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Abstract

:

Microstructural and cavitation erosion testing was carried out on Cu-12.8Al-4.1Ni (wt. %) shape memory alloy (SMA) samples produced by continuous casting followed by heat treatment consisting of solution annealing at 885 °C for 60 min and, later, water quenching. Cavitation resistance testing was applied using a standard ultrasonic vibratory cavitation set up with stationary specimen. Surface changes during the cavitation were monitored by metallographic analysis using an optical microscope (OM), atomic force microscope (AFM), and scanning electron microscope (SEM) as well as by weight measurements. The results revealed a martensite microstructure after both casting and quenching. Microhardness value was higher after water quenching than in the as-cast state. After 420 min of cavitation exposure, a negligible mass loss was noticed for both samples. Based on the obtained results, both samples showed excellent cavitation resistance. Mass loss and morphological analysis of the formed pits indicated better cavitation resistance for the as-cast state (L).
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1. Introduction


Among the variety of advanced materials with exceptional properties and applications, shape memory alloys (SMAs) have a unique ability to return to previously defined shapes or sizes if subjected to the relevant thermal treatment. The memory effect can be reached only in the presence of specific phase transformation, reversible austenite to the martensite phase. The conditions necessary for such phase transformation include mechanical (loading) or thermal (cooling and heating) methods.



Based on the literature, there are several basic types of SMAs, such as Ni-Ti (nitinol), Cu-based, and Fe-based alloys [1,2]. All of the above types have advantages and disadvantages, while economical aspects such as the price can be very important for material selection and application. Precisely, the economic effect (low price) is the main advantage of Cu-based SMAs compared with other SMAs. Namely, these alloys (Cu-Al-Ni alloys) can be applied in various industrial fields, especially when high transformation temperatures are required (near 200 °C), thanks to their high thermal stability and high transformation temperatures.



The selection for application of this group of alloys is affected by their characteristics such as high transformation temperatures (high thermal stability at elevated temperatures, above 200 °C); high corrosion resistance; high resistance to degradation of functional properties during aging processes; and, last but not least, the reasonable cost. Some of the usual applications include the different types of engineering sectors, such as automotive, aerospace, medical and biomedical, and construction [3,4,5].



Processing routes for the synthesis of Cu-Al-Ni shape memory alloys can be as follows:




	
Casting route (conventional casting route with and without quaternary addition);



	
Powder metallurgy route (mechanical alloying followed by sintering process, mechanical alloying followed by hot pressing and extrusion process, mechanical alloying of pre-alloyed powders followed by hot isostatic pressing, mechanical alloying of elemental and pre-alloyed powders followed by sintering and hot rolling);



	
Rapid solidification processing route;



	
Spray casting route.








In recent years, the continuous casting technique has been one of the most used technologies for the production of SMAs. This method is commonly used thanks to the special competitive growth mechanism of crystal and formation of cast products, which allowed to produce a favorable texture [6,7,8]. Functional properties strongly depend on microstructural changes of SMAs.



Different types of martensite plates (β′1, γ′1) and phases can occur, depending on the chemical composition, production technology, heat treatment, and stress conditions of Cu-Al-Ni shape memory alloys [8,9,10].



Cavitation presents a complex phenomenon of formation, growth, and condensation of bubbles in fluid flow. When those formed bubbles are transported by fluid flow in the region of pressure higher than the evaporation pressure, they disappear very fast. Cavitation begins even in the presence of positive pressures that is equal or close to the pressure of saturated vapor of the fluid at a given temperature. Extremely large pulses of stress are generated during the collapse of the bubbles, and the rapid repetition of the stress on nearby materials causes severe erosion [11]. The shock waves and micro jets can erode the surfaces of materials under vaporous cavitation conditions. This phenomenon is additionally referred to as cavitation erosion, vaporous cavitation, cavitation pitting, cavitation fatigue, and liquid impact erosion. The result of cavitation is fatigue wear, while cavitation resistance is the ability of a material to confront the degradation caused by cavitation.



Cavitation phenomena were studied in many papers and well described for the materials regarding many applications [12,13,14]. Cavitation damage test is usually used for metallic materials [15,16,17,18] and coatings [17,18,19], with great interest on material properties’ influence [20] such as cobalt alloys [21], WC-12Co coatings [22], and Monel K-500 alloy [19]. Among shape memory alloys, the cavitation erosion was tested primarily for nitinol alloy [23,24,25] and Fe-based shape memory alloy [26], while for CuAlNi alloy, references were not observed. Moreover, non-metallic materials were investigated for the cavitation resistance behavior, such as ceramics [27,28,29,30] and polymer materials [31,32,33].



Based on the lack of literature data related to the cavitation behavior/degradation of Cu-Al-Ni SMAs, this paper represents the attempt to investigate the cavitation behavior of Cu-Al-Ni SMAs exposed to cavitation.




2. Experimental


2.1. Synthesis


The polycrystalline Cu-12.8Al-4.1Ni (wt.%) shape memory alloy was prepared from pure raw materials of copper, aluminum, and nickel in a vacuum induction furnace. The heating temperature was 1240 °C. A solid bar of 8 mm was produced directly from the melt by means of a device for the vertical continuous casting connected with a vacuum induction furnace. Continuous casting of the bar was carried out with a speed of 320 mm/min (as-cast state, sample L). After the casting, the heat treatment procedure was performed by the solution annealing at 885 °C for 60 min followed by water quenching (quenched state, sample K-2).




2.2. Cavitation Test


Cavitation erosion test was performed using the ultrasonic vibration method (with stationary sample), according to ASTM G32 standard [32]. The experimental set-up is described in detail in previous papers [18,20,30,31]. The gap between the surface of the samples and the transformer probe was 0.5 mm. The test was carried out with distilled water as the medium of room temperature to avoid corrosion effects. Samples’ dimensions were diameter of 8 mm and height of 6 mm. The diameter of the sample was the same as the diameter of the solid bar and the height of the sample was adjusted to the followed AFM testing and performance of the holder of the sample. Three replicate specimens were used for the measurements, while each presented result is the mean value of the obtained results.




2.3. Methods for Monitoring the Cavitation Testing


2.3.1. Mass Loss


Mass measurements of the test specimens during the experiment were performed on an analytical balance with an accuracy of ±0.1 mg. Before being weighted, the test specimens were dried in a dryer at 110 °C for an hour.




2.3.2. Optical Microscopy


The surface of specimens was tested by trinocular metallurgical microscope (EUME, EU Instruments, Gramma Libero, Belgrade) using different magnitudes to analyze the effect of the surface erosion.




2.3.3. SEM


Microstructural characterization was performed on prepared metallographic samples. Samples were abraded by different grid emery papers (400–1200); polished in an Al2O3 solution; and etched in a solution containing 2.5 g FeCl3, 10 mL HCl, and 48 mL of methanol.




2.3.4. AFM


The surface morphology was investigated by atomic force microscopy (AFM) with NanoScope 3D (Veeco, Santa Barbara, CA, USA) operated in contact mode under ambient conditions. Silicon Nitride probes with a spring constant of 20–60 N/m were used.




2.3.5. Microhardness


Measurement of microhardness of samples before and after heat treatment was performed using the Vickers method (HV10).






3. Results and Discussion


Figure 1 shows optical micrographs of the CuAlNi alloy after both continuous casting and quenching. Solution annealing (followed by quenching in water) as a heat treatment procedure in Cu-based shape memory alloys must be performed in order to achieve order in the alloy’s structure, stabilization of the phase transformation temperatures, as well as a fully martensitic microstructure. The grain size of solidified alloys was determined by the amount of undercooling prior to crystallization. In Figure 1, grain boundaries are clearly visualized before and after heat treatment. The results showed that the size of grains increases after solution annealing and quenching in water. As can be seen, the micrographs of specimens (Figure 1) show the typical martensite microstructure. The continuous casting at a cooling rate of 320 mm/min was satisfied with the formation of martensite microstructure. Martensite laths have different orientations into particular grains. It can be explained by the nucleation of groups of martensite plates in numerous places within the grain and the creation of local strain within the grain [33,34].



Martensite microstructure obtained by OM was confirmed by SEM micrographs (Figure 2). This microstructure is the result of the beta-phase of CuAlNi alloys transforming into a martensite phase by cooling below the Ms-temperature. Martensite appears primarily as needle-like martensite. This microstructure consists of self-accommodating needle-like shape martensite in as-cast state and after heat treatment, which is characteristic for the β′1 martensite in the CuAlNi alloy [33].



Average values of microhardness testing showed that, after quenching in water, microhardness is higher (480 HV10) than that in the as-cast state (344 HV10). Based on the obtained results for the mass loss (Figure 3), the sample after quenching exhibits higher values in comparison with the as-cast state. However, it is important to mention that both samples exhibited excellent resistance to cavitation erosion. After 420 min of exposure to cavitation testing, the mass loss was 0.0014 g for the specimen in a quenched state (Figure 3), while the mass loss was 0.0004 g for the sample after casting.



Cavitation erosion is a phenomenon that includes not only properties of liquid, but also the properties of material, for example, hardness, microstructure, grain size of material, and so on. It is known [20] that the material with a homogeneous and fine-grained structure has the highest cavitation erosion resistance, good mechanical properties, and high corrosion resistance. In the literature, there is no information about cavitation resistance testing of CuAlNi shape memory alloys. It was found that the average grain size of samples in as-cast condition was about 150 μm (Figure 1a and Figure 2a), while after quenching, the average grain size was several times higher, up to about 1 mm (Figure 1b and Figure 2b). The finer grain size after continuous casting of CuAlNi alloy resulted in better resistance to cavitation erosion than the sample in heat treated state (Figure 3). Moreover, it was observed that the CuAlNi alloy in as-cast condition is softer (344 HV10) than after quenching (480 HV10), which suggested that resistance to cavitation erosion is better after quenching than that in the as-casted state. This is in contrast to the behaviour of other materials, which show that higher hardness of the materials gives better resistance to cavitation erosion [20]. This area definitely requires further investigation.



In addition to grain size and hardness, resistance to cavitation erosion is related to the microstructure in as-casted and heat treated condition. It is known that CuAlNi shape memory alloys undergo a single transformation (β→β1′ or β→γ1′) or a mixed transformation (β→β1′ + γ1′), which depends on the alloy’s chemical composition [35]. The previous works [36] confirmed that, after heat treatment in CuAlNi microstructure, along with β1′ martensite, γ1′ martensite also appears, while in the casted state, only β1′ martensite exists. This indicates that the different types of martensite affect alloys’ cavitation erosion resistance. The difference in the obtained microstructures before and after heat treatment can be explained by possible changes in martensite morphology. Thus, the mixed martensite microstructure (β1′ + γ1′) has better resistance to cavitation erosion than the single martensite β1′ microstructure. Self-accommodating zig-zag β1′ martensite benefits to alloys in terms of lower cavitation resistance, while the presence of γ1′ martensite benefits to alloys in terms of better cavitation resistance. This is confirmed by cavitation erosion tests (Figure 3) showing that mass loss of CuAlNi alloy after quenching was lower than for as-cast state. It can be assumed that appearance of γ1′ martensite during cooling has an effect on deformation processes of the CuAlNi alloy. This effect makes this alloy capable of obtaining bigger elastic deformations than for the as-casted condition, in this way delaying the plastic deformation process and fracture, and the consequent weight loss occurs [37]. J. Peña et al. observed that the critical stress for inducing martensite and the capacity of energy absorption related to the different deformation modes are the important parameters to justify the wear resistance of CuZnAl shape memory alloy.



Figure 4 shows the micrographs of microstructure in both as-cast and quenched states, before and after 420 min of exposure to cavitation testing obtained by an optical microscope. According to those results, changes in microstructure are small and, for better detection, need larger magnification.



In Figure 4, the microstructure of the as cast sample (L) after 420 min of cavitation resistance testing is given. The first part of figure was taken by optical microscope, and some parts with pits are observed. Marked typical areas with pits are also given as SEM microphotographs. This marked area is taken for better visibility of the formed pits and is presented separately in Figure 5. The same approach was performed for the sample after heat treatment (K2), and is presented in Figure 4.



Figure 5a and Figure 6a present SEM micrographs of the sample after 420 min of exposure to cavitation. In Figure 5b and Figure 6b, the damaged area is colored for further image analysis in order to perform the analysis of morphological parameters, which describes the formed pits. The results are given in Table 1.



These results are consistent with the results of mass loss (Figure 3). It has to be taken into account that the obtained results for both samples suggested very good cavitation resistance; however, there are differences in samples’ behavior. Moreover, the formation of the typical cavitation ring was detected on the sample after heat treatment (K2), unlike on the sample in the as-cast state (L), which also indicates better cavitation resistance of the sample in the as-cast state (L).



Based on the obtained results for morphological analysis and parameters listed in Table 1, differences between the formed pits after 420 min can be observed. The results for the sample as cast (L) suggested better resistance to the cavitation erosion testing. Average values for observed parameters, such as average values for area, diameter, and perimeter of the formed pits, are smaller compared with values for the heat-treated state.



SEM micrographs of the investigated samples are given in Figure 7, while Table 2 and Table 3 provide the results of EDS analysis.



According to Figure 4, Figure 5 and Figure 6, where microstructures with different magnifications are presented, it can be concluded that both samples exhibited very good cavitation resistance. However, some differences between the samples were observed in OM and SEM images, indicating that the samples in the as-cast state exhibited better resistance to cavitation.



An additional test for the surface damage determination was conducted using an atomic force microscope (AFM). Typical two-dimensional (2D) images of the sample in the as-cast state and after cavitation testing are presented in Figure 8.



The AFM images of the quenched sample before and after cavitation testing for 420 min are shown in Figure 9. Before cavitation testing, the sample after quenching exhibited roughness of 13.11 nm, but after 420 min exposure to cavitation testing, roughness increased to 66.84 nm.



The results for surface roughness are listed in Table 4.



This method allows comparing these two samples, and the results for surface roughness pointed out the difference in their microstructure. Although both samples exhibited negligible mass loss difference during cavitation testing, according to the mass loss (Table 3), better cavitation resistance was observed for the sample in the as-cast state (L). Further analysis of morphological parameters given in Table 1 showed that all parameters that describe formed pits have grater values for the heat-treated state using quenching (K2), such as diameter, radius, and perimeter average area. Roughness measurements presented at Table 4 accompanied by the results of AFM (Figure 8) and previous results (mass loss, morphological parameters) before heat treatment showed better cavitation resistance for the sample in the as-cast state (L). For samples after 420 min of cavitation testing, roughness was lower for the heat-treated state. The influence of heat treatment on cavitation behavior of the samples can be related to different grain size, as it was about 150 μm in the as-cast sample (Figure 1a and Figure 2a), while after quenching, the average grain size was several times higher, up to about 1 mm (Figure 1b and Figure 2b). It is well known that grain size has a great influence on mechanical properties, as well as hardness, which can also be related to the cavitation resistance. The hardness values that were higher for the as-cast state confirmed this explanation for the behavior of the samples.



Before cavitation testing, the sample after quenching exhibited a similar value of surface roughness to the sample after casting.



However, after 420 min exposure to cavitation testing, better behavior was observed for the quenched sample (surface roughness of 66.846 nm) compared with the sample after casting (surface roughness of 84.185 nm).



The results of AFM monitoring presented in Table 4 and Figure 8 and Figure 9 confirmed the excellent behavior of the samples during cavitation erosion testing. Differences in roughness were observed in samples before testing, as a higher value of roughness was observed for the heat-treated (quenched) state. After cavitation testing, roughness changed in a way such that the heat-treated sample showed lower roughness values, indicating better cavitation resistance.



The results of morphological analysis and surface roughness, which suggested better cavitation resistance for the as-cast state (L), can be correlated to the smaller grain size and better hardness of the sample.



The difference in the obtained microstructures before and after heat treatment can be explained by possible changes in martensite morphology. It is well known that functional properties of shape memory alloys depend on diffusionless martensite transformation between high temperature β-phase and low temperature martensite phase [35]. The previous work confirmed that, after heat treatment in CuAlNi shape memory alloy, along with β1′ martensite, γ1′ martensite also appears in the microstructure. CuAlNi shape memory alloys undergo a single transformation (β→β1′ or β→γ1′) or a mixed transformation (β→β1′ + γ1′), which depends on alloys’ chemical composition [36]. It can be concluded that the morphology of different types of martensite affects alloys’ cavitation erosion resistance. Self-accommodating zig-zag β1′ martensite provides benefits to alloys in terms of lower cavitation resistance, while the presence of γ1′ martensite provides benefits to alloys in terms of better cavitation resistance.



The obtained results for cavitation erosion can be related to other investigated materials. Compared with ceramic materials [27,29,30,38], it is usual that cavitation exposure time does not exceed 240 min. However, for this time of exposure, the damage level was significantly higher, with more and larger pits created. A similar situation can be observed when metallic materials [39] or coatings were investigated [18,40]. For samples based on carbon steel [39], the exposure time was also 240 min, as for coatings based on nickel and Cr3Si Film [18,40], where the exposure time was 240 and 180 min. For these lower exposure intervals, samples had a higher level of degradation, as well as with the greater number and area of formed pits compared with the results obtained for the investigated samples (for as-cast state (L) and heat-treated (K2)). This comparison suggests that of the SMA materials, the polycrystalline Cu-12.8Al-4.1Ni (wt.%) shape memory alloy exhibited excellent cavitation resistance.




4. Conclusions


Examination of the microstructure of Cu-12.8Al-4.1Ni (wt. %) shape memory alloy reveals martensite microstructure after casting and heat treatment (quenching in water). The grain size of samples is higher after solution annealing and quenching in water than in the as-cast state. Martensite appears primarily as needle-like martensite. This microstructure consists of self-accommodating needle-like shape β′1 martensite in as-cast state and after heat treatment. Measurements of microhardness showed that, after quenching in water, hardness was higher (480 HV10) than that in the as-cast state (344 HV10). Samples in as-cast and quenched state were investigated in order to measure the cavitation erosion behavior. After an exposure time of 420 min to cavitation erosion testing, very low values of mass loss were measured for both samples (as-cast and quenching state). Based on the obtained results, both samples showed excellent cavitation erosion resistance. Mass loss and morphological analysis of the formed pits pointed out differences between the samples and, based on the obtained results, better cavitation resistance was observed for the as-cast state (L).
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Figure 1. Optical micrographs of CuAlNi shape memory alloy in the as-cast state (a) and after solution annealing at 885 °C/60 min H2O (b). 
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[image: Metals 11 00997 g001]







[image: Metals 11 00997 g002 550] 





Figure 2. SEM micrographs of CuAlNi shape memory alloy in the as-cast state (a) and after solution annealing at 885 °C/60 min H2O (b). 
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Figure 3. Mass loss during cavitation testing of specimens in the different states, as-cast (L) and quenched (K2), at 885 °C/60 min H2O. 
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Figure 4. Micrographs of samples before and after 420 min of cavitation exposure. 
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Figure 5. SEM of the as-cast state sample (L) after 420 min of cavitation exposure (the scale bar: 100 µm). 
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Figure 6. SEM of the sample after quenching and 420 min of cavitation exposure (K2) (the scale bar: 100 µm). 
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Figure 7. SEM for EDS of the sample after (a) 420 min of cavitation exposure of as-cast state (L) and (b) quenching and 420 min of cavitation exposure (K2). 
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Figure 8. 2D AFM images of the sample in the as-cast state (a) before (50 × 150 × 0.5 μm3) and (b) after (50 × 50 × 6 μm3) cavitation testing for 420 min. 
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Figure 9. 2D AFM images of the sample after quenching: (a) before (50 × 50 × 0.25 μm3) and (b) after (50 × 50 × 3 μm3) cavitation testing for 420 min. 
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Table 1. Analysis of morphological parameters for the samples after exposure to cavitation testing (420 min).
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Parameter

	
As-Cast State (L)

	
Heat-Treated (Quenched) State (K2)




	
Average Values






	
Area, µm

	
1.235312

	
36.13774




	
Diameter (max), µm

	
1.334329

	
9.553893




	
Diameter (min), µm

	
0.773391

	
3.257734




	
Diameter (mean), µm

	
1.051157

	
6.288539




	
Radius (min), µm

	
0.337882

	
0.724588




	
Perimeter, µm

	
1.858238

	
34.40823




	
Perimeter 2, µm

	
2.086906

	
47.0361




	
Fractal dimension

	
0.009532

	
1.25286




	
Perimeter 3, µm

	
2.147028

	
38.70619
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Table 2. EDS analysis of as-cast state (L).
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Result Type

	
Weight %




	
Spectrum Label

	
Spectrum 1

	
Spectrum 2

	
Spectrum 3

	
Spectrum 4






	
L

	
12.55

	
12.41

	
12.93

	
12.9




	
Ni

	
4.73

	
5.65

	
4.8

	
4.62




	
Cu

	
82.72

	
81.94

	
82.26

	
82.48




	
Total

	
100

	
100

	
100

	
100




	
Statistics

	
Al

	
Ni

	
Cu




	
Max

	
12.93

	
5.65

	
82.72




	
Min

	
12.41

	
4.62

	
81.94




	
Average

	
12.7

	
4.95

	
82.35




	
Standard deviation

	
0.26

	
0.47

	
0.33
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Table 3. EDS analysis after quenching (K2).
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Result Type

	
Weight %

	
Weight %




	
Spectrum Label

	
Spectrum 5

	
Spectrum 6






	
Al

	
12.38

	
12.88




	
Ni

	
5.38

	
4.38




	
Cu

	
82.24

	
82.74




	
Total

	
100

	
100




	
Statistics

	
Al

	
Ni

	
Cu




	
Max

	
12.88

	
5.38

	
82.74




	
Min

	
12.38

	
4.38

	
82.24




	
Average

	
12.63

	
4.88

	
82.49




	
Standard deviation

	
0.35

	
0.71

	
0.35
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Table 4. Values of surface roughness of the samples in the different state and at different times of exposure to cavitation testing.
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	State of Specimens
	Surface Roughness (nm) at Time of Exposure of 0 min
	Surface Roughness (nm) at Time of Exposure of 420 min





	As-cast state
	9.33
	84.185



	Heat-treated (quenched) state
	13.11
	66.846
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