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Abstract: The 5000 series aluminum alloy 5083 is distinguished by excellent processability, excellent
welding characteristics, and a strong resilience to corrosion, particularly in maritime environments.
It is employed in the manufacture of ships, automobiles, spacecraft, and industrial buildings. The
goal of the current study is to determine whether there is any relationship between the mechanical
properties, structural characteristics, and cavitation erosion properties of aluminum alloy 5083 in
check for the H111 state (rolled from 454 °C to 399 °C and annealed at 343 °C by holding in cooled air),
updates followed by artificial ageing at (180 °C) with three maintenance periods of 1 h, 12 h, and 24 h, and at
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Published: 1 June 2023 One of the most adaptable metals, aluminum is used in a variety of compounds that are

continuously being researched. Due to their combination of simultaneous characteristics—low
density, high specific strength, and excellent corrosion resistance—alloys in the 5xxx series
are used in the shipbuilding, automotive, aerospace, and transportation industries as
well as in the production of some hydraulic system components [1-9]. There are well
This article is an open access article ~ KNOWN characteristics of the 5083 aluminum alloy, either after post-solution cooling or
distributed under the terms and  after welding [4]. Magnesium is the primary alloying component in aluminum alloy 5083,
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Attribution (CC BY) license (https://  impact after quenching solutions. Its comparatively high mechanical strength and excellent
creativecommons.org/licenses /by / qualities for resisting rust make it useful in corrosive environments [3]. The mechanism of
40/). quenching solutions of type 5083 aluminum alloys is due to the formation of the 3-phase
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(MgsAlg). The extra Mg atoms in the matrix are supersaturated atoms, while the remaining
Mg atoms continue to reside in the -phase [10-15]. The size of the grains in fusion
welding is a significant issue that develops after the 5083 metal is welded [12]. According
to Liu Y et al. [13], grain development causes a significant weakening of the welds of alloy
5083. Ma et al. [14] showed in their research that the grain size in the fusion zone increased
up to 200 pm and the base metal grain size was about 50 um, which resulted in a 15%
decrease in tensile strength. Corigliano et al. [15] also showed that 5 mm Al 5083 joints
by single-pass GMAW could fail in the heat-affected zone due to stress concentration. Ma
et al. [16] demonstrated the discrepancies of lattice strain evolution between virgin and
fire-exposed material in order to provide insight into mechanical property degradation.
Li et al. [17] discussed the manner of changing the structure of the 5083 alloy in comparison
with 5182 alloy by applying different heat treatments. On the other hand, some components,
during operation, such as the radiators and rotors of vehicle cooling pumps, as well as the
propellers of fishing and pleasure boats, are affected by the corrosive, abrasive, chemical
and cavitation action of water [9,18-47]. For certain hydrodynamic flow regimes, cavitation
corrosion becomes the most dangerous. Operation in such regimes inevitably leads to
structural damage due to cyclic microjet stresses and shock waves produced by imploding
cavitation bubbles. Although the chemical constitution and alloying with other chemical
elements improves the mechanical properties, lifetime is still limited when operating in
high-intensity cavitation flows. In terms of the use of aluminum alloy 5083 for pressure
vessels and products which are used in special temperature conditions and in areas with
increased aggression, it is required to have special properties. Istrate et al. [9] studied the
cavitation behavior of cast 5083 alloy subjected to different heat treatments of artificial
ageing. The final conclusion of the experimental research was that the best combination
of heat treatments applied to cast products from alloy 5083 is homogenization at 350 °C
followed by artificial ageing at 180 °C, at which the highest mechanical characteristics are
obtained, a resilience of 25 J/cm?, a grain size of 140-180 um, and a maximum depth of the
erosion MDEm around 14-17 um. The present work aims to define the best combination
between the heat treatments of artificial ageing applied to the 5083 alloy in the rolled state
and the resistance to cavitation erosion, considering that there are sufficient uses of the
alloy in this state.

2. Materials and Experimental Procedure

The samples from aluminum alloy type 5083 (Color Metal, Odorheiu Secuiesc, Ro-
mania) were taken in the H111 condition (rolled from 454 °C to 399 °C and annealed at
343 °C maintaining in cooling air), as is given by the producer [40], having the chemical
composition indicated in Table 1.

Table 1. Chemical composition of experimental samples of alloy 5083.

Chemical Composition, % wt

Sample
Fe Cu Mn Mg Cr Zn Ti Al
Experimental 0.36 0.052 0.49 4.59 0.06 0.045 0.01 Rest
SR EN 573-3 Max 040 Max0.10 0.4-1.0 4049  0.05-0.25 Max0.25 Max0.15 Rest

Next, heat treatments were performed on experimental samples with dimensions
10 x 10 x 50 (mm): artificial ageing at 140 °C, with three maintenance periods, 1 h, 12 h
and 24 h; artificial ageing at 180 °C, with three holding periods, 1 h, 12 h and 24 h. In order
to identify the samples, a symbolization of the experimental samples was used as indicated
in Table 2.
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Table 2. Symbolization of the experimental samples.

Test Sample Symbol Heat Treatment Condition
X Gauge sample
XOP 140°C/1h
XOL 140°C/12h
XOI 140°C/24h
XP 180°C/1h
XL 180°C/12h
XI 180°C/24h

The heat treatments were carried out in a Nabertherm furnace (Nabertherm Company,
Lilienthal, Germany), within the Laboratory of Metallic Materials Science and Physical
Metallurgy Department of the Polytechnic University of Bucharest. For each type of heat
treatment, six tests were performed to determine the mechanical properties: tensile strength,
yielding strength, elongation, toughness, hardness and microhardness. Grain size was
determined according to ASTM E3, ASTM E 407, ASTM E 112, using Barker’s electrolytic
reagent to a power of 100x size. The structural investigations were carried out on an
OLYMPUS microscope (Olympus LS, Tokyo, Japan).

The determination of the mechanical characteristics of the test samples subjected to
different ageing heat treatments was carried out on a universal testing machine model LFV
300 (Walter + Bai AG, Schaffhausen, Switzerland). Impact toughness was made determining
KCV values on the Charpy Pendulum Hammer type Walter Bai with (300 J).

The macroscopic structural analysis was performed on an OLYMPUS SZX stereomi-
croscope, equipped with QuickMicroPhoto 2.2 software, and the microscopic analysis on a
REICHERT UnivaR type optical microscope (Reichert, Munich, Germany) equipped with
Image Pro Plus software 6.0 [36,37].

The analysis of the samples by X-ray diffraction was carried out with the D8 Advance
diffractometer (Bruker, Mannheim, Germany), Cu anode tube (A = 1.540598 A), scintillation
detector. The diffractograms were recorded with an angular increment of 0.040 at a scanning
speed of (0.5 s/step) angular measuring range 26 = 20-100° [38].

The experiments regarding the resistance to cavitation of the experimental samples
were carried out in the Cavitation Erosion Research Laboratory [18] of the Politehnica
University of Timisoara, on a vibrating device with piezoceramic crystals, using the in-
direct method of testing (with a stationary sample), cylindrical samples with a diame-
ter of 15.8 mm and a length of 16 mm [8,20,30,33]. The distance between the sonotrode
vortex and the sample surface, subject to cavitation erosion, in these tests was 1.5 mm,
which is laboratory courtesy, as other authors have tested at 0.5 mm [39] and others at
1.0 mm [40]. The research conditions—total duration of 165 min, intermediate periods
used, the processing and interpretation of the recorded results, according to laboratory
custom [5,10,16,17,20]—comply with the procedural and quality requirements of the in-
ternational standard ASTM G32-2016 [41]. Functional parameters of the vibration device
(vibration amplitude 50 um, vibration frequency 20 4 0.2 kHz, distilled water tempera-
ture 22 £ 1 °C, electrical power of the electronic ultrasound generator 500 W), on which
the hydrodynamic intensity of vibrating cavitation, are monitored by a special Mathcad
software [20-22].

The scanning electron microscope was the Thermo Fisher Quattro S model (Thermo
Fisher Scientific, Waltham, MA, USA).

3. Experimental Results and Discussion
3.1. Results Regarding the Mechanical Behavior of the Experimental Samples

The experimental results regarding the determination of the mechanical characteristics
are presented in Table 3 and Figures 1-6, including the analysis of the evolution of the
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values of the mechanical characteristics, compared for each type of experiment, with the
presentation of the standard deviation, which is around 1% for all the tests performed.

Table 3. The values of the mechanical characteristics of the experimental samples type 5083 in

different structural states.

Mechanical Characteristics

Ultimate . 1q. . .
Sample o Swength  gr o Duclty il adness  Toughness
Symbol tate [UTS] & &
Std Std o Std Std Std Std
[MPa] Dev [MPa] Dev (%] Dev [daN] Dev HV Dev Ul Dev
Gauge
X sample 229.65 =£1.16 122.68 +0.81 6.3 +0.16 79.0 £0.56 78.11 +0.60 48 +0.19
XOP 140°C/1h 235.37 £1.49 13578 +1.11 6.4 +030 79.0 £074 7744 +1.01 5.2 +0.19
XOL 140°C/12h 24952 +0.80 142.19 =+0.83 6.3 +0.13  80.1 +0.51 7792 +0.57 5.3 +0.19
XOI 140°C/24h 25235 #£095 15334 +1.20 6.3 +0.13 819 £0.86 81.30 +1.32 5.2 +0.08
XP 180°C/1h 276.14 +0.89 146.60 +1.48 6.5 +031 825 +£070 77.38 +0.53 5.3 +0.11
XL 180°C/12h  317.09 =+1.08 14751 =+0.77 6.5 +0.22 86.1 +0.77 81.10 +0.21 5.3 +0.21
XI 180°C/24h 32453 +£1.03 15543 +1.69 6.5 +0.12 874 £1.09 8710 +0.74 5.3 +0.24
340 4
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Figure 1. Ultimate strength experimental values of rolled alloy 5083, in different structural states.

Red means gauge sample, green mean treatment at 140 °C, violet treatment at 180 °C.
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Figure 2. Yield strength experimental values of rolled alloy 5083, in different structural states. Red

means gauge sample, green mean treatment at 140 °C, violet treatment at 180 °C.
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Figure 3. Ductility values experimental values of rolled alloy 5083, in different structural states. Red
means gauge sample, green mean treatment at 140 °C, violet treatment at 180 °C.
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Figure 4. Impact toughness experimental values of rolled alloy 5083, in different structural states.
Red means gauge sample, green mean treatment at 140 °C, violet treatment at 180 °C.
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Figure 5. Brinell hardness experimental values of rolled alloy 5083, in different structural states. Red
means gauge sample, green mean treatment at 140 °C, violet treatment at 180 °C.
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Figure 6. Vickers hardness experimental values of rolled alloy 5083, in different structural states. Red
means gauge sample, green mean treatment at 140 °C, violet treatment at 180 °C.

From the graph in Figure 1 it can be seen that the ultimate strength values increase
after a completed ageing process at (180 °C), at different holding times, allowing the highest
values to be obtained: 276 MPa for holding at 1 h (17% higher than the value of the control
sample), followed by 317 MPa, at 12 h of maintenance, (an increase of 28%) and the highest
value after 24 h was 324 MPa (an increase of about 30%). From the analysis of the ultimate
strength values (Table 1, Figure 1), it can be observed, first of all, that the application of
ageing heat treatment can increase this value by about 17-30% compared to the value of the
control sample. The increase is smaller for ageing at 140 °C/1, 12, 24 h (maximum 9%) and
more significant for ageing at 180 °C/1, 12, 24 h (reaching up to 30%). At the same time,
during the same ageing, the maintenance time also determines the increase in the resistance
to breaking. Consequently, the greatest increase in mechanical resistance is recorded after
applying an ageing at 180 °C/24 h (with an increase of 30% compared to the value of the
ultimate strength of the sample in the rolled state, the control sample).

Similar considerations can be made in the case of the evolution of the yield strength
values (Table 1, Figure 2). Thus, by applying the thermal ageing treatment to the rolled
5083 alloy products, the yield strength can increase by about 10-21%. When ageing at
140 °C/1, 12, 24 h, the maximum yield strength increase reaches up to 14%, while after
ageing at 180 °C/1, 12, 24 h the yield strength increase can reach up to 21%. Consequently,
the greatest increase in the yield strength is recorded after the application of an artificial
ageing at 180 °C/24 h (an increase of about 21% compared to the value of the yield strength
of the control sample). These modifications of the mechanical characteristics are due to a
slight hardening precipitation of the particles inside the metallic matrix.

The evolution of the ductility values presented in Table 1, Figure 3 indicates that they
are very little influenced by the application of the ageing treatment. These values are in the
narrow range of (6.3-6.5)%.

Figure 4 shows the influence of the artificial ageing heat treatment on the impact
toughness. Thus, the impact toughness increases through artificial ageing regardless of
the temperature value or the holding time by about 9%, the values being in the range
of 5.2-5.37].

In Figure 5 it is observed that by applying the heat treatment of ageing, the ageing at
180 °C/12, or 24 h leads to an increase in the hardness values by about 10%; in all other
situations, the hardness increases (1-2%).

The analysis of the Vickers hardness values from Table 1, Figure 6, indicates a sim-
ilar variation to that of the Brinell hardness values. In this situation, when ageing at
180 °C /24 h, there is an increase in Vickers hardness values of about 10%, while in all other
situations the increase is 4-5%.
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3.2. Results Regarding the Structural Characterization of the Experimental Samples

The results considering the structural analysis of the experimental samples regard-
ing the metallographic aspects after the application of different heat treatments of the
5083 rolled aluminum samples are presented in Figure 7. It can be noted that in the control
sample there is a dendritic aspect of the sample (Figure 7a), with small amounts of dendrit-
ically precipitated particles. By applying ageing, homogenization of the matrix takes place,
the particles still being in dendritic separation (Figure 7b—g). All the images are taken from
the center part of each sample.

(b)

Figure 7. Cont.
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(d)

Figure 7. Cont.
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(8)

Figure 7. Structural analysis of experimental rolled samples of aluminum alloy 5083: (a) gauge
sample (X), (b—d) ageing at 140 °C; (e-g) ageing at 180 °C; (b,e) 1 h; (c,f) 12 h; (d,g) 24 h.

The experimental results regarding the determination of grain size after statistical
analysis of the experimental samples are presented in Table 4. It is observed that in the
control sample the average grain size is at the highest level, around 325 um. By applying
heat treatments of ageing, granulation is reduced. In the artificial ageing heat treatment at
140 °C, the average grain size is generally larger than at 180 °C. The grain size histogram
according to the heat ageing treatment applied to the experimental samples is presented in
Figure 8. This behavior of different hardening in according with ageing temperature could
be explained by secondary recrystallization which may appear during ageing at (140 °C),
in contrast with ageing at (180 °C).
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Table 4. Analysis of grain size of the experimental alloy type 5083.

Parameters of the Statistical Analysis

Code State Grain Size Grain Size Grain Size Standard 95% Confidence
Minimum Maximum Medium Deviation Interval
[um] [um] [um] [um] [um]
X Guage sample 2.18 838 325 166 37.81
XOP 140°C/1h 2.18 709 296 192 40.54
XOL 140 °C/12h 2.16 687 312 131 32.09
XOI 140 °C/24 h 2.15 645 260 140 10.78
XP 180°C/1h 2.15 569 219 117 19.37
XL 180 °C/12h 2.17 614 209 115 15.49
XI 180°C/24 h 2.09 509 204 98 12.83
o OX-guage (rolled) Oageingat 140 °C Oageingat 180 °C
900 4
800 g,: @ .
— 700 — T b 3
= — 2 -
= 600 3
- g uw
_g 500 A
@
£ 400 & © o
[ ™~ - 2
& 300 N 3 2 z
200
100
™~ ™~ ™~ ™~ ™~ ™~ ™~
0 — — — — — — —
& &'8" 3 & @'5" 3 & @'b"' 3 & é@*‘ & & é\'z?' 3 & 6@*‘ 2 & @'8" 3
X- guage (rolled) XOP(140°C/1h)  XOL(140°C/12h)  XOI{140°C/24h)  XP(180°C/1h) XL(180°C/12h) X1(180°C/24h)

Figure 8. Grain size histogram of the experimental rolled 5083 alloy samples, in different
structural states.

3.3. X-ray Diffraction Analysis

The qualitative analysis of the phases by X-ray diffraction revealed the polycrystalline
nature of the analyzed samples. The appearance of the diffractograms for the samples
subjected to heat treatments of artificial ageing is presented in Figure 9.

The crystallographic phases were identified according to the International Center
Diffraction Data Release 2015 database, PDF 01-074-5237. The parameters of the elementary
cell, which correspond to the size of the crystallites, were calculated by the Rietveld method
and correspond to AlygsMg g5, being represented in Table 5. The proportion of MgsAlg
secondary phases is very small, their better identification can be achieved through scanning
electron microscope analysis. A careful analysis of the values of the elements in the
elementary cell highlighted the fact that by applying heat treatments of ageing it is possible
to change this parameter compared to the control sample. An increase in the network
parameter can be observed, in the range of (4.073-4.079) [A] when applying heat treatments
of ageing at (140 °C) /(180 °C); at 24 h durations, ageing at 140 °C, the network parameter
increases by 0.05%, while at increasing holding durations at 24 h, ageing at 180 °C, there is
an increase in the network parameter of 0.2%.
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Figure 9. X-ray diffractograms of rolled 5083 aluminum alloy samples in different structural states.

Table 5. Cell parameters and crystallite size of the analyzed samples.

Test Code CrySti‘)llll‘;fzaPhiC Elel)r;l:;:;zi,ell Crystallite Size
al[A] D (nm)
X 4071 1414
XOP 4.079 138.9
XOL 4.074 148.8
XOI Al g7Mnp o3 4.073 1726
XP 4,073 1045
XL 4.076 162.2
XI 4.079 155.9

3.4. Determination of the Behavior of the Experimental Samples in Cavitation Erosion
3.4.1. Analysis of Cavitation Resistance Based on Curves and Specific Parameters vs.
Penetration Depth

The cavitation erosion behavior and resistance tests were conducted on the standard
vibrating apparatus with piezoceramic crystals of the Cavitation Erosion Research Lab-
oratory from the Politehnica University of Timisoara [20]. The process parameters are
consistent with the requirements of the international standard ASTM G32-2016 [32] (vi-
bration frequency of 20 £ 0.1 kHz, vibration amplitude of 50 pm, power of the electronic
ultrasound generator of 500 W, distilled water temperature of 22 + 1 °C). During the
process these parameters are kept at constant value due to the control of the experimental
process through software specially built for this purpose [20-22].

The results regarding the cavitation erosion behavior are expressed in three ways: as
graphs (Figure 10), which show the variation with the duration of the cavitation attack
of the cumulative mean depth of erosion (MDE) and the mean erosion penetration rate
(MDER), as required by the international standard ASTM G32-2016 [8,9,19-21,30,33,39];
through images obtained from the optical/stereomicroscopic analysis (Figures 11-13); or
through scanning electron microscope images, Figures 14 and 15. Both MDE and MDER
are calculated based on the mass losses obtained in the intermediate periods of the total
test duration (one each of 5 and 10 min and 10 of 15 min each), knowing that the surface
diameter of the samples is 15.8 mm. In our experience, from the point of view of the
accuracy of the test run, depending on the size of the structural beads and the nature of the
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Mean Depth Erosion Mean Depth Erosion

Mean Depth Erosion

material, the tolerance range corresponding to the band of dissimilarity of the experimental
values, recorded on the tested samples, has the tolerance range of (90-98)%, and the
standard deviation o can reach from 0.1 to 4.0. In the case of this article the tolerance range
is (95-98)%, and for o the range was (0.2-3.4).

The diagrams from Figure 10 show the experimental values obtained by the algebraic
averaging of the values recorded on the three samples tested from each type of treatment
and from the control alloy (rolled semi-finished product). These values are averaged by the
curves built with the analytical relations established by Bordeasu et al. [28,29]. Analytical
forms of these curves are:

MDE(t)=A -t- (1 — efB»t) 1
MDER(t)=A-(1—e BH+A.B.t.e Bt 1)

where A and B, whose values are mentioned below the graphs, are the scale and shape pa-
rameters obtained statistically by the method of least squares based on the experimental data.

@ 0.72 = -
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Figure 10. Cont.
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Figure 10. Average erosion depth (a,c,e-g,i k,m) and average erosion rate (b,d,fh,i,1,n) vs. cavitation
exposure time of experimental samples of aluminum 5083 alloy: (a,b)—gauge sample; (c-h) ageing at
140 °C; (i—n) ageing at 180 °C; Holding times: (¢,d,i,j)—1 h; (e,f k,1)—12 h; (g, h,m,n)—24 h.
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Figure 11. The appearance of surfaces subjected to cavitation erosion from rolled alloy 5083, H111
(gauge sample) (piercer X). (a)—stereo macrostructural images in parallel section with the eroded
surface, (b)—in cross section (background—stereomicroscope image, upper left detail—optical
microscope image).

(@) | | T

Figure 12. The appearance of the surfaces subjected to cavitation erosion from alloy 5083, rolled
state H111 followed by artificial ageing at (140 °C) and different holding times: (a,c,e)—stereo
macrostructural images in parallel section with the eroded surface, (b,d,f)—in cross section
(background—stereomicroscope image, upper left detail—optical microscope image); (a,b)—1 h
(piercer XOP); (¢,d)—12 h (piercer XOL); (e,f)—24 h (piercer XOI).
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Figure 13. The appearance of the surfaces subjected to cavitation erosion from rolled alloy 5083,
state H111 followed by artificial ageing at 180 °C and different holding times: (a,c,e)—stereo
macrostructural images in parallel section with the eroded surface, (b,d,f)—in cross section
(background—stereomicroscope image, upper left detail—optical microscope image); (a,b)—1 h
(piercer XP); (c,d)—12 h (piercer XL); (e,£)—24 h (piercer XI).
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Figure 14. Cont.
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Figure 14. Scanning electron microscope (SEM) analysis of eroded surfaces from rolled alloy
5083 samples, state H111 (control sample), at different magnification powers of the microscope:
(a)—25x (macroscopic appearance), (b)—200x, (¢)—500x, (d)—2000x (microscopic appearance).
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Figure 15. Scanning electron microscope (SEM) analysis of the eroded surfaces from the al-
loy 5083 samples, H111, artificial ageing at 140 °C/12 h, at different microscope magnifications:
(a)—25x (macroscopic appearance), (b)—200x, (¢)—500x, (d)—2000x (microscopic appearance).
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A careful analysis of these graphs, the comparative results of which are illustrated in
Tables 6 and 7, shows the following aspects: rolled alloy type 5083 has similar behavior
to other class of aluminum alloys and at the same time shows a very different behavior
in comparison with other types of materials. This behavior is caused by the precipitation
hardening process in aluminum alloys in comparison with erosion mechanisms found in
other classes of hardening metallic materials through solid state transformations.

Table 6. Parameters of the erosion—cavitation process of the rolled 5083 aluminum samples.

A
Sample MDERmax;n ~ MDERmaxexp MDER; |MDERmax,m —~MDERmax,exp | |IMDERmax,m —MDERmax,s|
pm/min % pm/min Y%

X 0.457 0.649 0.419 0.192 45.82 0.038 9.07
Xor 0.465 0.470 0.453 0.005 1.10 0.012 2.65
XOL 0.426 0.504 0.388 0.078 20.10 0.038 9.79
XOI 0.417 0.556 0.375 0.139 37.07 0.042 11.20

XP 0.170 0.241 0.170 0.071 41.76 0 -
XL 0.081 0.095 0.079 0.014 17.72 0.002 2.53
XI 0.035 0.061 0.032 0.026 81.25 0.003 9.38

Table 7. The maximum penetration depth of the cavitation attack of the rolled 5083 aluminum alloy
specimens, in different structural states.

Maximum Penetration Depth of the Cavitation Attack

Sample

MDE qy (nm) Smeasured (M) MDEm
X 65.058 382 6
XOP 63.869 297 5
XOL 61.721 279 5
XOI 61.069 223 4
XP 22.204 218 10
XL 12.406 205 17
XI 5.062 175 35

The dispersion mode of the experimental values compared to the MDE(t) and MDER(t)
mediation curves, as well as the evolution of the two curves, shown by the diagrams in
Figure 10, shows similar and distinct/specific elements of the behavior of the surface
structure to the erosion created by the cyclic stresses of the microjets produced by the
vibrating cavitation. Basically, these diagrams show the effect of the volumetric heat
treatment regime (temperature and holding time) on the mechanical response to cyclic
fatigue stresses, through the structures and values of the mechanical properties obtained.

The following findings can be made:

- for each sample, regardless of whether it is blank or heat treated, during the first
30 min of vibratory cavitation, the erosive mechanism specific to it is observed; in the
attacked surface, more elasto-plastic deformations and crack networks are produced
and the roughness tips and dust are removed abrasively. Material ejections, with the
creation of pitting, are significantly reduced in the mass values recorded by weighing.
For this reason, the appearance of the surface resembles a polished /brushed one;

- with the exception of samples XOP (Figure 10c) and XOL (Figure 10e), in the rest of the
samples there is a time interval in which material losses are high and the differences
between the values of velocities are also high. This aspect shows a low resistance
to cavitation and, as a result, the number of cavities created by the expulsion of
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material increases, and those already created increase in area and depth (see images in
Figures 11-13);

- in all samples, starting from the 105th (120th) min and until the end of the test,
the losses are of close order, which is why the MDE(t) curve becomes linear, the
differences between the experimental values of the speeds are small and the MDER(t)
curve decreases asymptotically towards the value of stabilization of MDERs;

- the evolutions of the MDER(t) mediation curves—with the exception of the one
for sample XP (Figure 10j), where the curve asymptotically tends to stabilize at the
maximum value (MDERmax,m)—tend to decrease asymptotically towards the value
of MDERs. Based on previous experience [16-24,28-31] we believe that this way
of evolution is the effect of the mechanical properties, the hardening over time, the
applied layer and the reduction of the stress/impact force, as a result of the damping
effect of the air penetrating into formed caverns;

- although the cavitation erosion of the surface is initiated as early as 15-30 min, sub-
stantial large losses—with the creation of deep caverns in the form of trenches, which
greatly increase in geometric dimensions—occur in the 60-120 min interval. Start-
ing with the 135th min, the caverns develop less, for the reasons mentioned (the air
entering the caverns dump the impact pressure);

- from the point of view of the influence of the holding time at the artificial ageing
temperature at 140 °C, the structure with the highest resistance to cavitation erosion is
obtained for the duration of 24 h (XOI), of close order to that for the duration of 12 h
(XOL), and the lowest for 1 h durations (XOP);

- from the point of view of the influence of the holding time at the artificial ageing
temperature at 180 °C, the structure with the highest resistance to cavitation erosion is
obtained for the duration of 24 h (sample XI), and the lowest for the duration of one
hour (XP).

The data from Table 6 highlight the differences between the maximum experimentally
obtained values (MDERmax,exp) and the maximum (MDERmax,m) and stabilization values
(MDERs), defined by the MDER(t) curves. The high values of these differences can create the
impression that we have a structure with poor resistance to cavitation, specific to materials
with large grain sizes, with a high number of structural defects (such as intermetallic
compounds) and with low values of mechanical properties, especially hardness. In this
case, we believe that these differences cannot be attributed to the strength of the structure,
but rather to the dumping effect of the air in the caverns and to the hardening of the layer
under the repetitive impacts of the cavitation microjets.

Instead, the high values of the speeds, whatever they are, are indicators of the re-
sistance to cavitation and correspond to the appearance of the microscopic images in
Figures 11-13. Therefore, we appreciate that, according to the value of the speeds defined
by the curves, the highest resistance is of the structure of sample XI (treated at 180 °C for
24 h) and the lowest of sample XOP (treated at 140 °C for one hour).

From the point of view of the difference in values, we believe that the samples (X, XOP,
XOL and XOI) have cavitation resistances of the same order, clearly inferior to the XL and
XI samples, the XP sample being of intermediate resistance. Therefore, the data in Table 6
are expressions of the influence of the structure on the resistance to cavitation by the regime
parameters of the heat treatment, by the microstructural changes and by the values of the
mechanical properties.

The data in Table 7 provide similar conclusions to those recorded in Table 6. From here
we find that sample XI has the best resistance to cavitation erosion, the average depth after
165 min of cavitation being clearly inferior to the others. Compared to what was stated
in Table 6, it follows from Table 7 that the control sample (X) has the lowest resistance to
cavitation erosion. In addition to this, it follows that samples X, XOP, XOL and XOI have
the structures with the lowest resistance to cavitation stresses.
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Both the data in Table 6 and those in Table 7 show that with the temperature of 180 °C,
regardless of the holding time, the obtained structures have superior resistances to those
obtained by the ageing treatment at (140 °C), of the order of (2-13) times.

3.4.2. Determination of Resistance to Cavitation Erosion by Stereomacrostructural Analysis

The results of the macrostructural analysis of the cavitation attack after 165 h carried
out in the Physical Metallurgy laboratory—UPB are shown after the stereomicroscope
analysis in Figures 11-13. The morphological analysis of the eroded structure is rendered
comparatively after the metallographic analysis as follows: either by stereomacrostructural
analysis, or by measuring the penetration depths of the cavitation attack in cross-section,
comparative stereo analysis—microscopic analysis.

The macrostructural aspects highlighted in the stereomicroscope capture the extension
of the cavitation attack in the frontal section. The gauge sample (Figure 11) has the most ex-
tensive surface affected by the cavitation attack, while the samples aged by heat-treatment
at 140 °C/180 °C have the smallest surfaces affected by the cavitation attack. The detailed
cross-sectional analysis of the surfaces subjected to cavitation (the right-hand images of
Figures 11-13) allowed both the visualization of the profile and the determination of the
maximum penetration depth of the cavitation attack. Note the difference between the value
of the maximum measured depth of the cavern trapped in the sectioning plane (in the
range of 175-382 um, Figures 11-13) and the maximum cumulative average calculated after
165 min (in the range of 5-65 um, Figure 10), which is about 3-35 times. It is reconfirmed
that for the evaluation of the behavior and resistance of a structure to cavitation stress,
it is recommended to use the average MDEnax surface value calculated at the end of the
test and not the maximum of a cavern, from an arbitrary area. However, the very high
value of pit trapped in the section plane raises a big question mark of the degree of fineness
and constitution of the structure of an aluminum alloy with or without preliminary heat
treatment. This behavior can give clues about the mechanism of the cavitation phenomenon
between different structural classes of metallic materials. If the surface hardening mecha-
nism takes place in the volume, following a solid-state transformation, the differences are
minimal [32,33]. If the surface hardening mechanism occurs only through solid solution
hardening (such as is the case of aluminum alloys), then the differences are particularly
high, due to the formation of deep local caverns around the hardening particles in a solid
solution mass unaffected by cavitation attack.

a. stereomacrostructural image in section parallel to the eroded surface,
b.  cross-section images (background—stereomicroscope image, upper left detail—optical
microscope image).

An interesting quantitative analysis can be made by measuring the surfaces affected
area by cavitation corrosion, the surface in section parallel to the erosion plane (outer-initial
surface), the intermediate surface (the total surface affected by cavitation erosion) and
the inner surface (the surface that more affected by cavitation erosion). Table 8 shows the
results of the measurements of the various surfaces affected by corrosion, as well as the
ratio between the surface most affected by corrosion and the initial surface of the sample.
The macrostructural quantitative analysis allows formulating the following aspects:

- by applying thermal ageing treatments, the ratio between the surface most affected
by cavitation erosion and the initial surface of the sample decreases from the average
value of the control sample (about 85%), to an average value of about 80% after ageing
at 140 °C, reaching a much lower value of 55-60%, for the samples subjected to ageing
at 180 °C;

- within the same ageing temperature, there is a significant decrease in the ratio between
the surface most affected by cavitation erosion and the initial surface of the specimen.
Thus, after ageing at 140 °C and holding for 1 h the ratio is 81%; after holding for 12 h
the ratio drops to 80%, and after 24 h the ratio becomes 78%. After ageing at 180 °C,
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the ratio is 61% after holding for 1 h; this decreases to 57% after holding for 12 h, and
reaches 56% after holding for 24 h.

Table 8. Measurement values of diameters affected by cavitation erosion, in section parallel to
the surface.

Total Affected Most Affected

Total Diameter Erosion Diameter Erosion Diameter, Dinside_
(D initially) D initially
Sample State (D erosion) (D inside)
m Std m Std m Std (%]
M Dev H Dev M Dev °
X Gauge 14,293 +77 13,252 +8.7 12,257 +87 85
sample

XOP 140°C/1h 14,224 +8.1 12,908 +8.2 11,611 +8.5 81
XOL 140 °C/12h 14,234 +7.5 13,062 +8.6 11,486 +8.2 80
XOI 140 °C/24 h 14,316 +7.2 12,327 +8.0 11,172 +7.9 78
XP 180°C/1h 14,241 +8.4 11,358 +8.4 8725 +7.4 61
XL 180 °C/12h 14,281 +7.9 9600 +7.9 8105 +7.8 57
XI 180 °C/24 h 14,179 +7.3 9466 +7.4 7969 +7.9 56

3.5. Scanning Electron Microscope Analysis

The scanning electron microscope analysis of the cavitation-eroded surfaces, shown in
Figures 14 and 15, completes the information on the morphology of the surfaces, as well as
on the propagation mechanism of cavitation cracks in this class of metallic materials. Thus,
as can be seen in Figure 14, in the situation of a sample not subjected to heat treatment, in
a rolled state, on a macroscopic scale the surface appears eroded almost uniformly with
numerous cavitations extended over large surfaces, with polygonal shapes (Figure 14a), In
the microscopic analysis (Figure 14b) the bottom surface of the cavitation has a cleavage
appearance, fragile, faceted and delimited by numerous secondary cracks.

For the samples heat-treated by ageing, the aspects of the cavitation-eroded surfaces
are approximately similar, with a difference in the frequency of cavitation, as well as
the microscopic aspect. Thus, for example, on a surface thermally treated by ageing at
140 °C/12 h/air (Figure 15a) on a macroscopic scale, the surface shows a high frequency of
cavitations, with rounded edges, of relatively small sizes (0.1-0.5 mm). On microscopic
analysis (Figure 15b), the surface has a fragile appearance, with cleavage, faceted, with
numerous secondary intragranular cracks.

SEM analysis confirms a brittle behavior of the 5083 aluminum alloy after cavitation
erosion, the cavitation produced being generated by the secondary particles of the alloy,
around which the structural integrity is destroyed. There is no volume hardening of the
material through the formation of a hard phase, with high mechanical properties (such as
martensite), but only a hardening of the solid solution by the precipitation of secondary
phases (as in the case of aluminum alloy 5083 with the hardening phase MgsAlg). Following
the interaction of the jet with the surface, dislocation of the particles takes place, leaving an
eroded surface with numerous cracks secondary intragranular.

4. Conclusions

The complex structural analysis of aluminum alloy samples type 5083, subjected to
artificial ageing treatments at 140 °C/1 h, 12 h, 24 h and artificial ageing at 180 °C/1h, 12 h,
24 h allowed the formulation of the following conclusions:

- The application of the artificial ageing heat treatments at 140 °C (1 h, 12 h, 24 h) and
180 °C (1 h, 12 h, 24 h) can lead to changes in the mechanical and structural charac-
teristics of the rolled aluminum alloy type 5083 products, in different proportions, in
comparison with gauge sample, such as: the ultimate strength values increasing up
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to 30%, yielding strength values increasing up to 21%, ductility values being located
in the narrow range of (6.3-6.5)%, without modification of resilience values [only in
the range of 5.2-5.3], and slightly increased the hardness values. The resistance to
cavitation corrosion can be increased, in the sense of decreasing penetration depths
and erosion penetration speed, obtaining after ageing at 180 °C, the maximum pene-
tration depth of the MDEnax cavity is 22.204 um (at 1 h maintenance), 12.406 um (at
12 h maintenance), and 5.062 um (at 24 h maintenance).

- The differences between the maximum values of the maximum depths measured in the
axial plane of sectioning and the approximation curves, after the completion of the test
(165 min), are of the order of 4-6 times. This observation reconfirms that the maximum
depth measured in an axial section (dependent on the place of sectioning) is not an
indicator that serves to compare the strength of the surface after the applied treatment.

- The attack times at which the highest values are recorded for the experimentally
determined velocity and that defined by the averaging curve MDER(t) are different.
The explanation is related to the mass of grains (intermetallic compounds) expelled in
certain phases of cavitation stress.

- The shapes of the caverns, from pinched to united caverns, with different depths,
are mainly determined by the shape of the microstructure resulting from the heat
treatment regime applied.

- Considering a quantitative parameter obtained during the stereomacrostructural anal-
ysis, the value of the ratio between the diameter of the area most affected by cavitation
erosion and the initial diameter, it is observed that the value of this parameter is very
high in the control sample, about 85%; it is lower after artificial ageing at 140 °C, at
about 80%, reaching much lower values after applying an artificial ageing at 180 °C
(up to 56%).

- The best results regarding heat treatment of ageing applied to type 5083 aluminum
rolled products are obtained after artificial ageing at 180 °C/24 h hold, with the
best mechanical characteristics: ultimate strength 324.53 [MPa], yielding strength
155.43 [MPa], Brinell hardness of 87.4 [daN/mm?], an average grain size of 203.85 um,
a maximum depth of cavitation erosion MDEmay of 5 um and the smallest ratio
between the diameter of the most affected area and the initial diameter of the test
sample, of approximately 55%.
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