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CONTRIBUTIONS TO THE STUDY OF MECHANICAL AND
CAVITATIONAL BEHAVIORS OF THE MAGNESIUM
ALLOY TYPE AMS0

Liviu Daniel PIRVULESCU!, Ilare BORDEASU >**, Brandusa GHIBAN*

The use of magnesium-based alloys has gained momentum in the manufacture
of components in fields such as automotive, aerospace, medical, military, etc., due to
their low specific mass, around 1.7 g/cm3, but also to their pressure casting capacity,
obtaining parts of superior geometric quality, with physical-mechanical properties
and homogeneous microstructure in the volume of the parts. At the same time, recent
research aims to expand their application in the biomedical field for reparative
surgery. In line with new research, the paper presents the results obtained in the
cavitation testing of the magnesium-based alloy AM50, with the aim of its use in
cardiac devices that work in hydrodynamic conditions, such as stents. The evaluation
of the behavior and resistance performances is made by comparing them with those
of the ZnMg and ZnMgFe alloys, whose resistance performances to cyclic cavitation
stresses are studied and known. holding times, brings new elements, compared to
those already obtained on the same brand of alloy and with the same heat treatment
regime. The results presented are of real use to those who design and build equipment
with structures from this alloy and who work in a non-stationary, cavitational
hydrodynamic regime.

Keywords: magnesium alloy, mechanical properties, cavitation erosion resistance,
stereomicroscopy, biomedical application

1. Introduction

The widespread use of magnesium-based alloys has been avoided for many
years due to magnesium's high cost, low resistance to corrosion, high flammability
and self-explosion. As a result of the excellent strength-to-weight ratio and the
ability to obtain lightweight, dimensionally accurate and complex geometry parts
through pressure casting, extensive research has led to the creation of magnesium-
based alloys that are now widely used in the automotive, aerospace, medical,
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military and other industries, where their high cost (some grades contain quite
expensive alloying elements) is economically justified by the possibility of creating
lighter, more durable, faster, stronger and safer equipment that can operate
efficiently under extreme conditions, including when exposed to high temperatures
[1, 2]. This category also includes the AMS50 alloy, whose use in the automotive
field is certified by the advantages it brings. Due to its biodegradability and
biocompatibility, new research [3-6] are oriented towards the use of magnesium-
based alloys in the biomedical field, in orthopedic surgery (in various prostheses)
and cardiovascular surgery (in stents and heart valves), such as those based on zinc
[7-12]. For this purpose, simulations are carried out with specialized software [13-
19] on the analysis of factors that influence the behavior of materials under
mechanical and hydrodynamic loads. The analysis of the behavior under
hydrodynamic loads is necessary because the circulatory system is known to be a
hydraulic network in which the heart plays the role of a pump, and the veins and
arteries as hydraulic pipes. As a result, studies carried out on hydraulic networks,
through various simulations [15-19] and laboratory research [19-24], require
knowledge of the behavior of biocompatible alloys used in reparative surgery under
mechanical and hydrodynamic stress. Since the behavior of the AM 50 alloy under
mechanical stress, to which the components of the vehicle structure are subjected,
is being investigated [1-6, 25, 26], for its use in prosthetic devices and devices in
cardiac surgery, it is necessary to know the behavior under the stresses generated
by the hydrodynamics of blood flow. The aim of the current study is to investigate
the mechanical and hydrodynamic response of the AMS50 alloy in its cast semi-
finished state when subjected to microjets and shock waves generated by the
implosion of cavitation bubbles induced by blood flow dynamics.

2. Researched material and investigation methods

The investigated material is a magnesium alloy type AMS50, whose chemical
composition is shown in Table 1. The chemical composition was determined with
an optical emission spectrometer (Thermo Electron ARL 3460) and the alloy was
obtained by pressure casting.

Table 1.
Chemical composition of the investigated Mg alloy (in %) [1

Material | Al Mn Zn Fe Ni Cu Si Be Mg | Other
AMS0 470 | 0.32 | 0.13 | 0.002 | 0.001 | 0.004 | 0.03 | 0.0014 | 94.77 | 0.005
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Structural analyses were performed on the experimental alloy, as well as
determinations of the mechanical behavior under repeated shocks and cavitation
behavior.

2.1 Equipment used for structural and fractographic characterization

Microstructural analysis was performed in the Physical Metallurgy
laboratory at National University of Science and Technology POLITEHNICA
Bucharest, using an OLYMPUS metallographic microscope equipped with image
processing software. Fractographic analysis was performed on an OLYMPUS SYL
stereomicroscope, equipped with QUICKmicroPHOTO 2.2 software.

2.2 Apparatus used in mechanical experiments

Repeated impacts define the fatigue phenomenon, known as impact fatigue
[1], identical to that between a shock wave surface and the microjets resulting from
the implosion of cavitation bubbles. This research is necessary because the strain
rate modifies the characteristics of the material and, as a consequence, it is expected
that the material properties will be different from those obtained in non-impact
fatigue.

In general, an impact occurs as a consequence of the collision between two
bodies (hammer-specimen), the impact force being accompanied by the
transmission and reflection of stress waves that begin at the point of contact and are
influenced by the shape and dimensions of the specimens and the loading
conditions.

For the repeated impact test, Charpy V-notch specimens were used,
according to SR EN ISO 148-1:2017, Fig. 1.
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Fig. 1. Charpy V-notch specimens for repeated impact testing

The dimensions of the experimental specimens have the values presented in
Table 2. The radius at the base of the notch has a nominal size of 0.25 mm and a
machining tolerance of + 0.025 mm.
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Table 2.
Specified dimensions and tolerances of the Charpy V-notch specimen
Symb | . Nominal Machining
Name size tolerance
ol
[mm] [mm]

Length L 55 + 0.60mm
width W 10 +0.075mm
depth B 10 +0.11lmm
Notch angle a 45° +2°
ligament h 8 +0.075mm

Testing of mechanical behavior under repeated shocks was done in the
specialized laboratory of Politehnica University of Timisoara. For testing, the
specimens were simply supported at both. A very important aspect of repeated
impact testing is that the impact hammer strikes the specimen centrically on the
opposite side of the notch, in the same place with each blow. For testing, the
specimens were simply supported at both.

A force transducer was mounted on the impact hammer, which performs the
repeated impact, to measure the maximum force with which it strikes. Before
performing the mechanical tests, the force transducer was calibrated on the
tensile/compression testing machine.

The test was carried out in the Materials Strength Laboratory of the
Politehnica University of Timisoara on the Amstel type repeated impact testing
machine, adapted for repeated impact bending tests. The testing machine is
equipped with a cycle counter that indicates the number of blows applied to the
specimen until breakage.

In Table 3 the average values of the mechanical properties at tensile and
their dispersion are shown, determined and analyzed by Marsavina & ao [1].

Table 3
Tensile strength properties of the investigated Mg alloy [1].
Modulus of Tensile strength, Yield strength, Deformation at
Material elasticity Rm Rpo2 break
MPa MPa MPa %
AM 50 45870 + 2369 £ 122.8 £ 145+
from tests 1450 10.5 1.4 1.8
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2.3 Equipment used in cavitation tests

Cavitation testing aims to highlight the behavior and resistance of the AM
50 alloy structure to cyclic cavitation stresses which, through impact forces,
produce deformations and microcavities that transform the cavitated surface into a
sponge-like one with a certain porosity. The cavitation behavior and resistance test
was carried out on 3 samples, on the vibrating device with piezoceramic crystals,
in the Cavitation Erosion Research Laboratory of the Polytechnic University of
Timisoara [22].

The tests were carried outin distilled water by the indirect method (with
stationary sample [7-11, 27-29]). The testing procedure and the division of the total
duration of 165 minutes into intermediate periods, at the end of which mass losses
were measured and eroded surfaces were photographed, followed the steps specific
to laboratory custom [22], in compliance with the requirements set out in ASTM
(G32-2016 standards [30]. Before starting the test, the surface exposed to cavitation
was polished. The average roughness of 0.4 um was measured with the Mitutoyo
SJ 210 device.

The functional parameters of the device, which dictated the erosive intensity
of the vibrating cavitation, were controlled and maintained at the values
recommended by ASTM G32-2016 standards throughout the testing, thanks to the
software implemented in the computer with which the experimental program was
conducted [22, 31].

3. Experimental results and their interpretation

3.1. Microstructural analysis

Metallographic appearance of the experimental alloy AMS50 is illustrated in
Fig. 2. This analysis was determined in the Laboratory of the Special Materials
Expertise Center of the National University of Science and Technology Politehnica
Bucharest. The image shows a microstructure formed by solid solution a, solid
solution B-Mgi7Ali2 and brittle intermetallic compounds AIMn [32].

Fig. 2-Microstructural appearance of the experimental alloy AMS50 (6% nital attack):
A-x 100; b- x500
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3.2. Repeated shock test results

During the repeated shock test, the maximum impact force and the number
of blows until the specimen failed were determined.

For each specimen, the dimensions were measured using an electronic
caliper with a precision of 0.01 mm, and then the net cross-sectional area was
determined. The results obtained are presented in Table 4.

Table 4.
Dimensions and net area of test specimens

Specimen dimensions [mm] Net area
Specimen >

Length L Width W  |Thickness B |Ligament h [mm”]
1 75.18 9.90 9.90 8.53 84.45
2 75.20 9.98 10.02 8.52 85.37
3 75.32 9.86 9.92 8.50 84.32
4 75.38 9.98 10.07 8.52 85.80
5 75.35 9.42 9.99 8.52 85.11

Knowing the dimensions of the specimen, the modulus of resistance of the
cross-section of the specimen was determined (M;W,), and based on the maximum
force, the maximum bending moment was determined (MizmaxMiz max) and the
maximum voltage (omax) upon impact of the specimen subjected to three-point
bending. The following relations were used to calculate the above quantities:

b-h? Frmax'L MiZ,max
Wy = 5 MiZ,max = > Omax = (1)
6 4 W,

After performing repeated shock tests, based on the above relationships and
the geometric dimensions of the 5 tested specimens, the obtained results were
presented in Table 5.

In Fig. 3 the dependence between the number of blows and the maximum
stress applied to the specimen, obtained from repeated impact tests, is presented. A
relatively small dispersion (scattering) of the data regarding the number of blows is
observed for all the tested specimens. The differences that appear between the
maximum impact forces for the 5 specimens are determined by the difference in
thickness between the specimens and the way the striker is detached from the cam.
It is observed that the specimens with the lowest number of blows (specimens 1 and
3) have the smallest net area and the lowest modulus of resistance, which leads to
the lowest stresses.
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Table 5.
Results obtained after testing the specimens under repeated shocks
Maximum | The modulus . Maximum
. Bending moment
. force of resistance stress, Number of
Specimen Miz,max
Fmax W, N Omax strokes
kN mm? mm MPa
4.50 120.0 704. 19
1 3 6 84633.89 96 |
4.85 121.2 753. 31
2 9 3 91349.20 54 3
4.40 119.4 693. 23
3 ) 5 82889.66 91 3
4.56 121.8 705. 30
4 4 3 86008.58 97 0
4.66 120.8 726. 32
5 3 6 87839.26 77 6

When the modulus of resistance has higher values (specimens 2 and 5 - see
also Table 5) an increase in both the maximum stress (over 720 MPa) and the
number of blows (over 320) until the specimens break is observed.

Number of strokes
Maximum stress, omax [MPa]

800
700

753.54

704.96

693.91

705.97

724.77

600

500

400

300

200

Specimen

I Number of strokes,

318 300 326
To1 233
o il J
0
1 ! 2 ! 3 ! 4 ! 5

Maximum stress, omax

Fig. 3 Comparison between the number of blows and the tension applied to the specimens

It should be noted that, in the case of the present study, the higher the stress
concentration factor (V-notch geometry), the lower the stress of the specimen and
obviously the lower the number of blows that the V-notch specimen can withstand.
Thus, referring to the number of blows of 326 (sample 5), for which the maximum
stress is 726.77 MPa, by decreasing the number of blows by 135 (sample 1-191
blows), the maximum stress decreases by about 3% (704.96 MPa). This comparison
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shows that the presence of a defect in the stressed structure decreases its resistance
to the number of blows.

This evaluation justifies the negative effect of a defect not only on the
mechanical resistance to fracture, but also on the resistance of the structure to cyclic
cavitation stresses, as will be seen in the chapter with the cavitation test results. The
macroscopic appearance of the V-notched resilience specimens is shown in Fig. 4.
In longitudinal section (fig.6a,b) the propagation of the fracture front is observed to
be approximately linear, in the same plane, and in transverse section (fig.6c,d) the
presence of a fibrous structure, with parallel wrinkles is noted. Upon detailed
analysis, the propagation of the front is evident to be intergranular, with the
formation of secondary cracks and unevenness of over Imm depth.

c) d)
Fig. 4 Macroscopic appearance of V-notch resilience specimens:
a,b - longitudinal section; c, d - transverse section

3.3 Results of the test after cavitation

The results of the cavitation test are presented through specific diagrams and
macro and microstructural images that allow morphological analysis of the
destruction of the structure through the erosion effect.

a) Specific curves and parameters
The diagrams that serve to analyze the behavior and resistance of the surface
structure to the stresses of shock waves and cavitational microjets are presented in
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Fig.5 and contain the evolutions of the mean penetration depth MDE(t) and the
mean erosion penetration rate MDER(t) with the duration of the cavitation attack.

The experimental values of the three samples, determined according to the
mass losses with relations (2) and (3), are expressed by the pink, green and black
dots.

MDEi =3 AN g @)

=) —— [pu[m

1 i=1 p-TC-di "

MDERIi = le\/[i[um/min] 3)
p-m-d -At.

p 1

Where:

AMIi — is the mass loss obtained at the end of each intermediate test period,
following weighing with the Kern 101BT-5NM analytical balance

1 — the number of the intermediate period

Ati — duration of the intermediate period (first 5 min, second 10 min, the rest
15 min each)

dp = 15.8 mm — diameter of the surface exposed to cavitation

The averaging of the valueswas done through curves whose analytical forms
are determined with the relationships established by Bordeasu & collaborators [22,
32], whose analytical form and coefficient values are displayed inside the diagrams.

The legends of the diagrams provide information about the accuracy of the
experiment and about the values of the parameters MDEma.x and MDER; that are the
basis for evaluating the strength of the cavity structure. To express the accuracy of
the experiment, the dispersion range of the experimental values is delimited by the
tolerance interval (dispersion) curves, S98(t) and 198(t), corresponding to the
average standard deviation ¢ = 0.283 and the approximation error of the
experimental values by the MDER(t) curve, € = + 2%.

His valuescandeshows that the testing of the three samples was carried out
under identical conditions, in which the functional parameters of the device were
very well controlled and maintained at the prescribed values (vibration amplitude =
50 um, vibration frequency 20 + 0.1 kHz, power of electronic ultrasound generator
= 500 W, water temperature 22 + 1°C). Also, the values of the statistical
parameterscandeshows that the mechanical properties of the three samples
(especially hardness) are of the same order in the volumes and surfaces of the three
samples.

From the point of view of the behavior of the alloy structure to cyclic
cavitation stresses, the analysis of the dispersions of the experimental values and
the shape of the evolution of the averaging curves from Fig.5, we find:
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Fig. 5 Specific diagrams of cavitation erosion behavior: a - variation of average erosion
depth with cavitation attack duration; b - variation of average erosion velocity with duration of
cavitation attack

- low resistance to the forces developed by the impact of the surface with
shock waves and cavitational microjets, in the first part (0...(30) 45 minutes),
reflected by the exponential increase in the cumulative losses and the MDE(t) curve
and the increase towards a maximum in the erosion rates, respectively the MDER(t)
curve. This behavior also shows the detrimental effect of the degradation of the
magnesium-based alloy in an aqueous environment;

- mechanical hardening of the cavity surface under cyclic cavitation stresses,
reflected by the relative stabilization of erosion rates and mass losses in the
intermediate intervals after the 45 minutes, as well as by the linear evolution of the
MDE(t) curve up to the maximum value MDEmax = 256.57 um and with a slight
asymptotic decrease of the MDER(t) curve towards the final stabilization value
MDER;s = 1.659 pm/min;

- the differences between the experimental values of the three samples are
reduced. This behavior, according to previous studies [20, 21]. It is also caused by
the damping effect of air and water, from the microcavities formed, on the impact
force of the microjet or shock wave, in addition to the increase in hardness
mentioned above.

b) Morphology of structural degradation

A first assessment of the morphology of the surface structure degradation,
through the erosion of vibratory cavitation, is made based on photographic images
from Fig. 6 (taken with the Canon Power Shot A 480 camera) from 3 significant
durations of the cavitation attack and the microscopic ones from Fig. 7 and Fig. 8.
From these images it can be observed the poor resistance of the structure, due to the
degradation in the liquid test environment, highlighted by the difference between
the surface appearance before the cavitation attack (minute 0), which is smooth and
finished to a roughness Ra = 0.4 um, the one at minute 1 (one), in which the surface
has plastic deformations, networks of cracks and microcavities and the one at the
end of the 165 minute attack when the surface is full of caverns.
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0 minutes 1 minute 165 minutes
Fig. 6 Macro images of erosion evolution in the cavitated surface

The appearance of these microcavities, from the point of view of cavitation erosion
mechanics, leads to the idea that their formation, in such a short time, is the effect
of the expulsion of grains of fragile intermetallic compounds, highlighted by the
microscopic image in Fig.2.

As can be seen, increasing the duration of cavitation exposure causes the
multiplication of microcavities, simultaneously with an increase in the spreading
area. This evolution is justified because, by increasing the duration of stress, the
formed microcavities become crack initiators, contributing to the weakening of the
bonding forces between the grains, whether they are of the base metal or of the
ductile intermetallic compounds.

Also, the small difference between the surface aspects at 105 minutes and
165 minutes is noted. This closeness between the surface aspects at the two times
is the effect of the mechanical hardening of the stressed structure and the damping
of the impact pressure peaks, generated by the air and water penetrated into the
formed microcavities and justifies the linear evolution of the MDE(t) curve in Fig.
5a and asymptotic decrease of the MDER(t) curve from Fig. 5b.

On the other hand, the very porous appearance of the cavity surface, with
aThe multitude of caverns confirms not only the destructive force of cavitation but
also the effect of its degradation in aqueous environments, which is accelerated by
the repeated strikes of the surface with the high-speed water microjet which, in turn,
is also aqueous in nature, being formed from the vapors contained in the cavitation
bubble, through the implosion of which it was generated.

Therefore, to reduce the degree of cavitation damage, respectively to
increase the resistance of the alloy structure to cavitation stresses, new research is
needed to identify technologies that can reduce the degree of degradation in aqueous
environments, in order to increase its resistance to cavitation erosion.

Fractographic analysis of the surfaces subjected to cavitation (both after 1
minute and after the completion of the test) shows that the implosion of the bubbles
collapsing on it caused the initiation of pitting phenomena from the start phase of
the attack, Fig.7 and Fig.8. Fractographic analysis shows that the mechanisms of
material expulsion, during cavitation erosion, are determined by plastic and brittle
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deformation processes, accompanied by the formation of slip steps. From the
analysis of the appearance of the cavity surface it can be seen that, as a result of the
increase in the number of collapses of the cavitation bubbles, the number of pinches
that undergo the phenomenon of coalescence with the formation of fatigue
microcracks increases.

Fig. 7 Macroscopic appearance of AMS50 alloy after 1 minute cavitation testing

&

Fig. 8 Macroscopic appearance of AMS50 alloy after cavitation testing for 165 minutes

In addition to these microcracks, generated on the interface between the
microstructural phases (base material and brittle intermetallic compounds), a brittle
removal of the matrix material is observed. The boundaries between the grains of
the base metal are attacked by microcracking followed by the expulsion of some of
them. The topographic image of the surface highlights the formation of craters
whose depths are of various sizes (large and small), determined by the preferential
cavities of the grain boundaries and of the boundaries between the brittle
intermetallic phases and the base metal matrix, which are more fragile. We
appreciate that these boundaries are not able to absorb the deformation energy due
to the specific degradation in water and the stresses induced in the material by the
cavitation impact waves and, as a consequence, the microstructure erodes very
quickly.

¢) Evaluation of the structure's resistance to erosive cavitation stress
For the analysis of the strength of the AMS50 alloy structure, the values of
the reference parameters for cavitation resistance are used.(MDEmax = 256.67 um
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and Rcay = 1/MDER; = 0.6 min/um) and macro and microscopic images from Fig.6,
Fig. 7 and Fig. 8 Compared to other biodegradable alloys, such as zinc alloys [10]
(ZnMg alloy: MDEmax = 30.69 pum, Rcay =4.97 min/pum and ZnMgFe alloy: MDEmax
=12.65 um, Reay = 10.31 min/um),it can be seen that the AMS50 alloy has very poor
cavitation resistance from 8 times to over 20 times lower. Analyzing the mechanical
property values in Table 3, compared to the mentioned zinc-based alloys (see Table
6) we find that they are much lower: the mechanical strength at break ¢, from 2 to
2.8 times and the yield strength cp0.2 from 4.0 to 4.6 times.

Table 6.
The values of the mechanical properties of the zinc alloys
Alloy R [MPa] Rpo.2 [MPa] Hardness HB | As [%] E [MPa]
[daN/mm?]
ZnMg 85 26.61 48 2.66 1.39
ZnMgFe 108 30.7 74 3.69 8.09

Therefore, the question arises how to explain the poor resistance when
studies conducted on ferrous alloys (steels, cast irons) and non-ferrous alloys (brass,
bronzes, aluminum and zinc-based alloys, composite materials) [8-11, 21, 29, 31,
33 - 37] shows that, in general, the cavitation resistance of a material structure
increases with increasing mechanical properties? The explanation of the poor
resistance of the AMS50 alloy, in relation to other zinc-based alloys (ZnMg and
ZnMgkFe), despite higher values of its mechanical properties, is given by the effect
of its high degradation in aqueous environments. Therefore, as previously stated,
the multitude of caverns is also explained by the decrease in the resistance of the
structure to the impact forces produced by the high-speed water microjet and the
shock wave, which are also of an aqueous nature.

Considering the objective pursued, that of creating cardiac devices (stents
and valves), which work in the blood circulatory system, with physical
characteristics completely different from those of water, it is expected that, in this
case, its resistance will be completely different from that presented in the work and
the high effect of the mechanical properties will be felt in a positive sense.

4. Conclusions

The following conclusions could be made after the investigation of the
structural, mechanical and cavitation erosion behaviour of magnesium alloy type
AMS50:

1. The microstructure of the experimental magnesium alloy AMS50 consists of a
magnesium-based solid solution a, solid solution B-Mgi7Ali2 and brittle
intermetallic compounds AIMn with a uniform arrangement in the metal
matrix;



314 Liviu Daniel Pirvulescu, Ilare Bordeasu, Brandusa Ghiban

2. The V-notch, as a stress concentrator factor, causes fatigue life to decrease
through repeated impacts.

3. Small dispersion of the number of blows, for all tested specimens, and the
differences between the number of blows are due to the thickness of the
specimens, the force of the impact hammer and the arrangement of brittle
intermetallic compounds in the solid solution in the alloy microstructure.

4. The macrostructural appearance of V-notched impact specimens is that of a
fibrous structure, with intergranular propagation of the fracture and the
formation of secondary cracks in the matrix, as the fracture front propagates.

5. The poor resistance of the AM 50 alloy structure to cavitation generated in water
is determined by its high degree of degradation in aqueous liquid environments,
the influence of the mechanical property values being insignificant.

6. From the point of view of the mechanical aspect of behavior under cavitation
stresses, the structure follows the specific mechanism of increasing losses on
the first part of the attack (when the cumulative losses increase exponentially
and the erosion rates increase towards a maximum) and of stabilization on the
second part (when the losses are relatively constant, determining the
linearization of the cumulative loss averaging curve MDE(t), respectively the
decrease towards the stabilization value of the erosion rate averaging curve
MDER(t)).

7. Although the alloy degrades in the liquid medium used, as the cavitation duration
increases, the attacked surface layer mechanically hardens, and the
microcavities formed contribute to the damping of impact pressure peaks
through the air and water that penetrates them, reducing losses during
intermediate durations.

8. The accentuation of the degradation of the cavity surface, by multiplying the
number of microcavities, despite the values of the mechanical properties, is
also determined by the aqueous character of the cavitational waves and
microjets, beyond the amplitude of the stresses induced by their impact with
the surface exposed to the attack.

9. To increase the resistance to cavitation in aqueous environments of the AM 50
alloy, it is necessary to use traditional or new technologies to reduce its
degradation capacity.

10. It is necessary to test the alloy in a liquid environment with physico-chemical
characteristics in which the resistance of the AM 50 alloy to erosive cavitation
stresses is no longer influenced by its degradation property as in aqueous
environments.
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