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Chapter 1- entitled Current status of development of Al-Mg series aluminium alloys, consists of 

four sub-chapters as follows: introduction to the current status of aluminium alloys (with definition 

of main applications); main physical and technological properties of aluminium; main types of 

alloys according to the Aluminium Association and the American National Standards Institute, and 

presentation of the main types of Al-Mg series alloys. 

Chapter 2- entitled Cavitational erosion, consists of two sub-chapters, as follows: the current state 

of knowledge of cavitational erosion and the cavitational erosion behaviour of aluminium alloys. 

At the end of the chapter the objectives of the present doctoral thesis are presented, respectively: 

• Determination of the cavitational erosion resistance of Al-Mg alloy in both cast and plastic 

deformed (rolled) state after application of different heat treatments. 

• Highlighting different possibilities to improve the mechanical characteristics of Al-Mg 

aluminium alloy by applying homogenisation heat treatments at different temperatures and 

holding times and ageing treatment at different temperatures and stabilizing times. 

• To establish a possible correlation between the structure of Al-Mg alloy (in different 

structural states, i.e. cast and plastically deformed), mechanical characteristics and 

resistance to cavitational erosion. 

Chapter 3- entitled Material and research methodology used, consists of four sub-chapters. The 

research material consisted of specimens taken from the Color Metal company of various 

aluminium alloy blanks of the 5000 series, respectively Al-Mg, in two structural states: cast state 

and rolled state (H111). The chemical composition according to EN 573-3:2019 of the investigated 

alloy Al-Mg is illustrated in Tab.1a in cast state and Tab. 1b in rolled state. 

 

Tab. 1a- Chemical composition of experimental alloy specimens Al-Mg, cast 

Sample 
Chemical Composition, % Rate 

Si Fe Cu Mn Mg Cr Zn Ti Al 

Experimental 0,41 0,29 0,106 0,52 4,21 0,12 0,16 0,028 Rest 

SR EN 373- 3 
Max 

0,40 

Max 

0,40 

Max 

0,10 
0,4-1,0 4,0-4,9 

0,05-

0,25 

Max 

0,25 

Max 

0,15 
Rest 

 

Tab. 1b- Chemical composition of experimental alloy specimens Al-Mg, rolled 

Sample 
Chemical Composition, % Rate 

Si Fe Cu Mn Mg Cr Zn Ti Al 

Experimental 0.38 0,36 0,052 0,49 4,59 0,06 0,045 0.01 Rest 

SR EN 373- 3 
Max 

0,40 

Max 

0,40 

Max 

0,10 
0,4-1,0 4,0-4,9 

0,05-

0,25 

Max 

0,25 

Max 

0,15 
Rest 

 

The following heat treatments were carried out on the initial blanks in order to increase the 

mechanical performance and possibly the resistance to cavitational erosion: 

Homogenization treatments were applied to the cast specimens at: 
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o 350C/100 min / air/ followed by artificial ageing at 180℃ / 1h, 12h, 24h;  

o 450C/100 min / air/ followed by artificial ageing at 140℃ / 1h, 12h, 24h 

o 450C/100 min / air/ followed by artificial ageing at 180℃ / 1h, 12h, 24h 

Artificial ageing treatments were applied to specimens in the rolled state (H111 , homogenisation 

at 455 °C/rolled from 454 °C to 399 °C/annealed at 343 °C, followed by air cooling) at: 

o 140℃ / 1h, 12h, 24h 

o 180℃ / 1h, 12h, 24h 

 

 Each sample has been assigned an identification code according to Tab. 2. 

Tab. 2 Identification of samples 

Series/ 

Aliaj 

Sample 

code 
Heat treatment for homogenisation and artificial ageing (T6) 

5
0
0
0
 /

A
l-

M
g

 

H Gauge sample -cast 

HAP la 350℃ / stabilizing 100 min / cooling air still followed by artificial aging at 180℃ / 1h, 

HAL la 350℃ / stabilizing 100 min / cooling air still followed by artificial aging at 180℃ / 12h, 

HAI la 350℃ / stabilizing 100 min / cooling air still followed by artificial aging at 180℃ / 24h, 

HNOP la 450℃/  stabilizing 100 min / cooling air still followed by artificial aging at 140℃ / 1h, 

HNOL la 450℃ / stabilizing 100 min / cooling air still followed by artificial aging at  140℃ / 12h, 

HNOI la 450℃ /  stabilizing 100 min / cooling air still followed by artificial aging at 140℃ / 24h, 

HNP la 450℃ /  stabilizing 100 min / cooling air still followed by artificial aging at 180℃ / 1h, 

HNL la 450℃ /  stabilizing 100 min / cooling air still followed by artificial aging at 180℃ / 12h, 

HNI la 450℃ /  stabilizing 100 min / cooling air still followed by artificial aging at 180℃ / 24h, 

X Gauge sample -  roll down,  state H111 

XOP artificial ageing at 140℃ / 1h, 

XOL artificial ageing at 140℃ / 12h, 

XOI artificial ageing at 140℃ / 24h, 

XP artificial ageing at 180℃ / 1h, 

XL artificial ageing at 180℃ / 12h, 

XI artificial ageing at 180℃ / 24h, 

 

The homogenization and artificial ageing heat treatments were carried out at the Polytechnic 

University of Bucharest, Faculty of Materials Science and Engineering, according to the cycle 

diagram Fig. 3.3 using the Thermo SCIENTIFIC-THERMOLYNE oven type heat treatment 

furnace, shown in Fig. 1 

 
a                                                               b 

Fig. 1. Heat treatment cycle; a-at 450°C, b- at 350°C  
Investigation methods used in the research were: stereomicroscope analysis, optical 

microscopy, scanning electron microscopy and X-ray diffraction analysis, and methods to 

investigate the behaviour under cavitational attack. 

The experimental program is shown in Fig. 2. 
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Fig. 2 - Experimental research programme of the present work 

 

Chapter 4 is entitled Mechanical and structural behaviour of cast Al-Mg series aluminium alloy 

used in own experiments. In the first sub-chapter the mechanical behaviour of Al-Mg alloy in cast 

condition is reported. The analysis of the evolution of the values of the comparative mechanical 

characteristics for each individual specimen is shown in sequence in Fig. 3 ÷ Fig. 7. 

From the graph in Fig. 3a and Fig. 3b it can be seen that the values of the tensile strength 

increase significantly by applying the heat treatment. After homogenization and ageing at 1800C, 

at different holding times, the highest values are obtained, i.e. 318 MPa for 1h holding (31% higher 

than the value of the control sample), followed by 346.20 MPa, at 12h holding, (37% increase) and 

the highest value after 24h, i.e. 436 MPa (approximately 50% increase). By applying the 

homogenization treatment at 4500C the values of the breaking strength are higher than those of the 

control sample, but do not reach those of a homogenization at 3500C, regardless of the type of 

ageing applied. By applying the heat treatment of homogenisation at 4500C followed by ageing at 

1400C, values higher than the control sample are obtained by about 25% (at 1h holding), about 28% 

(at 12h holding) and about 30% (at 24h holding). Values close to those of homogenization at 4500C 

+ 1400C are also obtained for homogenization at 4500C + 1800C, slightly increased at longer 

holding times, respectively 30% (at 12h) and 31% (at 24h). Fig.4 shows the evolution of the yield 

strength values, from which it can be seen that the highest values are obtained by homogenization 

at 3500C + aging at 1800C. Increasing the aging time has a dramatic effect. After 1 hour, the yield 

strength increases by about 21% (compared to the control sample), after 12 hours it increases by 

40%, and after 24 hours the yield strength increases by 67%. On the other hand, by applying 

homogenisation at 4500C and ageing (either at 1400C or 1800C), the yield strength increases at 

much lower rates than the control sample, i.e. by (14 ÷ 18)% for 1400C and (19 ÷ 25)% for 1800C. 
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a     b 

Fig. 3. - Evolution of the tensile strength values of experimental Al-Mg alloy specimens, in the tuned state, in different 

structural states (a) and stress-strain curves of Al-Mg alloy specimens, in the cast state (b) 

 

The variation of elongation values of experimental samples is shown in Fig. 5. The applied 

heat treatments lead to a decrease of the elongation values from 28.4% to (control sample), halving 

the different ageings. At homogenization at 3500C the decrease in elongation values is intermediate, 

from 66% (for ageing at 1800C/1h), to 92% (1800C/ 12h) and 123% (at 1800C/24h). The highest 

elongation values after ageing are obtained at 4500C / +1400C. Thus, the decreases in elongation 

values are lower by about 21% (for 1h), followed by 34% (at 12h) and 48% (at 24h). Values similar 

to those obtained for homogenisations at 3500C + 1800C were obtained for samples homogenised 

at 4500C + 1800C. The variation of the resilience values of the experimental specimens is shown in 

Fig. 6. By applying the heat treatment of homogenisation plus ageing, in addition to the 

homogenisation of the grain size, a change in the resilience occurs leading to decreases below 

25J/cm2 , values not acceptable for further applications. It can be judged that homogenisation at 

3500C + 1800C, regardless of the duration of ageing maintenance, does not take the material out of 

the parameters, the resilience reaching the accepted limit value of 25.2 J / cm2 (at 24h maintenance). 

The same is not true for homogenisations at 4500C followed by ageing. If at 4500C + 1400C 

increasing the ageing time leads to drastic decreases in resilience (22 J/cm2 at 12h, respectively 18 

J/cm2 at 24h), at 1800C ageing only the 24h holding takes the material out of the parameters, 

reaching 18 J/cm2, at the other ageing times the resilience values remain high (31 J/cm2 and 17 

J/cm2 respectively). The evolution of the hardness values of the experimental specimens is shown 

in Fig. 7. Compared to the hardness of the control specimen, i.e. 79.8 MPa, through homogenisation 

and ageing the hardness values decrease. After homogenization at 3500C + 1800C there is an 

average decrease of about 1 ÷ 4%, at 4500C + 1400C there is a decrease of 4 ÷ 9%, and for 4500C 

+ 1800C / 1h there is the largest decrease, i.e. 10%. In Tab. 3 the mechanical results of the tested 

samples are centralized. 

The experimental results on grain size determination are shown in Fig. 8. It can be seen that 

in the control sample the average grain size is at the highest level, around 243μm. By applying the 

heat treatments the grain size decrease occurs. During hardening and ageing at 3500C + 1800C the 

average grain size is generally larger than at 4500C + 1800C or 4500C + 1400C. The plot of grain 

size variation as a function of the heat treatment applied to the experimental samples is shown in 

Fig. 9. 
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Fig. 4. Evolution of the yield strength values of 

experimental Al-Mg alloy samples in the cast state in 

different structural states. 
 

Fig. 5. Evolution of elongation values of experimental 

Al-Mg alloy samples, in the cast state, in different 

structural states 

                        

 

 

 
Tab. 3. Mechanical behavior and grain size of the experimental samples type Al-Mg in different structural states. 

Sample 

code 
State 

Mechanical Characteristics  

Yielding 

Strength 

[MPa] 

Ultimate 

strength [MPa] 

Ductility 

[%]  

Brinell 

Hardness 

[MPa]  

Vickers 

Hardnes 

μHV 

Impact 

Toughn

ess 

[J/cm2] 

H Gauge sample 118.84          220.63 28.40 79.80 76.97 32.00 

HAP 350C / 100 min / air + 180C / 1h 151.21 318.58 17.11 76.80 76.89 31.00 

HAL 350C / 100 min / air + 180C / 12h 195.70 346.20 14.75 79.00 79.14 25.80 

HAI 350C / 100 min / air + 180C / 24h 356.68 436.30 12.73 79.00 80.01 25.20 

HNOP 450C / 100 min / air + 140C / 1h 139.57 294.82 23.44 72.80 74.65 32.60 

HNOL 450C / 100 min / air + 140C / 12h 141.66 307.63 21.17 76.80 75.30 22.10 

HNOI 450C / 100 min / air + 140C / 24h 144.55 311.21 19.18 76.80 80.67 18.00 

HNP 450C / 100 min / air r + 180C / 1h 146.50 250.03 12.68 71.80 78.12 31.70 

HNL 450C / 100 min / air + 180C / 12h 149.91 315.16 13.18 77.90 78.38 28.40 

HNI 50C / 100 min / air + 180C / 24h 158.62 318.34 14.44 80.70 79.68 16.40 

 

 

Fig. 7. Evolution of hardness values of 

experimental Al-Mg alloy samples in the 

cast state in different structural states 

Fig. 6. Evolution of the resilience strength values of 
experimental Al-Mg alloy samples in the cast state in 

different structural states  
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Fig. 9- Grain size histogram of the experimental cast Al-Mg alloy samples, in different structural state. 
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Fig. 8 Structural analysis of Al-Mg aluminium alloy experimental samples in the cast state: 

control sample (H); (b, c, d)- cast + homogenization at 350℃ / 100 min / air + artificial ageing at 180℃; (e, f, g) 

cast + homogenization at 450℃ / 100 min air + artificial ageing 140℃; (h, i, j) cast + homogenization at 450℃ / 

100 min / air + artificial ageing at 140℃; Holding times - (b, e, h- 1h); (c, f, i- 12 h); (d, g, j- 24h) 
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In the sub-chapter entitled X-ray diffraction qualitative phase analysis, the appearance of 

diffractograms for specimens subjected to different heat treatments is presented, Fig. 10. A careful 

analysis of the values of the elementary cell parameters revealed that the application of the quenching 

+ ageing heat treatments can change this parameter. The combination 450C +140C leaves the 

elementary cell parameter unchanged, i.e. 4.073 [Å], compared to the control sample. In contrast to 

the other heat treatments there is an increase in the lattice parameter, either in the range 4.072 ÷ 4.075 

[Å] when applying the 350C + 180C heat treatments, or an increase in the lattice parameter in the 

range 4.074÷ 4.076 [Å] when applying the 450C + 180C heat treatments. 
 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

In the subchapter entitled Determination of cavitational erosion behaviour of experimental 

specimens, experimental results on the determination of MDER are reported, Fig.11. 

                               (A = 0,038, B = 0,02) 

      a     b 

 

(A = 0,109, B = 0,035) 

c     d  

  

(A = 0,092, B = 0,034) 

e     f  

Fig. 10– X-ray diffractograms of cast Al-Mg 

aluminum alloy samples in different structural 
states. 
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(A =0,089, B = 0,03) 

g     h 

 

 (A = 0,233, B = 0,034)

i      j 

  

(A = 0,261, B = 0,043)

k  l  

 

 (A = 0,316, B = 0,046) 

m     n 

                                  (A = 0,18, B = 0,32)              

o     p 

 

(A = 0,189, B = 0,018) 

r     s 
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(A = 0,174, B =0,033) 

t     u 

Fig. 11– Structural analysis of cast experimental samples from aluminum Al-Mg  alloy: (a) Gauge 

sample (H), (b–d) cast + quenched at 350 °C/100 min/air + artificial ageing at 180 °C; (e–g) cast + 

quenched at 450 °C/100 min/air + artificial ageing at 140 °C; (h–j) cast + quenched at 450 °C/100 

min/air + artificial ageing at 140 °C (b,e,h) 1 h maintaining, (c,f,i) 12 h maintaining, (d,g,j) 24 h 

maintaining

Tab. 4- Erosion-cavitation process parameters of experimental Al-Mg aluminium alloy cast samples 

Sample 𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒎 𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒆𝒙𝒑 𝑴𝑫𝑬𝑹𝒔 

∆ 

|𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒎

−  𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒆𝒙𝒑| 

|𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒎

−  𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒔| 

𝝁𝒎/𝒎𝒊𝒏 % 𝝁𝒎
/𝒎𝒊𝒏 

% 

H 0.429 0.589 0.413 0.16 37 0.016 5.7 

HAP 0.122 0.171 0.111 0.049 40 0.011 9 

HAL 0.104 0.112 0.093 0.008 8 0.008 8 

HAI 0.101 0.166 0.092 0.065 65 0.009 9 

HNOP 0.359 0.385 0.317 0.03 8 0.042 12 

HNOL 0.296 0.426 0.262 0.13 44 0.034 12 

HNOI 0.261 0.380 0.237 0.109 46 0.014 9 

HNP 0.203 0.297 0.184 0.094 46 0.019 10 

HNL 0.209 0.282 0.209 0.073 35 0 0 

HNI 0.193 0.375 0.177 0.182 95 0.0.16 8 

 

Tab. 5 – Maximum depth of penetration of cavitational attack of cast Al-Mg aluminium alloy specimens in 

different heat treatment states 

Sample 

Maximum penetration depth of the cavitation attack 

𝑴𝑫𝑬𝑹𝒎𝒂𝒙     (𝝁𝒎) 𝜹𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (𝝁𝒎) 
𝜹

𝑴𝑫𝑬𝑹𝒎𝒂𝒙

 

H 60.249 436.58 7 

HAP 17.926 190.01 11 

HAL 15.125 162.87 11 

HAI 14.572 124.41 8 

HNOP 52.115 330.26 6 

HNOL 43.027 291.81 7 

HNOI 38.31 285.02 7 

HNP 29.572 278.23 9 

HNL 29.471 262.4 9 

HNI 28.589 257.87           9 
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The following points can be made: 

•  the most significant losses, with the development of pinpricks and caverns in the exposed 

surface area are recorded in the interval 45-120 minutes (large differences between successive 

experimental values of the measured parameters MDE and MDER, as well as large deviations 

from the MDE(t), and MDER(t) curves) for all experimental specimens; 

•  in the first 30 minutes an erosive mechanism takes place whereby roughness peaks, abrasive 

dust and elasto-plastic deformations and crack networks are removed; 

•  the shape of the approximation/measurement curve of the experimental values has different 

values between the maximum value (MDERmax) and the one towards which it tends 

asymptotically towards stabilisation (final MDERs) (as can be seen from Tables 3 and 4, with 

differences of  0  12%. This difference, manifested in all cases, is typical of surfaces with 

average mechanical properties (with hardness values of about 80 HB and resiliencies of about 

25 J/cm2), which gives this state a behaviour characteristic of metallic materials with low 

resistance to cavitational erosion; 

•  if insignificant differences are observed in all heat treatment situations between experimental 

values of erosion rates after 120 minutes and up to test completion, which lead to an 

approximately linear increase of the erosion MDE(t) over this time interval and slightly 

asymptotic towards stabilization of the curve MDER(t) curve, differences characteristic of 

plastic structures, leading to decrease in the cyclic stress resistance of cavitation microjets; 

•  a big difference is noticeable (which, as shown in Tab. 4 and Tab. 5, is in the range 8  94%) 

between the maximum value obtained by the experiment (MDER max,exp) and that defined by 

the averaging curve (MDERmax,m), even if recorded at the same cavitations duration (90 

minutes). The smallest difference is for the sample heat-treated at 450C /100min/air + 140C 

/12h/air of about 8%, and the largest difference is for the sample heat-treated at 350C 

/100min/air + 180C /24h/air of about 94%. In the other heat-treated states this difference is in 

the range 40  65%. This is further evidence of the complexity of the mechanics by which the 

structure responds to cavitational stress and shows the effect of holding time at the ageing heat 

treatment temperature on the structure and mechanical properties, as a value and mode of 

distribution in the sample volume. 

Cavitational erosion attack images obtained by optical/stereomicroscopic microscope 

analysis (Fig. 12   Fig. 15) . 

  

Fig. 12 - Appearance of macrostructural surfaces (left front section, parallel to eroded surface, right in cross section, 

background - optical microscope image, detail - stereomicroscope image) subjected to cavitational erosion of Al-Mg 

alloy, in cast condition, control sample. 

  
a 



13 

 

  
b 

  
c 

Fig. 13- Appearance of macrostructural surfaces (left front section, parallel to eroded surface, right in cross section, 

background - optical microscope image, detail - stereomicroscope image) subjected to cavitational erosion of Al-Mg 

alloy, cast followed by solution hardening 350℃ / holding 100 min / cooling still air and subjected to artificial 

ageing at 180℃ and different holding times: a- 1h; b- 12h; c- 24 h 

 

    
a 

  
b 

  
c 

Fig. 14- Appearance of macrostructural surfaces (left front section, parallel to eroded surface, right in cross section, 

background - optical microscope image, detail - stereomicroscope image) subjected to cavitational erosion of Al-Mg 

alloy, cast followed by solution hardening 450℃ / holding 100 min / cooling still air and subjected to artificial 

ageing at 180℃ and different holding times: a- 1h; b- 12h; c- 24 h 

 

    

a 
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b 

  
c 

Fig. 15-- Appearance of macrostructural surfaces (left front section, parallel to eroded surface, right in cross section, 

background - optical microscope image, detail - stereomicroscope image) subjected to cavitational erosion of Al-Mg 

alloy, cast followed by solution hardening 450℃ / holding 100 min / cooling still air and subjected to artificial 

ageing at 140℃ and different holding times: a- 1h; b- 12h; c- 24 h 

The macrostructural analysis carried out with the stereomicroscope allowed the qualitative 

and quantitative fractographic analysis of the surfaces subjected to cavitational attack, the results 

obtained are shown in Tab. 5. 

Tab. 6- Stereo macrostructural analysis of Al-Mg alloy specimens, as cast, in the treatment states, 

required for cavitation attack 
Sample 

code 
Remarks 

H 

The region affected by cavitational attack is (10699.0 µm) and with a central area of 7442.0 

µm. The area affected by cavitational attack is 71.32%. The central area (the most cavitated 

area) is 69.62%. 

HAP 

The region affected by cavitational attack is (10249.3 µm) and with a central area of 9050.7 

µm. The area affected by cavitational attack is 68.33%. The central area, (the most cavitated 

area) is 60.34%. 

HAL 

The region affected by cavitational attack is (11483.3 µm) and with a central area of 9434.0 

µm. The area affected by cavitational attack is 76.55%. The central area (the most cavitated 

area) is 62.90%. 

HAI 

The region affected by cavitational attack is (11592.3 µm) and with a central area of 9495.3 

µm. The area affected by cavitational attack is 76.86%. The central area (the most cavitated 

area) is 63.31%. 

HNOP 

The region affected by cavitational attack is (12039.0 µm) and with a central area of 9048.3 

µm. The area affected by cavitational attack is 80.26%. The central area (the most cavitated 

area) is 60.32%. 

HNOL 

The region affected by cavitational attack is (12967.3 µm) and with a central area of 10142.0 

µm. The area affected by cavitational attack is 68.33%. The central area (the most cavitated 

area) is 67.61%. 

HNOI 

The region affected by cavitational attack is (11197.0 µm) and with a central area of 9467.7 

µm. The area affected by cavitational attack is 74.64%. The central area (the most cavitated 

area) is 63.11%. 

HNP 

The region affected by cavitational attack is (10186.3 µm) and with a central area of 9019.3 

µm. The area affected by cavitational attack is 67.90%. The central area (the most cavitated 

area) is 60.12%. 

HNL 

The region affected by cavitational attack is (11572.3 µm) and with a central area of 9580.0 

µm. The area affected by cavitational attack is 77.15%. The central area (the most cavitated 

area) is 63.87%. 

HNI 

The region affected by cavitational attack is (12597.7 µm) and with a central area of 8158.7 

µm. The area affected by cavitational attack is 83.99%. The central area (the most cavitated 

area) is 54.39%. 
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SEM analysis confirms a brittle behaviour of the Al-Mg alloy after cavitational erosion, 

the cavitations produced being generated by secondary particles of the alloy, around which the 

structural integrity is destroyed. Scanning electron microscope (SEM) analysis of the eroded 

surfaces of Al-Mg alloy specimens, in the cast state (control specimen), at different microscope 

magnification powers is shown in Fig. 16 we have SEM analysis of the eroded surfaces of Al-Mg 

alloy specimens, after rinsing at 350℃ / holding 100 min / air-cooled and artificially ageing at 

180℃/24h, at different microscope magnification powers: 

  
a     b 

  Fig. 16- Scanning electron microscope (SEM) analysis of eroded surfaces of Al-Mg alloy samples, in cast condition 

(a), and after quenching at 350℃ / holding 100 min / air cooled and artificial quenching at 180℃/24h (b) 

 

 Comparative analysis of the mechanical behaviour and cavitational erosion behaviour of Al-Mg 

aluminium alloy samples allows the following interesting observations to be made from the 

experiments carried out in this thesis. After application of solution quenching at 350 ℃/100 min + 

artificial ageing at 180℃the lowest cavitational penetration depths are obtained both with respect 

to the control sample at 60 m and with respect to the samples subjected to solution quenching at 

450 ℃/100 min + artificial ageing (either at 140℃ where the range of maximum penetration depths 

is 38-52 m, or at 180℃, where the maximum penetration depth is about 29 m). At the same time, 

the correlation between the highest values of the mechanical characteristics obtained after solution 

quenching at 350 ℃/100 min + artificial ageing at 180℃ (1h, 12h, 24h) and the cavitational erosion 

behaviour, which is the most favourable for these heat treatments applied to Al-Mg aluminium alloy 

tuned products, can be noticed. By applying homogenisation heat treatments, either at 350℃ or 

450℃, followed by artificial ageing (140℃ or 180℃), the mechanical and structural characteristics 

of Al-Mg alloy cast products can be modified. The values of breaking strength and yield strength 

change similarly. Thus, the highest values of these characteristics are recorded after homogenisation 

at 350℃ + artificial ageing at 180℃/ 24h (mechanical strength values double and yield strength 

values triple compared to the control sample). Elongation values are intermediate for 

homogenization at 350℃compared to homogenization at 450℃, regardless of the aging time. The 

resilience values after heat treatment of homogenization at 350℃+ ageing at 180℃do not decrease 

below 25J/cm2 regardless of the ageing duration. Other heat treatments can lead to drastic decreases 

in resilience, below 25J/cm2 (such as after homogenisation heat treatment at 450℃+ 140℃/12h, or 

450℃+ 140℃/ 24h). Values hardness values decrease slightly after homogenisation at 350°C + 

180°C (only 1-4%), compared to homogenisation at 450°C + 140°C, where hardness decreases up 

to 10% compared to the control sample. The lowest values of the mean grain size are 

homogenisations at 350°C + 180°C, average grain sizes at 450°C + 140°C and largest grain sizes 

at 450°C + 180°C. By applying heat treatments to the products cast Al-Mg alloy, either solution 

quenching at 350°C/100 min + artificial ageing at 180°C (1h, 12h, 24h) or solution quenching at 

450 °C/100 min + artificial ageing at 140°C (1h, 12h, 24h) or solution quenching 450 °C/100 min 

+ artificial ageing at 180°C (1h, 12h, 24h) can increase the resistance to cavitational corrosion in 

the sense of decreasing the depths and speeds of erosion penetration. Within the same combination 
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of heat treatments, increasing the retention time for artificial ageing causes the maximum 

penetration depths of the cavities to decrease.  After solution quenching at 350°C /100 min + 180°C 

(Fig. 4.19 c, d, e, f, g, h) the maximum cavitations penetration depth MDEmax, decreases from 

17.928 μm (at 1h holding), to 15.128 μm (at 12h holding), reaching 14.572 μm (at 24h holding). 

After solution quenching at 450°C /100 min + 140°C (Fig. 4.19 i, j, k, l, m, n) the maximum depth 

of cavitations MDEmax decreases from 52,115 μm (at 1h holding) to 43,017 μm (at 12h holding) 

to 38,31 μm (at 24h holding). After solution quenching at 450°C /100 min + 180°C (Fig. 4.19 o, p, 

r, s, t, u) the maximum depth of cavitations MDEmax decreases from 29,572 μm (at 1h holding) to 

29,471 μm (at 12h holding) to 28,589 μm (at 24h holding). The best combination of heat treatments 

applied to Al-Mg aluminium castings is homogenisation at 350°C followed by artificial ageing at 

180°C, at which the best mechanical characteristics are obtained, breaking strength 436. 30 [MPa], 

yield strength of 356.68 [MPa], hardness of 79.00 [MPa], scratch size of 150 μm and minimum 

erosion depth MDEmax around 14.572 μm, and the lowest ratio between the diameter of the most 

affected zone and the initial diameter of the specimen of about 54%. 

Chapter 5 is entitled Mechanical and structural behaviour of rolled Al-Mg series aluminium alloy 

used in own experiments. The experimental results on the determination of the mechanical 

characteristics are successively shown in Fig. 17 ÷ Fig. 22. From the graph in Fig. 17a it can be 

seen that the values of the resistance to rupture increase after the ageing process at 180°C at different 

holding times, the highest values are obtained, i.e. 276 [MPa]for 1h holding (17% higher than the 

value of the control sample), followed by 317 [MPa] at 12h holding (28% increase) and the highest 

value after 24h, i.e. 324 [MPa] (approximately 30% increase). From the analysis of the values of 

the resistance to rupture (Fig.17 ) it can be seen, first of all, that the application of the 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, 24h (maximum 9%) and more significant for 

ageing at 180°C / 1, 12, 24h (reaching up to 30%). At the same time, during the same ageing, the 

holding time also determines the increase in the breaking strength, consequently the highest 

increase in mechanical strength is recorded after ageing at 180°C / 24h (with an increase of 30% 

compared to the breaking strength of the sample in the rolled state, the control sample). Similar 

considerations can be made for the evolution of the yield strength values (Fig. 18). Thus, by 

applying thermal ageing treatment to rolled Al-Mg alloy products, the yield strength can increase 

by about 10÷21%.  When applying ageing heat treatment at 140°C/1, 12, 24h, the maximum 

increase of the yield strength reaches up to 14%, while after applying ageing heat treatment at 

180°C/1, 12h, 24h the increase of the yield strength can reach up to 21%.  Consequently, the highest 

increase of the yield strength is recorded after the application of the artificial ageing heat treatment 

at 180°C / 24h (increase of about 21% compared to the yield strength of the control sample). These 

changes in the mechanical characteristics are due to a slight precipitation hardening of the particles 

inside the metal matrix. The evolution of the elasticity values shown in Fig. 19 indicates that they 

are very little influenced by the application of the ageing heat treatment (180°C/24h increase of 

about 3% compared to the yield strength of the control sample).  These values are in the tight range 

of 6.3 ÷ 6.5%. Fig. 20 shows the influence of the artificial ageing heat treatment on fracture 

toughness. Thus the fracture toughness increases by artificial ageing regardless of the temperature 

value or the holding time by about 9%, the values being in the range 5.2 ÷ 5.3 J/cm2. In Fig. 21 it 

is observed that by performing the artificial ageing heat treatment, only ageing at 180°C / 24h 

increases the toughness values by about 10%, in all other cases, the toughness increases 

progressively (1-8%). The analysis of the microhardness values, Fig. 22, shows a similar variation 

of these values to that of the toughness values. Also in this situation, ageing at 180°C/24h results 

in an increase of Vickers microhardness values of about 10%, in all other situations the increase is 
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3÷4%. In Tab. 7 the mechanical results of the tested samples are centralized.

  
Fig. 17a Ultimate strength experimental values rolled 

alloy Al-Mg, in different structural states 

 

Fig. 17b The stress-strain curves of the Al-Mg alloy 

specimens, in the rolled state 

  
  

Fig. 18 Evolution of yield strength values of 

experimental Al-Mg alloy samples, rolled, in different 

structural states 

 

Fig. 19 Ductility values experimental values of 

rolled alloy Al-Mg, in different structural states 
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Fig. 20. Impact Toughness experimental values of 

rolled alloy Al-Mg, in different structural states 

Fig. 21- Brinell Hardness experimental values of rolled 

alloy Al-Mg, in different structural states 

 

Fig. 22- Vickers hardness experimental values of rolled alloy Al-Mg, in different structural states 

 

Tab. 7. The values of the mechanical characteristics of the experimental samples type Al-Mg in different structural 

states. 

Sample 

code 
State 

Mechanical Characteristics 

Ultimate 

strength 

[MPa] 

Yielding 

Strength 

[MPa] 

Ductility 

[%]  

Brinell 

Hardness 

[MPa]  

Vickers 

Hardness 

μHV 

Impact 

Toughness 

[J/cm2] 

X Gauge sample 229.65 122.68 6.3 79.0 78.11 4.8 

XOP 140C/ 1h 235.37 135.78 6.4 79.0 77.44 5.2 

XOL 140C/ 12h 249.52 142.19 6.3 80.1 77.92 5.3 

XOI 140C/ 24h 252.35 153.34 6.3 81.9 81.30 5.2 

XP 180C/ 1h 276.14 146.60 6.5 82.5 77.38 5.3 

XL 180C/ 12h 317.09 147.51 6.5 86.1 81.10 5.3 

XI 180C/ 24h 324.53 155.43 6.5 87.4 87.10 5.3 

 

The results of the structural analysis of the experimental samples concerning the 

metallographic aspects after the application of different heat treatments of Al-Mg rolled aluminium 

samples are shown in Fig. 23. It can be noticed that in the control sample there is a dendritic 

appearance of the sample (Fig. 23a), with small amounts of particles precipitated dendritically. By 

applying ageing, homogenisation of the matrix occurs, with the particles still in dendritic separation 

(Fig. 23 b-g).  
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 Experimental results on grain size determination after statistical analysis of experimental 

samples are shown in Fig. 24. 

    
a    b                     c            d                                                 

   
e f   g 

Fig. 23 Structural analysis of experimental rolled samples of aluminum alloy Al-Mg: (a) gauge sample (X), (b, c, d) 
ageing at 140°C; (e, f, g) ageing at 180°C; (b, e - 1h); (c, f -12h); (d, g- 24h). 

 

 

Fig. 24 Grain size histogram of the experimental rolled Al-Mg alloy samples, in different structural  state. 

 

Qualitative phase analysis using the X-ray diffraction method revealed the polycrystalline state of 

the studied samples, as shown in Fig.25. A careful analysis of the values of the elements in the 

elemental cell revealed that the application of thermal ageing treatments can lead to a change in this 

parameter compared to the control sample. An increase of the lattice parameter can be observed in 

the range 4.073 ÷ 4.079 [Å] when applying the ageing heat treatments at 140°C / 180°C, 

respectively at 24h durations, at 140°C ageing, the lattice parameter increases by 0.05%.While 

when increasing the holding durations at 24h, 180°C ageing there is an increase of the lattice 

parameter of 0.2%. 
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Fig. 25– X-ray diffractograms of rolled Al-Mg aluminum alloy samples in different structural states. 

 

The determination of the cavitational erosion behaviour of the experimental specimens is shown in 

Fig. 26. 
 

 
A = 0.4,  B = 0.026 

a       b 

 
 

A = 0.41,  B = 0.017 

c       d 

 
 

A = 0.377, B = 0.029 

e       f 

 
A = 0.371, B = 0.014 

g       h 
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A = 0.15, B = 0.014 

i       j 

 
 

A = 0.076, B = 0.027 

k       l 

 
m       n 

Fig. 26– Average erosion depth (a, c, e, f, g, i, k, m) and average erosion rate (b, d, f, h, i, l, n) vs  cavitation 

exposure time of experimental samples of aluminum Al-Mg alloy: (a, b) - gauge sample; 296 (c, d, e, f, g, h) ageing at 

140°C; (i, j, k, l, m, n) ageing at 180°C; Holding times: (c, d, i, j) - 1h; (e, f, k, 297 l) - 12 h; (g, h, m, n) - 24 h. 

 

A careful analysis of these graphs, whose comparative results are illustrated in Tab. 8 and 

Tab.9, show that the rolled Al-Mg alloy specimens show similar behaviour with the same erosion 

mechanisms, specific to the aluminium alloy class, much different from the erosion mechanisms 

found in other classes of solid state hardenable metallic materials. Cavity erosion of the surface is 

initiated as early as 15-30 minutes, but substantial, large losses occur, with the creation of deep 

caverns in depth, in the form of crocks, which increase greatly in geometrical dimensions in the 

range 60÷120 minutes. From minute 135 onwards, the caverns develop less, for the reasons 

mentioned (penetrating air dampening the impact pressure). The macrostructural aspects revealed 

by stereomicroscope capture the extension of cavitational attack in the frontal section. The control 

specimen has the most extensive surface affected by cavitational attack, while the specimens heat-

treated at 180C show the smallest surfaces affected by cavitational attack. Detailed cross-sectional 

analysis of the surfaces under cavitational stress (right images of Fig. 27 Fig. 31) allowed both 

profile visualization and determination of the maximum penetration depth of the cavitational attack. 

Note the difference between the measured maximum cavitational depth value trapped in the 

sectioning plane (found in the range 382  175 µm, Fig. 27   Fig.29) and the cumulative maximum 

mean value calculated after 165 minutes (found in the range 65    5 µm, Fig. 27), a difference of 

about 4  35 times. It is reconfirmed that for the assessment of the strength and behaviour of a 

structure to cavitational attack stress it is recommended to use the surface average value MDEmax 

calculated at the end of the test and not the maximum value of a cavern, from an arbitrary area. 

However, the very large value of the cave trapped in the sectional plane raises a big question mark 

of the fineness and structure constitution of an aluminium alloy with or without preliminary heat 

treatment. This behaviour may give clues to the mechanics of the cavitational phenomenon between 

different structural classes of metallic materials. Where the surface hardening mechanism occurs in 

volume, following a solid state transformation, the differences are minimal. Where the surface 

hardening mechanism occurs only by solid solution hardening (as is the case with aluminium 
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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 cavitational attack. Scanning electron 

microscopic analysis of cavitationally eroded surfaces adds to the information on surface 

morphology as well as on the mechanism of cavitational crack propagation in this class of metallic 

materials. Thus, as shown in Fig. 28, in the case of a non-heat-treated specimen in the rolled state, 

on the macroscopic scale the surface appears almost uniformly eroded with numerous large-area, 

polygonal-shaped cavitations (Fig. 28a). On microscopic analysis (Fig. 28b) the surface of the 

cavitated bottom is cleaved, brittle, faceted and bounded by numerous secondary cracks. In the 

heat-treated samples by ageing the aspects of the cavitated surfaces are approximately similar, in 

contrast to the cavitations frequency as well as the microscopic appearance. Thus, for example, in 

an ageing heat-treated surface la140C / 12h/air (Fig. 29a) at the macroscopic scale the surface 

shows a high frequency of cavitations, with rounded edges, of relatively small size (0.1-0.5mm). 

On microscopic analysis (Fig. 29d) the surface has a brittle, cleaved, faceted appearance with 

numerous intergranular secondary cracks. 

A careful analysis of these graphs, whose comparative results are illustrated in Tab. 5 and Tab. 

6, show that the rolled Al-Mg alloy specimens show similar behaviour with the same erosion 

mechanisms, specific to the aluminium alloy class, much different from the erosion mechanisms 

found in other classes of solid-state hardenable metallic materials. The data in Tab. 6 highlights the 

differences between the experimentally obtained maximum (MDERmax,exp) and maximum 

(MDERmax,m) and stabilization (MDERs) values, defined by the MDER(t) curves. The high 

values of these differences may create the impression that we have a structure with poor cavitational 

strength, typical of materials with large grain sizes, high numbers of structural defects (such as 

intermetallic compounds) and low values of mechanical properties, especially hardness. In this case 

we consider that these differences cannot be attributed to the strength of the structure, but rather to 

the damping effect of cavitational air and to the hardening of the layer under repetitive impacts of 

cavitational microjets. On the other hand, the high values of the velocities, whatever they are, are 

indicative of cavitational resistance and correspond to the appearance of the microscopic images in 

Fig. 27- Fig. 29. Therefore we judge that, according to the value of the velocities defined by the 

curves, the highest resistance is of the structure of sample XI (treated at 180 0C with duration of 24 

hours) and the lowest of sample XOP (treated at 140 0C with duration of one hour). According to 

the range of values, we estimate that the samples (X, XOP, XOL and XOI) have cavitational 

strengths of the same order, clearly lower than XL and XI, with XP being of intermediate strength. 

Therefore the data in Tab. 6 are expressions of the influence of structure on cavitational strength 

by the heat treatment regime parameters, through microstructural changes and mechanical property 

values. The data in Tab. 7 give similar conclusions as those recorded in Tab. 6 and from this we 

see that sample XI has the best resistance to cavitational erosion, with the average depth after 165 

minutes of cavitating being significantly lower than the others. Compared to what was stated in 

Tab. 5.4, from Tab. 5.5 it appears that the control sample (X) has the lowest resistance to 

cavitational attack. But it also follows that samples X, XOP, XOL and XOI have the structures with 

the lowest resistance to cavitational stresses. Both the data in Tab. 6 and those in Tab. 7, show that 

at 180 0C, irrespective of the holding time, the structures obtained have higher strengths than those 

obtained by ageing treatment at 140 0C, in the order of (2...13) times. 

 
Tab. 8- Parameters of erosion-cavitation process of the rolled Al-Mg aluminum samples. 

Sample 𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒎 𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒆𝒙𝒑 𝑴𝑫𝑬𝑹𝒔 

∆ 

|𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒎

− 𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒆𝒙𝒑| 

|𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒎

− 𝑴𝑫𝑬𝑹𝐦𝐚𝐱 𝒔| 

𝜇𝑚/𝑚𝑖𝑛 % 𝜇𝑚/𝑚𝑖𝑛 % 

X 0.457 0.649 0.419 0.192 45.82 0.038 9.07 
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XOP 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 

Tab. 9 – The maximum penetration depth of the cavitation attack of the rolled Al-Mg aluminum alloy 

specimens, in different structural states. 

Sample 

Maximum penetration depth of the cavitation attack 

𝑴𝑫𝑬𝑹𝒎𝒂𝒙     (𝝁𝒎) 𝜹𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (𝝁𝒎) 
𝑴𝑫𝑬𝑹𝒎𝒂𝒙     

(𝝁𝒎) 

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 

 

Macro and microstructural analysis of Al-Mg alloy specimens, rolled state, stressed by cavitational 

erosion is shown in Fig. 27-Fig.29. 

  
a)                                                         b)  

 Fig.27 - The appearance of surfaces subjected to cavitational erosion from rolled alloy Al-Mg, H111  (gauge 

sample) (piercer X): 

a- stereomacrostructural image in section parallel to the eroded surface, 

b- cross-section images (background – stereomicroscope image, upper left detail – optical micro scope image). 

  
c)                                                         d)  

  
e)                                                         f)       
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    g)                                                         h) 

Fig. 28  The appearance of the surfaces subjected to cavitational erosion from alloy Al-Mg, rolled  state H111 

followed by artificial ageing at 140°C and different holding times: (a, c, e) – stereo macro structural 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) - 1h (piercer XOP); (c,  d) – 12h (piercer XOL); (e, f) - 24 h (piercer XOI). 

 

  

a)                                                         b)  

  

c)                                                         d)  

 

  

e)                                                         f)  

Fig. 29 The appearance of the surfaces subjected to cavitational erosion from rolled alloy Al-Mg, state H111 

followed by artificial ageing at 180°C C and different holding times: (a, c, e) – stereo macro- structural 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) - 1h (piercer XP); (c, d) – 12h (piercer XL); (e, f) - 24 h (piercer XI). 

 

Scanning electron microscope analysis of the cavitational eroded surfaces, shown in Fig. 

30, completes the information on the morphology of the surfaces as well as on the mechanism of 

cavitational crack propagation in this class of metallic materials. Thus, as noted in Fig. 30, in the 

case of a non-heat-treated sample in the rolled state, the macroscopic surface appears almost 

uniformly eroded with numerous large-area, polygonal-shaped cavities (Fig. 30a). On microscopic 

analysis the surface of the cavitated bottom is cleavage-like, brittle, faceted and bounded by 

numerous secondary cracks. In the heat-treated samples by ageing the aspects of the cavitated 

surfaces are approximately similar, with a difference in the frequency of cavitations as well as in 

the microscopic appearance. Thus, for example in a 1400C / 12h/air ageing heat treated surface (Fig. 

30b) at the macroscopic scale the surface shows a high frequency of cavitations, with rounded 

edges, of relatively small size (0.1-0.5mm). On microscopic analysis the surface has a brittle, 

cleaved, faceted appearance with numerous intergranular secondary cracks. SEM analysis confirms 

a brittle behaviour of the Al-Mg aluminium alloy after cavitational erosion, the cavitations produced 

being generated by the secondary particles of the alloy, around which the structural integrity is 

destroyed, and there is no volume hardening of the material by the formation of a hard phase, with 

high mechanical properties (such as martensite), but only a hardening of the solid solution by 

precipitation of secondary phases (as in the case of the aluminium alloy Al-Mg (with hardening 
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phase Mg5Al8), following the interaction of the jet with the surface, dislocation of the particles 

occurs, leaving an eroded surface with numerous intergranular secondary cracks. 

 

   
a     b 

  Fig. 30- Scanning electron icroscope (SEM) analysis of eroded surfaces of Al-Mg alloy samples in H111 rolled state 

(a) and artificial softening at 140°C /12h (b) 

 

Comparative analysis of the mechanical behaviour and cavitational erosion behaviour of Al-Mg 

aluminium alloy samples subjected to artificial ageing treatments at 140°C 1h, 12h, 24h and 

artificial ageing at 180°C /1h, 12h, 24h, allows the following interesting observations to be made 

from the experiments carried out in this thesis. The results are referred to the control sample. 

Chapter 6 is entitled Conclusions of the research undertaken in this paper. Original contributions, 

directions and perspectives of future experimental research 

6.1  Conclusions 

✓  In the framework of the doctoral thesis, mechanical and structural analyses were 

carried out, optical microscope analyses, X-ray diffraction analyses, sterio-macro-structural 

analysis, SEM fractrographic analysis, determination of MDE(t) MDER(t) MDER and 

analyses to determine the hardness and microhardness values, determination of the grain 

size which allow us to formulate the following conclusions for the Al-Mg alloy in the cast 

state: 

✓  After solution quenching at 350 °C /100 min + artificial ageing at 180°C the lowest 

cavitations penetration depths are obtained both with respect to the control sample, cast 

state, with 60m and with respect to the samples subjected to solution quenching at 450 °C 

/100 min + artificial ageing (either at 140°C where the range of maximum penetration depths 

is 38-52m, or at 180°C, where the maximum penetration depth is about 29m). 

✓ It can also be noted the correlation between the highest values of the mechanical 

characteristics obtained after application of solution quenching at 350 °C /100 min + 

artificial ageing at 180°C (1h, 12h, 24h) and the cavitational erosion behaviour, which is the 

most favourable for these heat treatments applied to Al-Mg aluminium alloy tuned products. 

✓ By applying homogenisation heat treatments, either at 350°C or 450°C, followed by 

artificial ageing (140°C or 180°C), the mechanical and structural characteristics of Al-Mg 

alloy castings can be modified. 

✓ Tensile strength and yield strength values are similarly modified. Thus, the highest values 

of these characteristics are recorded after homogenisation at 350°C + artificial ageing at 

180°C / 24h (mechanical strength values are doubled and yield strength values are tripled 

compared to the control sample), cast condition. 
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✓ Elongation values are intermediate for homogenization at 350°C compared to 

homogenization at 450°C, regardless of aging time. 

✓ Resilience values after heat treatment of homogenisation at 350°C + ageing at 180°C do not 

fall below 25J/cm2, regardless of ageing duration. Other heat treatments can lead to drastic 

decreases in resilience below 25J/cm2 (such as after homogenisation heat treatment at 450°C 

+ 140°C /12h, or 450°C + 140°C / 24h).  

✓ Hardness values decrease slightly after homogenisation at 350°C + 180°C (only 1-4%), 

compared to homogenisation at 450°C + 140°C, where hardness decreases up to 10% 

compared to the control sample. 

✓ The lowest mean grain size values are for homogenisations at 350°C + 180°C, mean grain 

sizes for homogenisations at 450°C + 140°C and the highest grain sizes at 450°C + 180°C. 

✓ By applying heat treatments to Al-Mg alloy castings, either solution quenching at 350 °C 

/100 min + artificial ageing at 180°C (1h, 12h, 24h) or solution quenching at 450 °C /100 

min + artificial ageing at 140°C (1h, 12h, 24h) or solution quenching at 450 °C /100 min + 

artificial ageing at 180°C (1h, 12h, 24h) can increase resistance to cavitational corrosion in 

terms of decreasing depths and erosion penetration rates. 

✓ In the same combination of heat treatments, increasing the artificial ageing retention time 

results in decreasing the maximum cavitational penetration depths. 

After solution quenching at 350°C /100 min + 180°C (Fig. 4.19 c, d, e, f, g, h) the maximum 

depth of cavitations MDEmax, decreases from 17,928 m (at 1h holding), to 15,128m (at 12h 

holding), reaching 14,572 m (at 24h holding). After solution quenching at 450°C /100 min + 

140°C (Fig. 4.19 i, j, k, l, m, n) the maximum depth of cavitations MDEmax decreases from 

52,115m (at 1h holding), to 43,017m (at 12h holding), reaching 38,31 m (at 24h holding). 

After solution quenching at 450°C  /100 min + 180°C (Fig. 4.19 o, p, r, s, t, u) the maximum 

depth of cavitations MDEmax decreases from 29,572m (at 1h holding) to 29,471m (at 12h 

holding) to 28,589 m (at 24h holding).  

The best combination of heat treatments applied to Al-Mg aluminium castings is 

homogenisation at 350°C  followed by artificial ageing at 180°C, at which the best mechanical 

characteristics are obtained, a resilience of 25 J/cm2, a scratch size of 140-180μm and maximum 

MDEm erosion depth around 14-17 μm. 

Heat treatment applied to Al-Mg series aluminium alloys, cast state, leads to stabilization 

of the phase composition, but also of the alloy structure such as: size, quantity, shape, 

distribution of secondary phase separations in grain volume and on their separation boundary, 

grain size itself of α-solid solution as well as of crystallized primary phases. 

✓ Usually, at higher temperatures, (diffusion is more active), the separation process is more 

advantageous on the grain boundary, and at lower temperatures solid α-solution appears to 

a higher degree inside the grains . 

✓ And at the same time the following conclusions can be formulated for the Al-Mg alloy rolled 

state.  

✓ The application of artificial ageing heat treatments (140°C or 180°C) can lead to changes in 

the mechanical and structural characteristics of Al-Mg aluminium alloy laminates in 

different proportions. 

✓ Fracture strength values show a smaller increase for artificial ageing at 140°C/1, 12, 24h 

(maximum 9%) and a larger increase for artificial ageing at 180°C/1, 12, 24h (up to 35%).  

✓ The values of the yield strength increase up to a maximum of 14% when applying artificial 

ageing heat treatments at 140°C/1, 12, 24h, while after applying artificial ageing heat 

treatments at 180°C/1, 12, 24h the yield strength can reach up to 23%.   

✓ The elongation values show that they are very little influenced by the application of the 

ageing treatment, being in the tight range of 6.3 ÷ 6.5%. 
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✓ The resilience values after application of the ageing treatment at 140°C / 180°C do not 

change significantly compared to the control sample, the values being in the range 5.2 ÷ 5.3 

J/ cm2. 

✓ The hardness values decrease slightly or are maintained after the application of the ageing 

treatment at 140°C / 180°C compared to the control sample, except for the hardness value 

after ageing at 180°C/24h with an increase of about 2%. 

✓  By applying artificial ageing heat treatments at 140°C (1h, 12h, 24h) and 180°C (1h, 12h, 

24h) to Al-Mg alloy rolled products, the resistance to cavitational corrosion can be 

increased, in the sense of decreasing the penetration depths and the erosion penetration rate. 

Thus, after ageing at 140°C the maximum cavity penetration depth MDEmax is 63.869µm 

(at holding 1h), at 61.721µm (at holding 12h), and at 61.069µm (at holding 24h). After 

aging at 180°C the maximum penetration depth of the MDEmax cavity is 22.204µm (at 1h 

hold), at 12.406µm (at 12h hold), and at 5.062µm (at 24h hold) 

✓ In all samples, regardless of whether it is blank or thermally rolled, after 105 (120) minutes 

of cavitation and until the end of the test, the erosion is carried out at an approximately 

constant rate, which leads to a linear variation of the MDE(t) curve and the tendency to 

maintaining the maximum value, or slightly decreasing (asymptotically) towards the 

stabilization value of the MDER(t) curve. The explanation is related to the air penetrated 

into the voids left by the expulsion of the material, which attenuates the impact force and as 

a consequence the expansion of the cracks, the breaking of the links between the grains and 

their expulsion. 

✓ Regardless of the holding time (one hour, 12 hours or 24 hours) at the temperature of 140°C 

of the artificial aging treatment, there is a time interval, between 45-120 minutes, in which 

the erosion manifests itself profoundly by increasing number and geometric dimensions of 

pinches and caverns. The difference between the sizes of this interval depends on the 

duration of holding at the temperature of 140°C, which determined differences between the 

values of the mechanical properties and the type of microstructure. 

✓ 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 

minutes), 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 speed determined 

experimentally and that defined by the MDER(t) averaging curve 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. 

✓ From the point of view of the influence of the holding time at the artificial aging temperature 

at 140°C, the structure that has the highest resistance to cavitation erosion is obtained for 

the duration of 24 hours and with lower resistances, of close order, for the durations of 1h 

and 12h. 

✓ From the point of view of the influence of the holding time at the artificial aging temperature 

at 180°C, the structure with the highest resistance to cavitation erosion is obtained for the 

holding time of 24 hours, and the structure with the lowest cavitation resistance is the one 

to maintain for one hour. 

✓ Considering a quantitative parameter obtained during the stereomacrostructural analysis, 

the value of the ratio between the diameter of the area most affected by cavitational erosion 
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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 aging at 140 °C, of about 80%, reaching 

much lower values after applying an artificial aging at 180°C (up to 56%). 

✓ The best results regarding thermal aging treatments applied to Al-Mg type aluminum 

laminated products are obtained after artificial aging at 180°C/24h maintenance, with the 

best mechanical characteristics, breaking strength 324.53 [MPa], yield strength of 

155.43[MPa], hardness of 87.4 [[MPa]], an average grain size of 203.85 µm, a maximum 

depth of cavitational erosion MDEmax of 5 µm and the smallest ratio between the diameter 

of the most affected area and the initial diameter of the specimen , of about 52%. 

 

6.2  Original contributions 

The research topic addressed in the doctoral thesis presents an original character, the results 

being obtained following a complex research program. The personal contributions made in the field 

of improving the surface subjected to erosion by cavitational attack of Al-Mg type aluminum alloy, 

in different structural states, are presented in the following: 

✓  Investigation of a large number of Al-Mg type alloy samples, in different structural stages. 

For the cast state, solution heat treatments were carried out at different temperatures with 

well-established holding times, followed by artificial aging at different temperatures and 

different holding times. For the laminated state, artificial aging thermal treatments were 

performed at different temperatures with different holding times, which were correlated with 

the evaluation of resistance to cavitational erosion; 

✓ Completing a database for Al-Mg type aluminum alloy to support the specialized literature 

and the various fields of industry where the cavitation phenomenon can intervene with 

catastrophic effects 

✓ Complete investigation of a large number of samples to highlight structural aspects, with the 

help of modern characterization techniques (X-ray diffraction, stereomacroscopy, optical 

microscopy and scanning electron microscopy). 

✓ Demonstration by means of various modern structural investigation methods of the 

cavitational behavior of Al-Mg type aluminum alloy. Through the investigations carried out 

at the macro and microstructural level, correlations between the phasic constitution and the 

cavitational behavior in laboratory conditions could be achieved. 

✓ Complex characterization from the mechanical point of view by determining the main 

mechanical characteristics of the Al-Mg type aluminum alloy (determining the 

microhardness values, determining the mechanical tensile strength and yield limits). 

✓ Macrostructural analyzes were taken into consideration (by quantitatively determining the 

average diameter of the surface affected by cavitation, determining the surface affected by 

the cavity, as well as determining the maximum penetration depth of cavitation), which 

allowed a tie-breaker regarding the resistance state of the materials to cavitation. Thus, it can 

be proposed as a quick measure of material selection in terms of cavitation resistance with 

the help of a relatively simple analysis, namely stereomacrostructural analysis, without 

further investigations at very high magnification powers. 

✓ The use of simple methods of quantitative and qualitative assessment, in cross-section, of the 

main cavitational structural aspects. The evaluation methods took into account the 
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macroscopic analysis and the microscopic analysis in cross-section, which allowed the 

dimensional determination of the caverns produced by cavitation in the different areas of the 

samples. 

 

6.3  Directions and perspectives of future experimental research 

 

✓ Following the research and analysis of the Al-Mg alloy samples in the cast state and the 

rolled state within the thesis, some new or current aspects were identified that can be taken 

into account or improved. 

✓ Al-Mg aluminum alloys in cast state and rolled state are still sources of future, experimental 

research, for increasing performance in their exploration and use in the field in which they 

are subject to cavitational attack, and finding / establishing a thermal treatment of 

homogenization / artificial ageing, to meet the current exploitation requirements. 

✓ It is also possible to use the specific techniques of stereomicroscopy in the assessment and 

analysis of the state of the surfaces, both cast and deformed, or of the surfaces that are 

subjected to cavitational attack. 
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