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Summary: In this study the influence of alloying elements on cavitation resistance of quenched and tempered carbon steel was investigated. The first test included quenched and tempered carbon steel without alloying elements. The second test included previous mention steel with alloying elements such as chromium and molybdenum. Cavitation erosion tests were performed using an ultrasonic vibratory cavitation test method. Scanning electron microscopy technique was performed to analyze the morphology of the damaged surfaces and to interpret the results of the cavitation tests. The results showed that the presence of alloying elements influence on the reduction of cavitation rate and reduce the degree of cavitation damage after certain time intervals the effect of cavitation.
Key words: cavitation, cavitation rate, cavitation damage, alloying elements, quenched and tempered steels
1. INTRODUCTION 
Cavitation involves the formation, growth and collapse of bubbles in high velocity liquid subjected to pressure changes. During the collapse of the bubbles, high temperatures and pressures develop locally in a very short time interval. These collapses create microjets and shock waves whose energy can cause damage of surface with which the liquid is in contact [1-5]. 
Cavitation erosion is a form of damage that occurs in many types of hydraulic structures such as pumps, valves, water turbines, ship propellers. Cavitation reduces the performance and reliability of components used in hydraulic machinery due to erosion damage, flow instabilities, noise and vibration.
The behavior of materials in conditions of cavitation is commonly determined by mass loss measurements in the laboratory using an ultrasonic vibratory apparatus and the resistance is reported in terms incubation period and cavitation rate. Studies have shown that cavitation resistance of ferrous alloys depends on mechanical properties and microstructure (6-9(. 
It is well known that the microstructure and mechanical properties of carbon steels can be changed by heat treatment. Also, changes in the chemical composition can cause the change of mechanical properties and microstructure.
The aim of this study was to show influence of alloying elements on the behavior of quenched and tempered carbon steels in conditions of cavitation. 
2. EXPERIMENTAL
2.1 MATERIALS 
Two samples were made for the experiment. The first sample was made of quenched and tempered carbon steel (sample A). The chemical composition (in wt.%) of carbon steel (sample A) was as follows: 0.47 C, 0.25 Si, 0.55 Mn, 0.03P, 0.03S, and the rest was Fe. The second sample (sample B) was made of the previous mention steel with the addition of alloying elements chromium and molybdenum (1.1Cr and 0.2Mo). The heat treatment was performed by quenching (heating at 860 oC and cooling in water) with subsequent tempering (heating at 610 oC and air cooling).
Table 1 Mechanical properties
	Specimen
	Hardness HV30
	Yield stress, Rp0.2, MPa
	Tensile strength Rm, MPa
	Toughness
J   +20°C


	A
	186
	410
	670
	25

	B
	197
	790
	1000
	32


2.2 METHODS 

Cavitation erosion tests were performed using an ultrasonic device according to ASTM Standard G32-92 (the stationary specimen method) (10(. The device consists of: a high frequency generator of 360 W, an electro-strictive transducer, a transformer for the mechanical vibrations and a water bath containing the test specimen.

The frequency of vibration and the peak-to-peak displacement amplitude of the horn were 20±0.5 kHz and 50(m, respectively, with separation of 0.5mm between the specimen and the horn tip. The test liquid was distilled water maintained at 25±0.5(C. 
Prior the test, the specimens were ground and polished to remove any work hardened layer formed during manufacture of the test specimens. Mass loss of the test specimens was measured with an analytical balance with an accuracy of 0.1 mg, after being rinsed in alcohol and dried in hot air. Measurements were taken every 30min for a test period of 240min, in order to obtain the erosion curves.
Scanning electron microscopy technique was performed to analyze the morphology of the damaged surfaces and to interpret the results of the cavitation tests. Images of the surfaces were obtained by using JEOL JSM 6460LV scanning electron microscope (SEM).  Analysis of the damaged surfaces was done after 30, 60 and 240 min of surface effects of cavitation. 
3. RESULTS AND DISCUSSION

The results of the cavitation resistance testing of the test specimens subjected to cavitation are shown in Figure 1. The diagram shows mass loss versus testing time as a straight line functions. The slope represents the cavitation rate and the point where the line intercepts the abscissa indicates the incubation period, i.e., time elapsed before the destruction of materials commences.

Calculated values of cavitation rate were 0.034 and 0.026 mg/min in case of specimen A and B , respectively. There was no incubation period for the specimen A. The incubation period for the specimen A was about 25 min. 
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Fig. 1 Cavitation rate for specimen A and specimen B
Microscopic analysis of the SEM (Fig. 2a and Fig. 2b) showed that undulations on the surfaces of the specimen A i B were observed after the first period of exposure to cavitation (30 min). The undulations on the surfaces of the specimens indicate that there was plastic deformation in the surface layer. This appearance was more pronounced at the surface of specimen B because there was an incubation period (Fig 1). During the incubation period only removing of microscopic particles was observed at some locations on the surface of specimen B (Fig. 2b). 
Mass loss was recorded for specimen A after 30 min effects of cavitation because there was no incubation period (Fig. 2a). Number of pits on the surface of the specimen A was higher as compared with specimen B for the same testing time. Also, microcracks were observed between some of pits (Fig. 2a). 
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                     Fig. 2 SEM images after 30 min cavitation of a) specimen A, b) specimen B
Increasing time of exposure to cavitation resulted in the merger of pits, creating of cracks due to decrease of the bond strength between metal grains and the expansion of cracks, as shown in Fig 3. The mass loss was intensified by separating grains from the surfaces. 
A greater amount of material was removed from a certain places on surface of specimen A after 60min of testing time (Fig. 3a). This was confirmed by a larger measured mass loss of the specimen A, compared with mass loss of specimen B for the same time of testing (60min). At the damaged surface of the specimen A microtunels were observed. They were created as a result of the action of microjets produced by the collapse of cavitation bubbles.
Surface of specimen B after 60min of testing time showed a lower degree of damage compared to specimen A (Fig. 3b). The pits of less depth and a small number of poorly expressed mikrotunels were created at the damaged segments of surface. 
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                    Fig. 3 SEM images after 60 min cavitation of a) specimen A, b) specimen B
According to the literature, the mechanical properties (particularly hardness and tensile strength) are most commonly being considered authoritative for assessing the resistance of steel to the effect of cavitation. Samples A and B were made of steel of the same class (quenched and tempered carbon steel). However, the presence of alloying elements chromium and molybdenum in the chemical composition of the specimen B was influenced by the increase in the value of its mechanical properties and caused the lower level of damage compared with specimen A. Also, better cavitation resistance of the sample B was obtained on the basis of measurements of mass loss during the experiment.
After 240min of cavitation test numerous deep craters, grooves and fatigue cracks can be observed at the damage surface of specimens A and B (Fig. 4). Uniform distribution of damage over the entire surface of both samples corresponding to fatigue.
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Fig. 4 SEM images after 240 min cavitation of a) specimen A, b) specimen B
4. CONCLUSION 

In accordance with the obtained results, some conclusions can be drawn:
· Results revealed that cavitation damage for both specimens was initiated by microparticles separation. 

· Mass loss measurement exhibited that there is no incubation period for sample A (quenched and tempered carbon steel) so; mass loss was recorded in the first period of cavitation testing. 
· During cavitation testing, morphology of specimens A and B was similar but degree of surface damage of specimen A was higher in compared with specimen B (quenched and tempered carbon steel alloyed with chromium and molybdenum). 
· Based on the calculated cavitation rate, specimen B has a higher cavitation resistance as compared with specimen A. 
· It has been shown that the presence of alloying elements in carbon steel influence on the higher cavitation resistance. 
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