samples.

a)

b)
Fig. 2. Scanned macro images of the sample surface during the cavitation: 
a) ALCC and b) mullite sample

3.3.	 Line profile

One of the simplest analyses implemented using IPP can be a 
line profile related to the diameter of the probe (16 mm) where most 
degradation during cavitation testing happens. This approach can be 
useful for comparison level and frequency of the formed pits. Results for 
the samples are presented in Figure 3.

Fig. 3. Line profiles during cavitation testing: a) ALCC and b) mullite sample
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Different intensity degradation levels can be observed in Figure 3. 
ALCC samples show a much lower level of degradation than mullite 
samples. Also, the level of degradation of both samples with longer 
times to cavitation exposure, increased. For ALCC samples depth of 
the pits is lower, and the formed pits are similar dimensions. Different 
behavior is observed for mulite samples, as formed pits are with higher 
depth, and the size of the formed pits on the line is different, formed pits 
are different, there are formed new pits with smaller dimensions, and 
larger ones result in pit growth during cavitation.

3.4.	 Morphological analysis 

Morphological analysis is related to different parameters chosen to 
describe the formed pits, which are represented as the degradation of the 
samples caused by cavitation erosion. A large number of morphological 
parameters can be used, as a list of the possible parameters is described 
in detail (Martinovic et al. 2013; Martinovic et al. 2023). In this paper 
several parameters are chosen: average pit diameter, total area of the 
formed pits, and number of pits. These three chosen parameters are most 
representative of describing and quantifying the level of damage during 
cavitation erosion testing. This method is also helpful for comparing the 
degradation behavior of different samples and monitoring degradation 
during testing.

As it could be seen before testing, both samples have some defects, 
due to the preparation. During the different times of exposure, the level 
of degradation rises, as well as some parameters, such as the number 
of pits, and the average diameter and area of the pits which are given 
in Figures 4-6.

Fig. 4. Number of pits during different exposure times to cavitation

The number of formed pits and changes during the exposure time of 
testing is related to the mechanism of its behavior. Since the number of 
formed pits for ALCC is rising during testing, the dominant mechanism 
is its formation, as, only results for the number of pits are discussed. 
Similar results were obtained for mullite samples. Pit formation 
dominates the mechanism for up to 60 minutes, as the number of 
produced pits increases during testing. A period of 60 to 90 minutes 
is also connected to the process of pit growth. Since the number of 
pits rises only slightly between 90 and 120 minutes, pit growth is also 
included in the degradation mechanism (Figure 4). 

After 60 minutes, the average area of the pit for the ALCC sample 
decreased from 60 minutes is related to the pits’ growth and merging of 
the formed pits. As expected, the total area of the formed pits 
increased, from 7.92 mm2 at the beginning, before the exposure, to 
101.57 mm2 after 120 minutes, as can be observed in Figure 5. As 
expected, the total area of the formed pits increased, from 4.5 mm2 
before the exposure, to 45 mm2 after 120 minutes for mullite samples, 
while the total area of the formed pits increased, from 8 mm2 before 
the exposure to 100 mm2 for the ALCC sample, which can be 
considered similar degradation rate 

(Figure 5). The average area of the single pit for ALCC is related to the 
number of pits, as pit formation is dominant, and the average area of 
the pit is between 0.03 and 0.04 mm2, while for mullite samples is 
below 0.1 mm2 for the whole testing period (Figure 6).

Fig. 5. Total area of the pits during different exposure times to cavitation

Fig. 6. The average area of the single pit during different exposure times to 
cavitation

4. Discussion

Results for morphological parameters analysis are similar for both 
samples. It is evident that there was some degree of degradation before 
testing; for mullite samples, it was lower than 5 mm2 and for ALCC 
samples it was around 8 mm2. Degradation was approximately 40 
mm2 for mullite samples and up to 100 mm2 for ALCC samples after 
120 minutes, which may indicate that mullite samples are more 
resistant to cavitation erosion.

Formation of pits was the dominant mechanism for ALCC to 30 
minutes, then pit growth and merging of formed pits was to 60 minutes. 
For mullite samples till 90 minutes pits formation was dominant, and 
after 90 minutes pits growth and merging of formed pits was observed. 
The average area of a created single pit and the number of formed pits 
indicate the behavior of the degradation in means of its mechanism. 
For both samples, the average area of pits increases, to 60 minutes, and 
decreases after that which can be related to pits growth and merging the 
formed pits simultaneously with pits formation. Considering the results 
of mass loss and surface morphological parameters of degradation it 
can be concluded that ALCC samples eroded dominantly at the surface, 
while the mullite samples degraded much more by depth.
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5.	 Conclusions

In this paper two ceramic materials often used for refractory 
application were subjected to cavitation erosion tests. Monitoring 
the behavior of the samples was using mass loss changes, as well as, 
image analysis by using selected morphological parameters. The 
morphological parameters that best describe the behavior of the 
samples and the degradation mechanism were the number of pits, the 
average pit size, and the total area of the pits. If these two samples are 
compared, results for mass loss, as well as, results of image analysis 
point out similar behavior in cavitation erosion conditions. The results 
demonstrate the dependability of ALCC and mullite ceramic use under 
cavitation erosion conditions.
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