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Abstract

Magnesium-based alloys remain poorly researched, particularly regarding their behavior
and resistance under hydrodynamic loading conditions. Interest in these materials is driven
by their low density, lower even than that of aluminum alloys, and their excellent pressure
die-casting capability, leading to manufacturing components with high geometric accuracy
and structural homogeneity. Due to their biodegradability and biocompatibility, recent
research has focused on using them in reconstructive surgery devices, similar to Zn-Mg
alloys. As the blood circulatory system can, at certain stages, be considered similar to a
hydraulic system, it is subjected to hydrodynamic flow regimes, including cavitation ero-
sion. In this context, the current research, conducted on the AM50 magnesium-based alloy,
provides new insights into its behavior and structural resistance exposed to shock waves
and microjets generated by cavitation. Cavitation tests were performed using a standard 20
kHz vibratory device on three material conditions: one semi-finished (initial) state and two
aged, heat-treated states at 200 °C for 12 and 24 h. Analyses of the characteristic erosion
curves, cavitation resistance parameters, and macro- and microstructural examinations
of the eroded surfaces revealed that, compared with the semi-finished condition, the ap-
plied heat-treatment regimes increased the HVs hardness by 6.8-17% and the cavitation
resistance by 27-61%.

Keywords: cavitation erosion; magnesium alloy; structural state; mass loss; erosion rate;
resistance to cavitation; artificial aging heat treatment; microstructure; hardness
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1. Introduction

The growing interest of the scientific community in magnesium alloys is closely related
to their increasing use, alongside zinc, titanium, and aluminum-based alloys, polymers,
composites, and ceramic materials, in medical devices intended for reconstructive surgery
applications [1-7]. Important advances have already been achieved in understanding the
cavitation behavior and resistance of titanium and zinc-based alloys [8-17]. Research con-
cerning the mechanical behavior and cavitation resistance of magnesium-based alloys is still
relatively recent and limited [18-23]. Titanium alloys have been extensively investigated
because of their widespread use in orthopedic implants and cardiovascular devices [24-26].
Regarding zinc alloys, the literature reports significant findings on the cavitation erosion
resistance of pure Zn [13,22,27-32], ZnMg alloys [11,14,31,33], ZnCuMg alloys [13,15,34],
Az31B alloys [16,19,35,36], Az31Mg alloys [18,19], and AlMg; alloys [20,21] evaluated in
various structural states. Most studies considered either the initial condition (semi-finished
state) or states obtained after different bulk heat-treatment regimes involving various tem-
peratures and holding times. Because heat treatments modify the mechanical properties of
these alloys (including hardness, tensile strength, yield strength, toughness, and elongation
at fracture) and the size and distribution of the solid-solution grains and brittle intermetallic
compounds, important differences in cavitation behavior and erosion resistance have been
observed. These evaluations are generally based on characteristic cavitation parameters
(such as mass loss, mean erosion depth, erosion rate, and cavitation resistance) and the mor-
phology and dimensions of the microcavities formed by the impact with cavitation shock
waves and microjets. Thus, the studies performed on pure zinc subjected to heat treatments
at 300 °C and 400 °C, each with holding times of 5 and 10 h [15,28], demonstrated that
the optimum cavitation resistance was achieved after treatment at 300 °C for 5 h. Studies
conducted on ZnMg [11,14,31] and ZnCu [13,15,28] alloys, also subjected to heat-treatment
regimes at 300 °C and 400 °C with two holding times (of 5 and 10 h) for each alloy, showed
that the optimum resistance to cavitation erosion was achieved after heat treatment at 300
°C for 10 h in the case of the ZnMg alloy and at 400 °C for 10 h for the ZnCu alloy. Research
conducted on ZnCuMg alloys [28], subjected to heat-treatment regimes at 300 °C and 350
°C with holding times of 5 and 10 h, demonstrated that the optimum resistance to cavitation
erosion was achieved after heat treatment at 350 °C for 5 h. Krella [18] reported that, in
pure magnesium and its alloys, the primary damage mechanisms under cavitation loading
are deformation twinning and ductile fracture. The author also observed that surface
hardness increased by approximately 89% after cavitation testing due to twinning and the
formation of an MgO layer, which additionally contributed to crack closure. In another
study, Krella [20] investigated the influence of cavitation intensity on the cavitation erosion
behavior of the AIMg; alloy and found that intermetallic precipitates accelerate erosion,
while a linear relationship exists between cavitation intensity and mean penetration depth.
Vibratory cavitation tests performed by Ye et al. [19] on the AZ31B alloy, using water and
kerosene as testing media, demonstrated that ultrasonic amplitude, stand-off distance,
and exposure time strongly influence the Vickers hardness of the surface. Their results
showed that cavitation testing in water increased surface hardness by 1.5-3 times compared
with the initial state and by 23.77-48.19% compared with testing in kerosene. Sleiman
et al. [16] investigated the ultrasonic dissolution behavior of pure Mg and the AZ31B
alloy and reported lower dissolution rates for the alloy compared with pure magnesium.
Jasionowski et al. [21], evaluating the cavitation erosion resistance of the MgAl,Si alloy
using three different testing facilities (vibratory apparatus, hydrodynamic tunnel, and
liquid-jet device), demonstrated that the degree of material degradation strongly depends
on cavitation intensity generated by each testing facility.
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Despite these advances, research concerning cavitation behavior, degradation mech-
anisms, and erosion resistance of magnesium alloys intended for reconstructive surgery
devices, particularly for cardiovascular applications, where blood-flow hydrodynamics
may locally generate cavitation phenomena, remains insufficiently explored. The purpose
of our research is to evaluate the cavitation resistance of magnesium alloy AM50 in three dif-
ferent conditions: semi-finished state and after two artificial aging heat-treatment regimes.
The results presented in the current research are timely and were obtained in full com-
pliance with the requirements of the ASTM G32-2016 [37] standard for cavitation erosion
testing. Nevertheless, the combined effects of cavitation and corrosion in physiologically
relevant environments remain an important topic for future investigation.

2. Researched Material (AM50 Alloy) and Applied Heat-Treatment
Regimes

The researched material was the pressure die-cast AM50 magnesium alloy, examined in
three different structural states: the initial (semi-finished state) condition and two artificially
aged states. The artificial aging heat treatments were performed at 200 °C with holding
times of 12 and 24 h. After both heat treatment regimes, air cooling was applied. The
heat treatments were chosen in order to evidence the possibility of increasing the hardness
of the materials and finally the cavitation erosion resistance, knowing the phenomena of
precipitation solution hardening.

The chemical composition of the investigated alloy (Table 1) was determined on speci-
mens extracted from the semi-finished state in the specialized laboratory of the Politehnica
University of Timisoara [38]. The mechanical properties, also determined in the Mate-
rials Strength Laboratory of the same university [38], were ultimate tensile strength at
Rm =236.9 MPa, yield strength at Rpo, = 122.8 MPa, and elongation at fracture =14.5%.

Table 1. Chemical composition of the researched Mg alloy (values expressed in wt.%).

Material

Al

Zn Fe Ni Cu Si Be Mg Other

AMS50

470

0.13 0.002 0.001 0.004 0.03 0.0014 94.77 0.005

For clarity in presenting the experimental results, discussions, and analyses, the
following notations are used for the investigated structural states:

e SF—Semi-finished state;

e 200/12 h—Structural state obtained after artificial aging heat treatment at 200 °C with
a holding time of 12 h;

e 200/24 h—Structural state obtained after artificial aging heat treatment at 200 °C with
a holding time of 24 h.

Figure 1 presents the microstructural images and energy-dispersive X-ray (EDX)
spectrum, and Figure 2 presents the X-ray diffraction (XRD) pattern of the investigated
surfaces before cavitation exposure, which is identical for all three structural states. The
metallographic images were obtained using an OLYMPUS metallographic microscope
(Olympus Corporation, Hamburg, Germany) equipped with image processing software at
the Physical Metallurgy laboratory at the National University of Science and Technology
Politehnica Bucharest. XRD analyses for phase identification were carried out using a
PANalytical X'Pert diffractometer (Malvern Panalytical Ltd., Malvern, UK) with Cu Ko
radiation (A = 1.5406 A). Measurements were performed in the 26 range between 20° to 80°,
using a step size of 0.03° and an integration time of 1 s/step. The tube voltage and current
were 45 kV and 30 mA.
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Figure 1. Microstructural images (6% nital attack) and energy-dispersive X-ray (EDX) spectrum of the
surfaces structures before cavitation exposure: (a) the microstructural image of the SF state; (b) the
EDAX image of the SF state of the 3 phase; (c) the microstructural image of the 200/12 h state of the
f phase; (d) the EDAX image of the 200/12 h state; (e) the microstructural image of the 250/24 h
state; (f) the EDAX image of the 200/24 h state of the 3 phase.

EDX spectrum allows us to determine the local chemical composition of the 3 phase
from the alloy AM50 in different conditions. So, the SF state of the 3 phase contains 61%Mg,
10%Mn, and 29%Al. In the heat-treated state (either in 200/12 or 200/24), the 3 phase’s Mg
content decreases to 51-52%, and Mn increases to 11%; the rest is Al
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Figure 2. The XRD patterns of the surface structures before cavitation exposure.

The XRD analysis confirmed the presence of the «(Mg), 3(Mg17Al;2), and AlgMns
phases in the investigated alloy. Since the volume fraction of the secondary phases was be-
low 3%, a quantitative phase assessment was not considered reliable and was therefore not
undertaken. The focus of the present work is the evaluation of cavitation behavior and ero-
sion resistance in different structural states of the AMS50 alloy rather than a comprehensive
quantitative phase characterization by EDS.

Analyses of the XRD pattern revealed the predominant presence of the «(Mg) phase,
characterized by a hexagonal close-packed (hcp) structure corresponding to the solid solu-
tion of aluminum in magnesium. In addition to the major phase, low-intensity diffraction
peaks associated with the intermetallic 3(Mg;7Al;;) phase, having a cubic structure typical
of Mg-Al systems, were also identified. The relatively low intensity of these peaks suggests
a small volume fraction of the 3 phase, consistent with the relatively low aluminum content
of the alloy (~4%). The formation of this intermetallic phase is characteristic of Mg—Al
alloys solidified under near-equilibrium conditions, where local aluminum enrichment
promotes the precipitation of Mg;7Al;», typically along grain boundaries. Diffraction peaks
corresponding to the brittle AlgMns intermetallic compound were also observed.

Although the XRD patterns are identical, significant microstructural differences exist
among the investigated states (conditions).

These include changes in crystallite size, internal stress level, preferential orientation,
and the distribution of 3(Mgj7Alj>) and AlgMn;s intermetallic phases. The 200/12 h state
exhibits a more refined microstructure and a higher density of crystalline defects, whereas
the 200/24 h state is characterized by higher crystallinity and improved structural stability.

Previous research on aluminum alloys [20,21,39-41] and zinc alloys [11,28,42] demon-
strated that heat treatments generally reduce both the size and number of brittle inter-
metallic compounds, as well as the grain size of the solid-solution matrix. Measurements
performed in the present study indicate a slight reduction in intermetallic phase dimen-
sions compared with the semi-finished (SF) state, depending on the applied heat-treatment
regime. In the SF state, the intermetallic particles ranged from 5 to 50 pm, while in the
200/12 h and 200/24 h states, their size decreased to 5-30 pm and 5-25 pum, respectively.
The dimensions of the particles were measured by optical metallography, and they are
confirmed by SEM analysis. According to the studies of Hobbs [43], Garcia [44], and
Hammitt [45], as well as investigations conducted in the Cavitation Erosion Research
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Laboratory of the Politehnica University of Timisoara on aluminum [1,2,9,10,33] and zinc
alloys [11,13-15,28], hardness is the mechanical property with the greatest influence on
cavitation erosion resistance. Since the AM50 alloy is characterized by high toughness [38],
surface hardness becomes the key parameter governing resistance to the cyclic loading
induced by shock waves and microjets generated during cavitation bubble collapse [44—47].
Therefore, Table 2 also includes hardness values, representing the average of eight measure-
ments performed with a Zwick 3212 Hardness Tester (ZwickRoell Group, Ulm, Germany)
on one of the specimens used during cavitation testing.

Table 2. Surface hardness values.

State SF 200/12 h 200/24 h
HVS5 Hardness 58 +3 62+ 2 68 + 2

Compared with the semi-finished state, the effect of heat treatment on the microstruc-
ture is evident from both the micrographs and the XRD patterns shown in Figure 1. The
applied heat-treatment regimes led to a reduction in the size of brittle AlgMns intermetallic
compounds and refinement of the x(Mg) and 3(Mgj7Al;;) grains.

From Table 2, it can be observed that the highest hardness value was recorded for the
200/24 h structural state, representing an increase of approximately 17% compared with
the SF state and about 9.7% compared with the 200/12 h state.

As will be demonstrated by the characteristic curves and the macro- and microscopic
images, all these effects significantly influence both the cavitation behavior and the re-
sistance of the surface microstructure to the shock waves and microjets generated by the
hydrodynamic mechanism of vibratory cavitation.

3. Experimental Setup and Experimental Results

To evaluate cavitation behavior and erosion resistance, a piezoceramic vibratory device
available at the Cavitation Erosion Research Laboratory [48] of the Politehnica University
of Timisoara was used (Figure 3). The testing equipment meets the requirements imposed
by the international ASTM G32-2016 standard [37]: vibration frequency = 20 + 0.03 kHz,
vibration amplitude = 50 um, ultrasonic generator power = 500 W, cavitation-exposed sur-
face diameter = 15.8 mm, and testing environment consisting of distilled water maintained
at22 £ 1 °C. Cavitation tests were performed in distilled water because testing in blood
is not feasible, as blood coagulates and its physical properties change during exposure to
ultrasonic excitation. Therefore, compliance with ASTM G32-2016 is required when the
objective is to investigate the mechanical degradation of the material caused by the impact
of cavitation microjets and shock waves generated during bubble collapse.

According to the laboratory testing protocol [48], three specimens from each structural
state were tested under stationary conditions. The total exposure time was 165 min, selected
based on the evolution of the experimental results and the stabilization tendency of the
measured and calculated cavitation parameters. The total exposure time was divided into
12 intermediate intervals: one interval of 5 min, one interval of 10 min, and ten intervals of
15 min each. Before testing, the cavitation-exposed surface of each specimen was polished
to a surface roughness of Ra = 0.8 um (Figure 3b). The results presented in the characteristic
erosion curves and macroscopic images confirm that this exposure time was sufficient to
achieve the objectives of the current research.

The operating parameters influencing the cavitation intensity were rigorously con-
trolled throughout the experiments using dedicated software developed within the labora-
tory and implemented on a computer connected to both the ultrasonic excitation system of
the acoustic amplifier and the water-cooling unit [48].
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Figure 3. Vibratory device with piezoceramic crystals: (a) the overall image: 1—ultrasonic electronic
generator; 2—piezoceramic transducer; 3—acoustic mechanical amplifier; 4—vessel with cavitating
liquid; 5—cooler; 6—computer for controlling functional parameters; 7—monitor for tracking operat-
ing parameters (electrical power, amplitude, frequency, and liquid temperature); 8—specimen holder
with test sample; (b) image of the specimen surface before the cavitation exposure.

3.1. Morphology of Structural Degradation

The morphology of surface degradation produced by the vibratory cavitation mecha-
nism was analyzed using the macroscopic images presented in Figure 4; SEM (scanning
electron microscope) images shown in Figure 5, obtained with a TESCAN VEGA 3 LMU
Bruker EDX Quantax scanning electron microscope (Tescan, Brno, Czech Republic); and
computed tomography (CT) images from Figure 6, obtained with Panthera 1.4.4 software
on a TESCAN UniTOMH Computed Tomography scanner (Tescan, Brno, Czech Republic).

The images in Figure 4, analyzed separately for each structural state, show that
increasing cavitation exposure time progressively degrades the tested surface through
both the enlargement and multiplication of microcavities. Comparative analysis reveals a
similar degradation mechanism for all researched structural states. After approximately
75 min of cavitation exposure, the erosion process is mainly characterized by the growth
of previously formed cavities, while the formation rate of new cavities decreases. This
behavior is attributed to microstructural refinement, intermetallic particle distribution,
and microstructural stability, together with the work hardening of the exposed surface
layer and the consequent reduction in the effectiveness of the impact pressure gener-
ated mainly by cavitation microjets, which are considered dominant in this degradation
mechanism [47,49-53]. The macroscopic images also clearly demonstrate the beneficial
effect of artificial aging heat treatment, particularly for the 200/24 h state.
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15 min

(b)

‘ i
120 min 165 min

Figure 4. Evolution of cavitation erosion on the exposed surface (photos taken using a Canon Power
Shot A480 camera) of the (a) SF state; (b) 200/12 h state; and (c) 200/24 h state.

The SEM images presented in Figure 5, obtained at the end of the cavitation test
(165 min), reveal the degradation mechanism of the surface microstructure during cavita-
tion erosion.

Fractographic analysis indicates a mixed brittle-ductile fracture mode preceded by
plastic deformation, which is associated with alloying by aluminum. The images reveal
cavities with dimensions that vary depending on the structural state, all characterized by a
highly irregular morphology with large cavities concentrated mainly in the central region of
the exposed surface, an effect attributed to the geometry of the cavitation bubble cloud [48].
The cavity dimensions are strongly influenced by the applied heat-treatment regime. In
the SF state, cavity lengths range from 20 pm to 2.0 mm; in the 200/12 h state, they range
from 15 pm to 450 um; in the 200/24 h state, they range from 5 pm to 350 um. Determining
cavity depth with complete certainty is more difficult because the sectioning location was
selected arbitrarily. Nevertheless, based on the CT images presented in Figure 6, cavity
depth also appears to be affected by the heat-treatment regime. Maximum cavity depths
reached approximately 772 um for the SF state, 749 um for the 200/12 h state, and 690 um
for the 200/24 h state.
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Figure 5. SEM images (x100 zoom) of cavities formed on the eroded surface after 165 min of
cavitation exposure: (a) SF state; (b) 200/12 h state; (c) 200/24 h state.

Fractographic investigation further indicates that cavity formation initiates preferen-
tially at the interfaces between the «(Mg) solid-solution grains, the 3(Mg;7Al;,) secondary
phase, and the AlgMns5 intermetallic compounds, which act as crack initiation sites. This
observation is supported by the images shown in Figure 6, which reveal cavities formed
by the pull-out of strengthening intermetallic particles. The morphology of the cavities
and cracks propagating deep into the surface structure (see Figure 6) confirms that fracture
was preceded by plastic deformation. The tunnel or cave-like morphology of the cavities,
inclined at different angles relative to the attacked surface, highlights two important aspects
of the fracture mechanism. The first is associated with the extremely high impact pressures,
reaching hundreds of GPa [36,49-53], generated by cavitation microjets and by the compres-
sion of water trapped inside the formed cavities. The second is related to the dimensions
and geometry of the fractured and expelled grains, which, as mentioned previously, are
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influenced by microstructural refinement, the distribution of intermetallic particles, and
microstructural stability. In addition, the images in Figure 6 reveal mechanical hardening of
the exposed layer caused by the repeated impacts of cavitation microjets and shock waves
generated during bubble implosion.

1T mm
I

Figure 6. CT images illustrating cavity depth distribution of the (a) SF state; (b) 200/12 h state; and
(c) 200/24 h state.

The differences observed in Figures 4-6 regarding cavity morphology, depth, and
spatial distribution on the eroded surface suggest that these effects are governed not only
by microstructural characteristics but also by the surface hardness values (see Table 2)
resulting from the applied heat-treatment regimes.

3.2. Characteristic Curves and Parameters Describing Cavitation Behavior and Resistance

The results of the cavitation tests are presented in the diagrams shown in Figures 7-9
through the experimental values (colored data points) of cumulative mass loss, erosion rate
(mass-loss rate during each intermediate interval), and cavitation resistance corresponding
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Figure 7. Characteristic cavitation erosion curves for the SF state: (a) variation of cumulative mass loss

with cavitation exposure time; (b) variation of erosion rate with cavitation exposure time; (c) influence

of cavitation exposure duration on the resistance of the tested surface.
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Figure 8. Characteristic cavitation erosion curves for the 200/12 h state: (a) variation of cumulative
mass loss with cavitation exposure time; (b) variation of erosion rate with cavitation exposure time;
(c) influence of cavitation exposure duration on the resistance of the tested surface.
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Figure 9. Characteristic cavitation erosion curves for the 200/24 h state: (a) variation of cumulative
mass loss with cavitation exposure time; (b) variation of erosion rate with cavitation exposure time;
(c) influence of cavitation exposure duration on the resistance of the tested surface.

To validate the accuracy of both the applied heat-treatment regimes and the experi-
mental procedure through the reproducibility of the results, the legends of these diagrams
also include the statistical parameters defining the dispersion band of the experimental
values, bounded by the upper curve S(t) and the lower curve I(t). These parameters include
the standard mean deviation o, the approximation accuracy ¢, and the confidence level. In
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addition, the diagrams contain the analytical expressions of the averaging curves together
with the statistical coefficients A and B, determined according to the procedures described
in [48,54,55], under the condition of achieving a high approximation accuracy.

The mass of material removed from the cavitated surface was determined by weighing
each specimen at the end of every intermediate testing interval. Consequently, the cumula-
tive mass loss was calculated as the algebraic sum of the mass losses recorded during each
intermediate interval according to the following relation:

M= f Am; (1)
i=1

where

n represents the total number of intermediate intervals (n = 12);

Am; is the mass loss during the intermediate interval i.

The erosion rate and the associated statistical parameters were calculated using the
following equations:

Erosion rate:

X Am;
=1 i
Ui = < 2)
Z?:lAti
Cavitation resistance:
p-n~d%~At,~
Rcavi = ’ (3)
4-Ami

where

p = 1730 Kg/m? is the alloy’s density,

At; is the duration of the intermediate test interval (one interval of 5 min, one interval
of 10 min, and ten intervals of 15 min each).

Standard mean deviation for the approximation of the experimental cumulative mass-
loss values resulting from cavitation erosion:

4)

o [ ?1<M,-—M<t>i>2r
n—1

Standard mean deviation for the approximation of the experimental erosion-rate
values:

)

n—1

o [ ?_1<vi—v<t>i>2r

Standard mean deviation for the approximation of the experimental cavitation resis-

tance values: :

n L 2] 2
e [zi_l(Rcaw Reav (1)) ]

n—1

(6)

The confidence level associated with the dispersion band of the experimental values,
bounded above by the curve 5(t) and below by the curve I(t), was calculated based on the
standard mean deviation values according to the following relations:

S(t) = [M(t), v(t), Reav(t)] +n-o; I(t) = [M(t), v(t), Reav(t)] —n-o )
(example for a confidence level of 98%, with an approximation error & = £2.0%).

S98(t) = [M(t), v(t), Reav(t)] +2-0; 198(t) = [M(t), v(t), Reav(t)] —2-0 8)
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The values of the statistical parameters displayed in these diagrams (namely the
standard mean deviation ¢, the confidence level of 97.5-99% associated with the dis-
persion domain of the experimental values, and the approximation error of the aver-
aging curves £ = £1.0%. ..£2.5%) confirm the high accuracy and reproducibility of the
experimental procedure.

Analysis of the data presented in Figures 7-9 is based on the dispersion of the experi-
mental values, the evolution of the characteristic curves (M(t), v(t), and Rcav(t)), and the
specific cavitation resistance parameters of the surface microstructure (Myay, Us, and Regys).
These parameters are recommended by ASTM G32 and have been widely used since the
pioneering studies of Hammitt and Hobbs in 1966 [43,44] for evaluating the resistance of
materials to cavitation-induced damage. As also demonstrated by previous investigations
on magnesium alloys [16-21,38], both similarities and differences can be identified among
the investigated structural states. These observations highlight the influence of mechan-
ical properties (particularly hardness) and microstructural characteristics, such as grain
refinement and the size, number, and distribution of brittle intermetallic compounds, on
cavitation erosion behavior and resistance.

The similarities are reflected by the following:

e  The overlap of the experimental values obtained for the three tested specimens, regard-
less of the structural state (SF or artificially aged state) or of the parameter (mass loss,
erosion rate, or cavitation erosion resistance). This scattering of experimental values at
different stages of cavitation attack, also observed in previous research [28,38,56], is
attributed to the heterogeneous structure of the alloy (consisting of a solid-solution
matrix containing brittle intermetallic inclusions);

e  The evolution of the averaging curves, characterized by an approximately linear
increase in cumulative mass loss M(t) after the incubation period of 0. . .45(60) min, by
the asymptotic decrease in erosion rate v(t) after reaching a maximum value and by
the gradual increase in cavitation resistance Reqy(t) after 75(90) min. According to both
our previous investigations [14,15,38,39] and the literature [43-47,57], these trends
result from the combined influence of mechanical properties (especially hardness) and
microstructural characteristics;

e  The exposure duration (t = 75 min) after which the cavitation resistance Reay begins
to increase.

The differences are mainly associated with the following:

o  The values of the characteristic parameters M;ux, Us, and Regy 5. The highest cumulative
mass loss was recorded for the SF state (M, = 50.3 mg), while the lowest value was
obtained for the 200/24 h state (M, = 32.57 mg). Similarly, the highest stabilized
erosion rate corresponded to the SF state (vs = 0.327 mg/min), whereas the lowest
value was measured for the 200/24 h state (vs = 0.204 mg/min). In contrast, the highest
cavitation resistance was obtained for the 200/24 h state (R¢g,s = 0.969 min/um), while
the lowest was associated with the SF state (R s = 0.603 min/pum). These differences
clearly reflect the influence of the initial surface hardness before cavitation exposure,
which was highest for the 200/24 h state (68 HV5) and lowest for the SF state (58 HV5).

e  The cavitation exposure time at which the averaging curves v(t) reached their maxi-
mum values. The longest duration was observed for the SF state (t = 90 min), whereas
the shortest corresponded to the 200/12 h state (t = 45 min). These differences pro-
vide clear evidence of the capability of the investigated structures to absorb energy
through plastic deformation and impact-induced hardening in addition to the initial
hardness state.
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e  The slopes of the M(t) curves, which, according to previous studies [43-47,57], are
governed not only by microhardness values but also by the capacity of the material to
store deformation energy through plastic deformation and strain hardening.

e  The asymptotic evolution of the erosion-rate curves v(t) after reaching their maxi-
mum values, followed by a gradual decrease toward the stabilized erosion rate vs.
These trends must be correlated with the increasing evolution of the cavitation re-
sistance curves Regy(t), since the times at which the curves change their evolution
direction are identical (75 min). Experimental studies [28,38,47] demonstrated that
these effects result from the following: (a) the mechanical hardening, to different
extents, of the surface layer subjected to repeated impacts from cavitation microjets;
and (b) the damping effect produced by the air and water trapped inside newly
formed or previously existing cavities, which reduces the impact pressure during
cavitation loading.

The mechanical hardening of the surface, caused by repeated impacts of cavitation
microjets and shock waves generated during bubble implosion, is further supported by the
increase in cavitation erosion resistance, ARczy = (Requs — Reapi)-100/ Ry ), as indicated
by the evolution of the R (t) curves. The resistance increased by 7.87% for the SF state,
9.91% for the 200/12 h condition, and 9.98% for the 200/24 h condition. Furthermore, this
hardening effect is supported by the CT images shown in Figure 6, where the brighter con-
trast (white regions) observed at the surface peaks indicates the presence of a mechanically
hardened surface layer.

All conclusions derived from the analysis of the diagrams presented in Figures 7-9, in
which the v(t) curves decrease approximately linearly toward the stabilized erosion rate vs
while the R (t) curves gradually increase toward the stabilized cavitation resistance Regyys,
and its values ARy = 7.87-9.98%, are further supported by the macroscopic images shown
in Figure 3 through the evolution of the cavities after 75 min of cavitation exposure.

4. Evaluation of Cavitation Resistance

To evaluate the differences in resistance to erosion produced by vibratory cavitation,
the histogram shown in Figure 10 was constructed using the characteristic parameters
presented in the legends of Figures 7-9, recommended by the ASTM G32-2016 standard,
and they are commonly employed in our cavitation erosion research methodology.

Mrax Vs Reavs
frg] M v Vs B R [mg/min]| (min/um]
2 042— 1.2
207 0.35—4 1.0
407 —0.28— 0.8
=05 -0.21—4 0.6
01 - 0.14—— 0.4
L -0.07—4— 0.2
0 Lo Lo

SF 200/12h 200/24h

Figure 10. Histogram comparing the cavitation resistance of the three structural states: SF, 200/12 h,
and 200/24 h.

Comparative analysis of the histogram data indicates that the heat-treatment regime
performed at 200 °C with a holding time of 24 h produced the structural state with the
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highest resistance to vibratory cavitation erosion. Comparison among the researched
structural states reveals the following trends:

e 200/24 h state compared with the SF state: M,;;,x decreased by approximately 51%, and
the stabilized erosion rate vs decreased by about 60%, while the stabilized cavitation
resistance Req,s increased by approximately 61%;

e 200/12 h state compared with the SF state: M, decreased by approximately 23%, v,
decreased by about 31%, and Ry increased by approximately 27%;

e 200/24 h compared with 200/12 h: M.y decreased by approximately 23%, and vs
decreased by about 22%, while R, increased by approximately 27%.

5. Conclusions

Artificial aging heat treatments improve the cavitation resistance of the AM50 alloy
primarily through an increase in surface microhardness and through the refinement of
the constituent phase grains and the modified distribution of the strengthening brittle
intermetallic compounds AlgMns.

The progressive degradation of the cavitated surface, characterized by both the multi-
plication and growth of microcavities despite the increase in hardness, is also associated
with the fluid nature of cavitation shock waves and microjets, in addition to the high
stresses generated by their impact on the exposed surface.

The tunnel or cave-like morphology observed for some cavities highlights the com-
bined effects of the pressures generated by cavitation microjet impacts and those resulting
from the compression of water trapped inside previously formed cavities. The structural
state exhibiting the highest resistance to vibratory cavitation erosion was obtained after
heat treatment at 200 °C with a holding time of 24 h. Compared with the other investigated
structural states, this one exhibited an improvement in cavitation resistance ranging from
27% to 61%.

The results of the current research support the use of heat-treated AM50 alloy in the
manufacture of devices for reconstructive surgery, where blood-flow hydrodynamics may
involve cavitation-related phenomena.

This study also opens new research directions concerning the cavitation behav-
ior and resistance of the AMS50 alloy under alternative heat-treatment regimes, as
well as under surface-hardening treatments based on advanced technologies such as
laser-beam processing.
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