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Abstract: The presented study aims to reveal the effect of liquid temperature on cavitation-induced erosion of an Al-Mg alloy. An experimental work was conducted using a submerged cavitating waterjet to impact the specimen surface. For a certain cavitation number and a given standoff distance, different liquid temperatures were considered. Accordingly, a comprehensive comparison was implemented by inspecting the mass loss and surface morphology of the tested specimens. The results show that the cumulative mass loss increases continuously with the liquid temperature. A cavitation zone with an irregular profile becomes evident as the cavitation treatment proceeds. Increasing the temperature promotes the generation of cavitation bubbles. Large erosion pits are induced after severe material removal. The microhardness increases with the distance from the target surface. At a liquid temperature of 50°C, the microhardness fluctuates apparently with increasing the depth of indentation.
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1  Introduction

During the operation of fluid machinery, cavitation has generally been recognized as a detrimental phenomenon [1]. When a mechanical component undergoes repeat impact of the collapse of cavitation bubbles, the material can be peeled off from the substrate. Apart from the damage to the surface of the mechanical component, the performance of the whole machine or unit will degrade due to cavitation erosion. However, in the field of cold processing, cavitation lends great support to strengthening material and disintegrating hard components [2]. Essentially, how to control cavitation is still a challenging subject for both academia and industry.

The inception and development of cavitation are subject to many factors such as liquid property and flow parameters [3,4]. Physical properties of the liquid, such as viscosity, density, and temperature impose significant effects on cavitation [5]. Regarding liquid temperature, it is related to the saturated vapor pressure and therefore determines the threshold pressure for the growth of cavitation nuclei [6]. Generally, high liquid temperature is responsible for severe cavitation, which is characterized by the emergence of swarms of cavitation bubbles [7]. Thus far, although the effects of liquid temperature on cavitation and cavitation erosion have been investigated, generalizable and quantitative conclusions have seldom been reported [8]. In this context, diverse liquids and experimental models have been employed, and it is difficult to establish a unified standard for the comparison between the obtained results [9,10].

Generally, when a metal specimen is treated with cavitation, its surface will sequentially experience plastic deformation, hardening and apparent material removal [11]. Meanwhile, beneath the target surface, residual stress will accumulate. Exposed to cavitation treatment, different materials may exhibit considerably different characteristics. Al5083, a typical Al-Mg alloy, has been applied in marine and automobile industries as a lightweight material [12]. Moreover, the acceptable strength, high corrosion resistance and weldability of Al5083 have been extensively recognized [13]. Heretofore, the research on Al5083 has been overwhelmingly dedicated to its machinability and mechanical performance [14]. In some studies, Al5083 serves as a matrix material, and other elements are added to produce a composite with high comprehensive performance [15]. Treating Al5083 with cavitation has seldom been practiced, although such a material encounters cavitation in marine environments.

The presented study aims to reveal characteristics of the cavitation erosion of Al5083 induced by cavitating waterjet at different liquid temperatures. Based on an experimental rig conforming to the ASTM (American Society for Testing and Materials) G134 standard, experimental work was conducted. Three liquid temperatures, namely 30°C, 40°C and 50°C were selected. At different cavitation treatment time, the mass loss and surface morphology of the tested specimens were illustrated and compared. The microhardness was measured as well to describe the variation of mechanical performance of Al5083 with liquid temperature. The mechanisms of surface strengthening and material removal were analyzed. The obtained conclusions are expected to shed light on the effect of liquid temperature on cavitation erosion.

2  Experimental Setup

2.1 Experimental Rig and Instruments

The experimental rig used in the presented study is schematically shown in Fig. 1. The rig conforms to the ASTM G134 standard [16]. Water is pressurized through a plunger pump and then discharged from a nozzle into the water contained in the cylindrical cavitation erosion chamber, which measures 50 mm in length and in diameter as well. The tested specimen is fixed on a supporting frame, which can be adjusted to regulate the standoff distance (s), namely the streamwise distance between the nozzle outlet and the target surface. During the circulation, liquid temperature (T) is controlled through a chiller and a control module. The image of the cavitation erosion chamber is shown in Fig. 1. Waterjet is discharged from the nozzle in the horizontal direction and impacts the specimen surface with a relative orientation angle of 90°. The axes of the nozzle and the specimen are remained collinear. All the pressure and temperature gauges and the volumetric flowmeter were calibrated prior to the experiment. During the experiment, the pressure upstream of the nozzle was set to 20 MPa, and at such pressure, the volumetric flow rate of water was measured to be 75.9 × 10−3 m3/h. Meanwhile, the pressure in the cavitation erosion chamber was set to 0.28 MPa, as was accomplished through regulating the valve connected with the cavitation erosion chamber. In this case, a cavitation number (σ) of 0.014 was acquired [17].
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Figure 1: Schematic of the experimental rig for testing cavitation erosion of Al5083 specimens induced by submerged cavitating waterjet

An OHAUS EX125ZH electronic analytical balance with an accuracy of 0.01 mg was used to measure the mass of the specimens before and after cavitation treatment. A Nikon SMZ25 stereomicroscope, an FEI Nova Nano 450 field emission scanning electron microscope, an LEXT OLS 4100 laser scanning microscope were used to observe and describe the surface morphology and structure of the tested specimens. A measurement of Vickers hardness was performed using the FM-ARS900 fully automatic microhardness tester. During the experiment, the specimens were taken out at different cavitation treatment time from the cavitation erosion chamber for mass measurement and surface observation.

2.2 Preparation of Al5083 Specimens

The Al5083 bars were cut using the line-wire cutting machine. Then, the products were processed using the computer numerical control (CNC) machine. The obtained specimens were polished sequentially with SiC papers of 800# to 3000#, followed by a further polishing with a 1.0 μm diamond spray polishing agent. Subsequently, the specimens were cleaned through ultrasonic waves for 15 min in anhydrous ethanol. Then, the specimens were dried using a blower and weighted with the electronic analytical balance. The chemical composition and main mechanical properties of Al5083 are listed in Tables 1 and 2, respectively.
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2.3 Optimum Standoff Distance

The intensity of cavitation erosion depends on the combinative effect of multiple parameters such as waterjet velocity, impingement angle and standoff distance [18]. Regarding the presented experimental rig, main operating parameters except the standoff distance have been predefined according to the ASTM G134 standard. To determine the optimum standoff distance and examine the operating stability of the experimental rig, A1070 specimens were selected for the preliminary experiment. At T = 20°C and σ = 0.014, five standoff distances ranging from 15.0 to 19.0 mm were selected. The cavitation treatment time was set to 5 min. The cumulative mass loss (∆m) of the specimens is plotted in Fig. 2a against the standoff distance. At s = 16.0 mm, the greatest cumulative mass loss is obtained. At s < 16.0 mm, cavitation bubbles have not grown sufficiently when the waterjet stream impacts the specimen surface. At s > 16.0 mm, some cavitation bubbles have collapsed before they reach the specimen surface. Therefore, s = 16.0 mm was adopted in subsequent experiments.
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Figure 2: (a) Variation of cumulative mass loss of A1070 specimens with standoff distance; (b) Variation of cumulative mass loss rate with cavitation treatment time

At T = 20°C, σ = 0.014, and s = 16.0 mm, the A1070 specimens were treated with cavitating waterjet for 8 min, and the cumulative mass loss was measured with a time interval of 0.5 min. Two rounds of experiment were conducted. The results are diagrammed in Fig. 2b. With increasing cavitation erosion time, the cumulative mass loss increases continuously, and a nearly linear relation is evidenced. The cumulative mass loss rate (ER = ∆m/t) is also plotted in Fig. 2b. The four characteristic stages, namely incubation, acceleration, stabilization and attenuation stages of cavitation erosion, are evidenced with the variation of ER. For the two rounds of experiments, the periods corresponding to each stage are close to each other. Furthermore, the deviation between ∆m or ER between the results obtained with the two rounds of experiments is less than 5%. Based on a comparison of the results of the two rounds of experiments, the high stability of the experimental rig is demonstrated.

3  Results and Discussion

3.1 Mass Loss

The Al5083 specimens were tested at s = 16.0 mm and σ = 0.014. Three liquid temperatures of 30°C, 40°C and 50°C were adopted. The obtained cumulative mass loss is plotted against the cavitation treatment time in Fig. 3. With increasing cavitation treatment time, the cumulative mass loss increases continuously, and such a tendency is insensitive to liquid temperature [19]. Moreover, when the cavitation treatment time is certain, the cumulative mass loss increases with liquid temperature. High liquid temperature is responsible for high saturated vapor pressure, which facilitates the occurrence of cavitation.
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Figure 3: Variations of cumulative mass loss and cumulative mass loss rate of Al5083 specimens with cavitation treatment time at different liquid temperatures

For the cumulative mass loss rate, the difference between the three cases is explicit, as indicated in Fig. 3. At T = 50°C, the acceleration stage of cavitation erosion is terminated at t = 30 min, which is earlier than its counterparts. Then ER decreases rapidly until t = 50 min. Subsequently, ER increases again, as shown in Fig. 3. Similar situation is observed at T = 40°C. In this case, variations of ER exhibit fluctuations at high liquid temperatures. In comparison, at T = 30°C, the time-dependent ∆m and ER are similar to those obtained at room temperature. According to time-dependent ER obtained at T = 30°C, the stabilization stage of cavitation erosion has not yet been reached at t = 60 min. Literally, the cumulative mass loss rate represents the speed of material removal. At T = 30°C, although the material is removed at a relatively low speed, ER increases monotonically with t. In comparison, fluctuations of ER arise at the stabilization stage of cavitation erosion for the cases of T = 40°C and 50°C. It is predictable that high speed of material removal cannot be maintained as the production of cavitation bubbles is promoted.

3.2 Surface Morphology

At each liquid temperature, surface morphology of the specimens treated with cavitating waterjet for 10, 40 and 60 min is illustrated in Fig. 4. According to Fig. 3, t = 10 min is covered in the acceleration stage of cavitation erosion, as is common for the three cases. At this moment, the central part with less severe cavitation erosion is recognizable, as is particularly clear for T = 30°C and 40°C. The erosion ring is still discernible. At t = 40 min, the central part has been eroded, as seen in Fig. 4b,e,h. At such a moment, the overall eroded zone expands relative to those observed at t = 10 min. Furthermore, the profile of the eroded zone deviates from the generally acknowledged circular shape [20]. At t = 60 min, no smooth element is detected in the eroded zone. Some bulges are distributed randomly but assume a large portion of the surface area.
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Figure 4: Overall surface morphology of Al5083 specimens treated for different cavitation treatment time at different liquid temperatures: (a) T = 30°C, t = 10 min; (b) T = 30°C, t = 40 min; (c) T = 30°C, t = 60 min; (d) T = 40°C, t = 10 min; (e) T = 40°C, t = 40 min; (f) T = 40°C, t = 60 min; (g) T = 50°C, t = 10 min; (h) T = 50°C, t = 40 min; (i) T = 50°C, t = 60 min

As cavitation treatment proceeds, the difference of local surface morphology in the whole cavitation erosion zone is intensified, as shown in Fig. 4. In Fig. 4c,f,g, some erosion pits are characterized by large size but are not located near the center of the specimen. In this situation, the distribution of cavitation bubbles in the waterjet stream is non-uniform, so the impact loads acting on the specimen surface are not even. Moreover, cavitation clouds produced with the development of waterjet are intermittent, which enhances the randomness of the loads imposed on the specimen surface [21]. Meanwhile, the physical properties of the target material influence cavitation erosion. For the material Al5083 used in the presented experiment, its elastic modulus and hardness are relatively low (see Table 2). When it is impacted by the loads emitted with the collapse of cavitation bubbles, the generation of irregularly distributed cavitation erosion pits over the specimen surface is reasonable.

At T = 40°C, the distribution of surface heights over the monitored elements was acquired using the laser confocal microscope at t = 10, 40 and 60 min. In consideration of the attainable resolutions, elements are separately monitored in the central and the erosion zones, and typical surface morphology is illustrated in Fig. 5. The morphology presented is representative and was selected based on the results obtained with repeated experiments. At t = 10 min, the central zone is dominated with plastic deformation, while in the cavitation erosion zone, tiny erosion pits are detected. As t increases to 40 min, the central zone protrudes remarkably, as seen in Fig. 5c. In this situation, the plastic deformation is intensified, and the surface elements in the central zone are squeezed by adjacent surface elements. At this moment, the cavitation erosion zone is characterized by material removal in the form of large elements, as shown in Fig. 5d. Moreover, the depth of the large erosion pit shown in Fig. 5d is great, as is judged from the comparison between the colors indicating the surface heights. At t = 60 min, the surface morphology of the central and eroded zones is similar, as shown in Fig. 5e,f. Essentially, for the cavitation erosion zone, the material has shed from the substrate in the pattern of large pieces.
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Figure 5: Local surface morphology of Al5083 specimens treated for different cavitation treatment time at T = 40°C: (a) t = 10 min, central zone; (b) t = 10 min, erosion zone; (c) t = 40 min, central zone; (d) t = 40 min, erosion zone; (e) t = 60 min, central zone; (f) t = 60 min, erosion zone

SEM images of the cavitation erosion zone on the surface of the specimens treated at different liquid temperatures are shown in Fig. 6. At T = 30°C and t = 10 min, cavitation erosion is relatively slight, as indicated in Fig. 6a, and the surface is dominated with plastic deformation and tiny erosion pits. In this case, the surface remains smooth, as is similar to that obtained at room temperature. As cavitation treatment proceeds, as shown in Fig. 6b, the number of large cavitation erosion pits increases, and the surface roughness increases accordingly. Such a pattern of damage differs considerably from that induced by the treatment of ultrasonic cavitation, which exhibits fatigue spalling of the surface layer [22]. Moreover, the size of the erosion pits is not uniform. The erosion pits are further enlarged at t = 60 min, as seen in Fig. 6c. The same tendency is evidenced at T = 40°C. For the case of T = 50°C, the surface has been severely eroded at t = 10 min, and pits and cracks prevail, as shown in Fig. 6g. With increasing cavitation treatment time, large erosion pits resulting from the merging of small erosion pits are produced, and the pit size is much larger than those obtained at T = 30°C and 40°C, as is consistent with the comparison of the cumulative mass loss illustrated in Fig. 3.
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Figure 6: SEM images of surface elements in cavitation erosion zone obtained under different operating conditions: (a) T = 30°C, t = 10 min; (b) T = 30°C, t = 40 min; (c) T = 30°C, t = 60 min; (d) T = 40°C, t = 10 min; (e) T = 40°C, t = 40 min; (f) T = 40°C, t = 60 min; (g) T = 50°C, t = 10 min; (h) T = 50°C, t = 40 min; (i) T = 50°C, t = 60 min

3.3 Cross-Sectional Microhardness

Generally, the strengthening effect is evaluated through the cross-sectional microhardness [23]. At t = 60 min, cross-sectional microhardness measured for the specimens treated at T = 30°C, 40°C and 50°C is plotted in Fig. 7. For the measurement, the specimens were cut apart, and the cross sections perpendicular with the target surface were disclosed. Over the cross sections, the measurement points were deployed in the depth direction, and the first measurement point was positioned at a distance of 10 µm from the target surface. It is demonstrated in Fig. 7 that cavitation treatment stimulates an explicit hardening effect for the Al5083 specimens. Moreover, the maximum microhardness increases with the liquid temperature. The thickness of the hardened layer is about 200 µm. In this context, although T = 30°C corresponds to the lowest overall microhardness, the decline of microhardness in the depth direction is the most moderate.
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Figure 7: Variation of cross-sectional microhardness with liquid temperature after cavitation treatment of 60 min

At T = 50°C, microhardness decreases rapidly as the depth of indentation increases. In this case, material is significantly removed from the target surface, as implies that the surface layer with high microhardness sheds continuously from the substrate, and the surface is thereby replaced with that sealed underneath the target surface. From another perspective, cavitation erosion pits assume the function of absorbing the energy released with the collapse of cavitation bubbles. The effects of the accumulation of the energy lie in two aspects; one is material removal in large pieces, and the other is the development of microhardness in depth direction. Therefore, overall microhardness increases with liquid temperature.

4  Cavitation Erosion Mechanism

Under the waterjet cavitation treatment, different materials exhibit different characteristics of surface structure and mechanical performance, as depends significantly on physical properties of the materials. Moreover, as cavitation treatment proceeds, the accumulation of the energy absorbed by the impacted specimen can incur structural variation or even phase transformation. Therefore, it is difficult to compare the response of different materials to cavitation treatment. The material considered in the presented study is an Al-Mg alloy with a relatively high content of Mg. The addition of Mg leads to an increase in the microhardness. Mg is dissolved in α phase. Such a material is featured by regularly arranged grain boundaries and the absence of dendrite [24]. Generally, the plastic deformation under the impact of the loads released with the collapse of cavitation bubbles is determined by dislocation slip. In comparison, at high environment temperatures, recovery and recrystallization will arise, resulting in the degradation of the compactness of the inner structure. With the accumulation of the absorbed energy in the specimen, the dislocation wall is converted into subgrain boundaries, and dislocation cells are replaced with subgrains, implying that the grains are refined. Therefore, a properly selected combination of operating parameters is beneficial for the improvement of the ability of anti-deformation.

Al-Mn-Fe and Mg-Si intermetallic compounds exist at grain boundaries, as causes high hardness but low plasticity. When the energy received exceeds the elastic limit, stress accumulation occurs at grain boundaries, and the phase containing Mg with relatively low plasticity will shed from the substrate first, as serves as the source of cracks. Moreover, dislocations accumulate in some depth, and the cracks develop in lateral directions. When cavitation treatment proceeds, the cracks with different orientations interact and merge with each other, resulting in material removal in the form of large pieces.

An increase in liquid temperature promotes the generation of cavitation bubbles. However, the collapse of cavitation bubbles is closely related to the bubble size, which is significantly influenced by the liquid temperature. As liquid temperature increases, the collapse of some bubbles with large size may not induce an impact on the target surface [25]. In this situation, the possibility for the motion of cavitation bubbles to deviate from the waterjet stream increases. Furthermore, the characteristics of cavitation are closely related to the development of the waterjet stream. At normal liquid temperature, ring-like cavitation clouds impact the specimen surface, which induces the formation of an erosion ring. However, based on the surface morphology obtained at high liquid temperatures, the erosion ring is not evident, implying that cavitation bubbles prevail over the whole cross section of the waterjet stream. From another perspective, the waterjet stream is disturbed by swarms of cavitation bubbles, and the directionality of bubble motion declines. Essentially, the generation of cavitation clouds is intermittent, so is the collapse of cavitation bubbles near the specimen surface. In this situation, the impact loads acting on the specimen surface are non-uniform and discontinuous. With the proceeding of the cavitation treatment, originally tiny erosion pits expand, and some neighboring pits merge with each other. When the collapse of cavitation bubbles occurs inside relatively large erosion pits, the implosion effect can damage the inner wall of the pits, and so these pits are enlarged further.

5  Concluding Remarks

(1) The liquid temperature imposes a significant effect on cavitation erosion of Al5083 specimens. When liquid temperature increases from 30°C to 50°C, the cumulative mass loss increases monotonically.

(2) The profile of the cavitation erosion zone is irregular. An ablation-like pattern is demonstrated when the specimen is impacted by cavitating waterjet of high temperatures. Increasing liquid temperature promotes the generation of cavitation bubbles, and the randomness of the distribution of cavitation bubbles is intensified as well.

(3) At a liquid temperature of 30°C, and at the initial stage of cavitation erosion, plastic deformation and tiny erosion pits are predominant. At a liquid temperature of 50°C, severe cavitation erosion occurs as the specimen is treated for 10 min. As the cavitation treatment extends, the surface is possessed by erosion pits of various sizes, and large erosion pits are produced.

(4) Overall cross-sectional microhardness increases with liquid temperature. The maximum microhardness is close to the target surface. At a liquid temperature of 50°C, the thickness of the hardened layer is the smallest, but the maximum microhardness is the highest among the three cases. Due to material removal, the surface layer with high microhardness continuously sheds from the substrate.

In engineering applications, cavitation erosion is much more complex than that observed in laboratory. Regarding the mechanical components exposed to the cavitation nurtured in a liquid of high temperature, flow velocity near the components should be lowered, and the application of materials of high hardness or surface coating for resisting cavitation erosion is advised. Since diverse materials and operating conditions are used in practical engineering, a more extensive study on the response of materials to cavitation treatment is expected.
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Table 1: Chemical composition of A15083
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Table 2: Mechanical properties of A15083

Parameters Value
Ultimate tensile strength (MPa) 320
Yield strength (MPa) 240
Elastic modulus (GPa) 69.9
Microhardness (HV) 90~95
Elongation (%) 16.6
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