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a b s t r a c t   

The influence of high energy-ball milling (HEBM) on corrosion and hardness of age hardening aluminum 
alloys was investigated. Nanocrystalline age hardening (AA2024, AA6061 and AA7075) alloys were pro
duced by HEBM of pre-alloyed powder and subsequent cold compaction under uniaxial pressure of 3 GPa. 
Cyclic potentiodynamic polarization and immersion tests were conducted in 0.6 M NaCl solution which 
revealed significantly increased pitting and protection potentials in the HEBM alloys compared to wrought 
alloys of same composition. X-ray diffraction analysis and transmission electron microscopy indicated grain 
refinement below 100 nm in the ball milled alloys which was the major strengthening mechanism in the 
age hardening HEBM alloys. The superior corrosion resistance and hardness of the age hardening ball 
milled alloys were attributed to nanocrystalline structure, extended solid solubility and homogenous 
microstructure- free from coarse intermetallic phases. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Aluminum is an active metal and yet corrosion resistant in the pure 
form due to presence of a protective oxide film (alumina) on the sur
face [1]. However, most of aluminum alloys exhibit poor corrosion 
performance owing to the microstructural heterogonies which lead to 
micro-galvanic interaction [2]. 2xxx, 6xxx and 7xxx series of com
mercial aluminum alloys are strengthened by age hardening where the 
strength and corrosion performance depends upon the composition, 
crystal structure, size, shape, and distribution of the precipitates [3–5]. 
The complex microstructures in age hardening alloys incorporate sec
ondary phases comprising of Cu, Zn, Mg, Si as primary alloying ele
ments and Fe, Cr, Ti, Mn as impurities or secondary additives [6]. 
Secondary phases in aluminum alloys are classified into three main 
categories; constituent particles, precipitates and dispersoids, which 
develop during solidification and thermomechanical treatment to ob
tain desired mechanical properties [6,7]. The effects of secondary 
phases on the localized corrosion in age hardening aluminum alloys 
have been widely reported [3,7–13]. 

Localized corrosion in the age hardening aluminum alloys 
depends on chemical composition, size and spatial distribution of 

the secondary phases occurred during metal forming and sub
sequent thermo-mechanical processing. Electrochemical nature of 
the secondary phases, depending on the composition, could be 
anodic or cathodic with respect to the matrix. Relatively noble par
ticles like Al2Cu, AlFeMnSi, AlCuFeSi, AlCuFeMn can act as local 
cathodes that cause the dissolution of adjacent matrix leading to the 
pitting corrosion [8,9,11,14–23]. Active particles like MgZn2, Mg2Al3 

and Mg2Si act as local anodes that cause self-dissolution and forms 
pits [8,9,11,14–23]. Localized corrosion as well as formation of sec
ondary phases depend upon the initial microstructure, including 
grain size of the alloys. Physical breakdown of secondary phases and 
increased passivation ability via grain refinement is attributed to 
enhanced corrosion resistance [24,71]. On contrary, some studies 
claim an inverse relationship with grain refinement and corrosion 
resistance [25]. Microstructure and therefore corrosion of an alloy is 
highly dependent on the production and post-production processes. 
Approximately 75–80% of the total aluminum products are com
prised of wrought aluminum alloys which are produced from 
homogenized cast ingots via forging, rolling or extrusion where the 
secondary phases are broken and dispersed within the alloy during 
the metal forming processes [1,26]. Moreover, the characteristics 
of the phases formed during age hardening treatment in the 
age hardenable alloys dictate the hardness and corrosion 
resistance [27,28]. 
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The methods providing modified microstructures such as melt 
spinning, ion implantation, sputter deposition, electrodeposition 
and mechanical alloying are elicited the remarkable modifications in 
the mechanical performance and localized corrosion resistance in 
metastable alloys. [29]. Recent literature on Al-Mg alloys showed 
improvement in the mechanical performance by severe plastic 
deformation, extrusion and additive manufacturing methods  
[72–76,79,80,81,82]. High-energy ball milling (HEBM) is a technique 
to impart high strength by grain refinement, uniform dispersion of 
fine ceramic particles and extended solid solubility [30,31]. HEBM in 
combination with suitable alloying elements has also been reported 
to corrosion performance of aluminum alloys and the underlying 
mechanisms are discussed in [29,32–34]. Coarse secondary phases 
are either dissolved or extensively refined during the HEBM  
[32,35–38,77,78]. Additionally, milling enhances diffusion of the al
loying elements and defect concentrations which influences the 
precipitation [32,39]. Therefore, microstructural evolution and 
properties of the high-energy ball milled alloys during thermo
mechanical processing and in service are expected to be different 
than the commercial alloys of the same chemical composition.  
[32,40,41,77]. For example; modified grain boundary segregation of 
Mg in nanocrystalline Al-Mg alloys was observed [42,43]. Moreover, 
intergranular corrosion (IGC) and stress corrosion cracking (SCC) 
caused by the precipitation of intermetallic (Mg2Al3, when exposed 
to 50–200 °C in Al-Mg alloys with more than 3.5 wt% Mg) can be 
influenced by the increased diffusivity of Mg as a result of HEBM  
[32,44,45]. Furthermore, hydrogen embrittlement may also be 
influenced by the possible enhancement of H diffusivity in Al 
alloys [32]. 

Corrosion behavior of commercial Al alloys produced by HEBM of 
pre-alloyed powder is reported only in a few studies [37,38,46]. For 
examples, ball milled AA5083 has been reported to exhibit high 
corrosion resistance due to the refinement of intermetallics and 
grains, and possible incorporation of elements from milling media  
[37]. Furthermore, the corrosion behavior of age hardening alloys 
such as 2024, 6061 and 7075 produced by high energy ball milling is 
not reported in the literature. Therefore, investigation of the corro
sion behavior of age hardening nanocrystalline Al alloys such a great 
merit. In the present study, the hardness and corrosion behavior of 
AA2024, AA6061 and AA7075 alloys produced by cold compaction 
posterior to HEBM of pre-alloyed powder have been investigated. 
The results were compared with commercially available wrought 
AA2024-T3, AA6061-T6 and AA7075-T6 alloys. 

2. Materials and methods 

Gas atomized powders (Commercially available from Valimet, 
−325 mesh) of AA2024, AA6061 and AA7075 were high energy ball 

milled in a planetary ball mill (Fritsch Pulverisette 5) for 100 h at a 
speed of 280 rpm. The ball to powder weight ratio was selected as 
16:1 for 10 mm diameter stainless-steel balls. Stearic acid (1.5 wt%) 
was used as process controlling agent to avoid cold welding. The 
powder loading and sealing of the jars were done in a glove box with 
high purity argon atmosphere (O2 < 50 ppm). The HEBM was inter
rupted for 1 h after each hour of milling to minimize the over
heating. The obtained powders were consolidated under the load of 
11840 kg on a 7 mm diameter tungsten carbide die encased in steel 
core. Consolidation was conducted in ambient laboratory tempera
ture using a dwell time of 10 min for each sample. The alloys pro
duced by HEBM and subsequent cold compaction have been termed 
as HEBM-2024, HEBM-6061, and HEBM-7075 in this study. 

Wrought alloys were also investigated to compare the properties. 
3 mm thick wrought alloy plates of AA2024-T3, AA6061-T6 and 
AA7075-T6 (McMaster-Carr) were procured and machined into 
12 mm × 12 mm coupons. The chemical composition of the as re
ceived gas atomized powders, high-energy ball milled and cold 
compacted samples, and wrought alloys are presented in Table 1. 

2.1. X-ray diffraction 

The x-ray diffraction experiments were conducted in the Rigaku 
SmartLab equipped with graphite monochromator and Cu Kα ra
diation (λ = 0.154056 nm) with a step size of 0.01° at a scanning 
speed of 1°/min within the range of 25–85°. The mean crystallite size 
and lattice strain were calculated by Rietveld method [47,48] after 
determining the contribution of instrumental broadening using LaB6 
standard. 

2.2. Hardness test 

Vickers hardness of the alloys was collected using a Wilson- 
Tukon hardness tester by applying of 50 g load for 10 s. The alloys 
were ground to 1200 grit SiC paper finish and ultrasonicated in 
ethanol. The hardness tests were repeated at least 10 times for each 
sample to calculate average Vickers hardness. 

2.3. Electrochemical tests 

Electrochemical tests were conducted using a conventional 
three-electrode flat-cell. Cyclic potentiodynamic polarization (CPP) 
were performed in 0.6 M NaCl. The copper tape was attached to back 
of the samples, which were cold mounted into epoxy resin. The 
samples were ground up to 1200 SiC grit under ethanol following 
800, 600 and 400 under running water. The interface between the 
metal and epoxy was covered with quick set epoxy resin (Araldite) to 

Table 1 
Composition of the alloys used herein. Composition of the commercial alloys (AA2024-T3, AA6061-T6, AA7075-T6) was provided by the supplier (McMaster Carr). Composition of 
the as received alloy powder (AA2024, AA6061, and AA7075) was provided bu the supplier (Valimet). Composition of the ball milled and subsequently cold compacted alloys 
(HEBM-2024, HEBM-6061, and HEBM-7075) was determined using EDS area maps.            

Alloy Concentration (wt%)   

Al Cu Mg Mn Fe Si Cr Ti Zn  

AA2024-T3 Bal. 3.8–4.9 1.2–1.8 0.3–0.9 0–0.5 0–0.5 0–0.1 0–0.15 0–0.25 
AA6061-T6 Bal. 0.05–0.4 0.8–1.2 0–0.15 0–0.7 0.4–0.8 0.4–0.8 0.0.15 0–0.25 
AA7075-T6 Bal. 1.2–2 2.1–2.9 0–0.3 0–0.5 0–0.4 0.18–0.29 0–0.2 5.1–6.1 
AA2024 Bal. 3.8–4.9 1.2–1.8 0.3–0.9 0.5 Max 0.5 Max 0.1 Max. 0.15 Max 0.25 Max 
AA6061 Bal. 0.15–0.4 0.8–1.2 0.15 Max. 0.7 Max 0.4–0.8 0.04–0.35 0.15 Max 0.25 Max 
AA7075 Bal. 1.2–2.0 2.1–2.9 0.30 Max 0.5 Max 0.4 Max 0.18–0.28 0.20 Max 5.1–6.1 
HEBM-2024 Bal. 4.35 1.61 0.30 0.36 0.30 0.1 0.1 – 
HEBM-6061 Bal. 0.41 1.20 0.15 0.65 0.82 0.25 0.1 – 
HEBM-7075 Bal. 1.85 2.84 0.2 0.45 0.22 0.2 0.1 5.78 
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avoid possible crevice corrosion. The samples were stored in a fume 
box for 24 h after application of epoxy. 

A multichannel potentiostat (Biologic VMP-300) with EC-lab 
software was used for the electrochemical tests. Samples were the 
working electrodes. A platinum mesh was used as the counter 
electrode and the reference electrode was a saturated calomel 
electrode (SCE). The open circuit potential (OCP) was measured 0.5 h 
in order to obtain stabilized electrodes. The CPP curves were ob
tained with a scan rate 1 mV/s from 0.1 VSCE below the corrosion 
potential (Ecorr) until the current density reached 1 mA/cm2 at which 
point the direction of scan was then reversed thereafter. 
Potentiostatic polarization curves were obtained by applying a 
constant anodic potential (150 mV above open current potential) in 
0.6 M of NaCl solution. The potentiostatic polarization tests were 
initiated after stabilization of open circuit potential for 30 min. 

2.4. Scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) characterization 

Samples were brought to 0.05 µm surface finish using diamond 
suspension and cleaned in ultrasonic ethanol bath for 5 min before 
SEM analysis. The SEM studies were performed in a FEI Verios 460 L 
field emission SEM with an Oxford energy dispersive X-ray 
spectrometer (EDS) with an electron landing energy of 20 kV. 

Specimen for TEM investigation was prepared in a ThermoFisher 
Quanta 3D FEG, a Focused Ion Beam and Scanning Electron Dual- 
beam Microscope (FIB-SEM). Specimen was protected with platinum 
deposition to avoid surface damage due to ion beam. 30 kV of 
landing voltage with different beam currents was utilized to monitor 
the specimen with minimum ion beam damage. In-situ lift-out of 

the cross section with an approximate thickness of 1–2 µm of la
mella was carried out with an omniprobe manipulator. This lamella 
was placed on a TEM grid for further thinning and cleaning from Ga 
contamination. TEM specimen (HEBM-2024) was kept under va
cuum after final polishing until TEM investigation for sub-surface 
morphology investigation in a Thermofisher Talos F200X Field 
Emission Gun Scanning Transmission Electron Microscope (S/TEM) 
operated at 200 kV. 

3. Results and discussion 

3.1. Microstructural characterization 

Representative backscattered electron image (BSE) of the high 
energy ball milled powders of alloy 2024, 6061, 7075 and corre
sponding particle size distribution are shown in Fig. 1. The mean 
particle size of the HEBM-2024 powder, HEBM-6061 powder and 
HEBM-7075 powder was measured as 13.63 (  ±  6.7) µm, 34.65 
(  ±  13.34) µm and 9.77 (  ±  6.54) µm respectively. The ball milled 
powder were produced by the HEBM of gas atomized powder. Gas 
atomization is the process of breaking molten metal with a high- 
speed inert gas stream that provides rapid solidification of the 
droplets. In aluminum alloys, shape of the gas atomized powder 
particles is primarily spherical [49]. The 320-mesh gas atomized 
powders were spherical prior to milling while high energy ball 
milled powders were more irregularly shaped. The irregularity in the 
size and variation in the particle size are of the alloys can be 
attributed to the repetitive welding, fracture and re-welding 
phenomenon during HEBM [50]. 

Fig. 1. Back scattered electron images for (a) HEBM-2024 powder, (b) HEBM-6061 powder, (c)HEBM-7075 powder. Distribution of the particle size for (d) HEBM-2024 powder, (e) 
HEBM-6061 powder, (f)HEBM-7075 powder. 
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Fig. 2 shows the BSE images of the ball milled and subsequently 
consolidated alloys (HEBM-2024, HEBM-6061, HEBM-7075) and 
wrought alloys (AA2024-T3, AA6061-T6 and AA7075-T6). The HEBM 
alloys, presented in Fig. 2a-2c, indicated a homogenous micro
structure, free from coarse intermetallics that were detected in the 

wrought alloys (Fig. 2d-2f). The microstructure of the HEBM alloys 
demonstrated porosity on the surface which is inherent to the cold 
compaction process and can be attributed to the highly hardened 
and irregularly shaped particles. Coarse intermetallic particles were 
observed in the wrought alloys and EDS analysis indicated presence 
of mainly Al2CuMg and AlFeMnMg in AA2024-T3; Mg2Si and AlFeSi 
in AA6061-T6, Mg2Si and Al7Cu2Fe compounds in AA7075-T6. BSE 
images of HEBM alloys indicated matrix with uniformly distributed 
fine bright particles (below 200 nm) and dark particles (below 
80 nm) in each case. EDS analysis indicated that the bright particles 
contain Fe and Cr, and therefore can be attributed to the abrasion of 
stainless steel which is the material of milling media. The dark 
particles could be considered as pores or oxides or nitrides that 
might be incorporated from the milling atmosphere or stearic acid 
which was used as process controlling agent (PCA). Use of PCA might 
not be very attractive for HEBM due to the possible decomposition 
and therefore contamination during the process [84]. However; 
characteristics of the ball milled powder such as the shape, size, 
purity, chemical and thermal stability are highly dependent to the 
type and amount of PCA [83]. 

X-ray diffraction (XRD) patterns for both HEBM and wrought 
alloys are presented in Fig. 3. XRD spectra of all alloys was mainly 
comprised of Al peaks. When compared to wrought alloys, all HEBM 
alloys demonstrated significant peak broadening which is the in
dicator of grain refinement. The peak broadening of the Al peaks 
(considering the contribution of instrumental broadening) was 
employed to calculate the grain size and lattice strain via Rietveld 
method [48]. The grain size of the HEBM-2024, HEBM-6061, HEBM- 

Fig. 2. Back scattered electron images for (a) HEBM-2024, (b) HEBM-6061, (c) HEBM-7075, (d) AA2024-T3, (e) AA6061-T6 and (f) AA7075-T6. Corresponding high magnification 
images are shown in the inset. 

Fig. 3. XRD patterns of AA2024-T3, AA6061-T6, AA7075-T6 and HEBM-2024, HEBM- 
6061, HEBM-7075. 
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7075 were calculated respectively as 29 (±5) nm, 38 (±6) nm and 28 
(±4) nm. 

Fig. 4 shows TEM images of the HEBM-2024. The bright field (BF) 
and dark field (DF) images (Fig. 4a and 4b) show the existence of fine 
grains that further confirmed by the selected area diffraction pattern 
(SADP) presented in Fig. 4c. Comparison of SADP pattern with the
oretical values obtained from Powder Diffraction File™ (PDF®) da
tabases (PDF Card −00 to 004–0787_Al) revealed that the pattern 
belongs to Al-FCC with approximate lattice parameter of 
4.07013  ±  0.00426 Å [85]. The grain size and its distribution within 
the DF image in Fig. 4b is presented in Fig. 4d. The average grain size 
for HEBM-2024 was determined as 27.5 (  ±  12.5) nm which are in 
close agreement with the grain size calculated via XRD analysis. 

3.2. Corrosion behavior of the alloys 

The cyclic potentiodynamic polarization (CPP) curves for HEBM- 
2024, HEBM-6061, HEBM-7075 along with AA2024-T3, AA6061-T6, 
AA7075-T6 are presented in Fig. 5. Polarization curves demonstrate 
the influence of HEBM on the corrosion behavior. The corrosion 
potential (Ecorr), corrosion current density (icorr), pitting potential 
(Epit) and protection potential (Eprot) were determined from the CPP 
graphs and are presented in Table 2. The wrought alloys demon
strated no clear breakdown potential in the anodic branch which has 
been reported in the literature due to the occurrence of the pitting 
below the open current potential (OCP) [3,51,52]. A clear passive 

region was visible in the CPP curves for the ball milled alloys. Curves 
show absence of metastable pitting and evidence of passivity 
breakdown (pitting potential). Anodic polarization produces an in
crease in measured current density with increasing potential, as 
alloys are oxidized and ions transport through the oxide. The in
crease seems to be relatively comparable between the three ex
perimental alloys, suggesting oxide films of similar thickness and/or 
growth rate during anodic polarization. The pitting potential of the 
ball milled alloys were significantly more positive than open current 
potential. HEBM alloys exhibited a wide passive window (Ecorr-Epit) 
whereas no passive window was visible for the wrought alloys. Ecorr 

of the HEBM alloys were lower than the wrought alloys and this 
phenomenon can be attributed to the lower cathodic current density 
caused by the refined intermetallics. icorr which is also calculated by 
Tafel extrapolation method indicated that icorr of the HEBM alloys 
significantly lower than the wrought alloys. In addition, HEBM alloys 
indicated pit transition potential (Eptp) and protection potential 
(Eprot) in all cases that the combination of all contributions can be 
interpreted as HEBM alloys have superior corrosion resistance 
among the investigated alloys. 

Fig. 6 shows the current density versus time graph for the 
wrought and ball milled alloys in 0.6 M NaCl. The applied potential 
was 150 mV above the open circuit potential. The ball milled alloys 
shows a continuous decrease in the current density and currents 
reached <  1 µA/cm2 which shows strongly passive nature of the al
loys. On contrary, wrought alloys showed high current density, 

Fig. 4. TEM micrographs of HEBM-2024; a) BF image b) DF image c) SADP. d) Grain size and its distribution within the DF micrograph in b).  
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exceeding 1 mA/cm2 in a few minutes (Fig. 6). Current density 
versus time graphs (Fig. 6) corroborated the conclusions from the 
CPP data (Fig. 5). 

Fig. 7 indicates areas of the specimens that immersed in the 
0.6 M NaCl solution for 1 h. It is observed that the corrosion in the 
wrought alloys was associated primarily with the constituent par
ticles in the sample surface (Fig. 7d-7f). The BSE image indicated that 
the pitting that formed as trenches and dissolution of the inter
metallic particles on the sample surfaces. EDS analysis verified that 
the secondary phase particles had galvanic interaction with the 
matrix. Al, Cu, Fe, and Mn containing particles were found to initiate 
the dissolution of matrix by leaving trenches at their surroundings. 
The dissolved particles were found Cu enriched (Fig. 7d and 7f), and 
Fe and Si enriched in Fig. 7e. The BSE images of HEBM-2024, HEBM- 
6061 and HEBM-7075 immersed for 1 h in 0.6 M NaCl are shown in 
(Fig. 7a-7c). The homogenous microstructure due to the refined or 
dissolved secondary phase particles led significant decrease in the 
size and number of pits observed in HEBM alloys. The EDS analysis 
indicated the particles responsible for the corrosion initiation as 
trenches in HEBM alloys contained Fe and Cr which are originated 
due to abrasion of milling media. Fig. 8 shows the morphology of 

alloys after immersion in 0.6 M NaCl for 14 days and subsequent 
removal of the corrosion products in 30 vol%. of HNO3. The effects of 
prolonged immersion were apparently revealed in wrought alloys 
(Fig. 8d-8f). The BSE images indicated significantly larger pits that 
primarily associated to the dealloying of the constituent particles. 
The BSE images of HEBM-2024, HEBM-6061 and HEBM-7075 are 
presented in Fig. 8a-8c. The lack of coarse constituent particles and 
homogenous microstructures led sustainability of superior corrosion 
performance in the high-energy ball milled alloys. 

3.3. Hardness of the ball milled alloys 

Average Vickers microhardness of HEBM alloys and wrought al
loys are presented in Fig. 9. Average Vickers hardness values were 
~240 HV, ~185 HV and ~269 HV for HEBM-2024, HEBM-6061 and 
HEBM-7075 while the values for wrought AA2024-T3, AA6061-T6 
and AA7075-T6 were ~137 HV, ~108 HV and ~176 HV. HEBM alloys 
indicated a significant increase in the hardness values which is 
consistent to the reported literature on the nanocrystalline alu
minum alloys [35,37,53,54]. The high strength of the HEBM alloys 
was attributed to the joint influence of grain refinement, solid 

Fig. 5. Cyclic Potentiodynamic Polarization results of a-) HEBM-2024 and AA2024-T3, b-) HEBM-6061 and AA6061-T6, c-) HEBM-7075 and AA7075-T6.  

Table 2 
The average electrochemical parameters and corresponding standard deviations of alloys determined from CPP curves in 0.6 M NaCl at room temperature.         

Ecorr icorr Epit Eptp Eprot 

(mVSCE) (µA/cm2) (mVSCE) (mVSCE) (mVSCE)  

HEBM-2024 -984 (  ±  82) 0.14 (  ±  0.06) -477 (  ±  20) -572 (  ±  6) -736 (  ±  10) 
AA2024-T3 -585 (  ±  23) 0.38 (  ±  0.02)  < Ecorr -627 (  ±  8) – 
HEBM-6061 -990 (  ±  133) 0.06 (  ±  0.02) -623 (  ±  18) -730 (  ±  8) -824 (  ±  12) 
AA 6061-T6 -722 (  ±  85) 0.22 (  ±  0.08) -710 (  ±  19) -755 (  ±  3) – 
HEBM-7075 -1035 (  ±  76) 0.15 (  ±  0.08) -654 (  ±  12) -738 (  ±  2) -789 (  ±  13) 
AA7075-T6 -757 (  ±  43) 3.36 (  ±  0.32)  < Ecorr – –    
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solution strengthening and uniform dispersion of fine intermetallics  
[55]. The individual elements of the various strengthening me
chanisms were quantified in several studies that reviewed in [55]. 

The total yield strength of the alloy can be quantified as: 

= + + + +y o gb d ss pp (1) 

where, σo is the yield strength of base metal (17 MPa) [56]. σgb is the 
strength contribution by grain boundaries, σd is the yield strength 
contribution by dislocations, σss is the yield strength contribution 
by solute atoms and σpp is the yield strength contribution by 
precipitates. 

The yield strength of the HEBM alloys were predicted by Tabor’s 
rule to estimate individual strength contributions. 

H*
1
3y (2) 

Where H is the microhardness value in MPa. The estimated yield 
strength of the alloys were calculated as 784.56 MPa, 604.64 MPa 

and 879.36 MPa for HEBM-2024, HEBM-6061 and HEBM-7075 
respectively. 

The estimation of the strength contribution by grain boundaries 
(σgb) were calculated by the Hall-Petch equation [56]: 

k d( )gb
1/2 (3) 

where, k is the Hall-Petch coefficient 0.09 MPa1/2 [35,57,58] and d is 
the grain size. The estimated contributions of gb were calculated for 
528.49 MPa, 455.7 MPa and 569.20 MPa for HEBM-2024, HEBM-6061 
and HEBM-7075 respectively. Calculations indicated that the major 
contribution to the yield strength was by grain boundaries. 

The contribution of dislocation strengthening (σd) is obtained by 
Bailey-Hirsch equation [59,60]: 

= M Gb
¯

d
1
2 (4) 

Where M
¯

is average orientation factor (3.06), α is constant (0.2), G is 
shear modulus (26 GPa), b is burger’s vector (0.286 nm) and ρ is the 
dislocation density that calculated by: 

Fig. 6. Potentiostatic polarization 150 mV above open circuit potential after 30 min of stabilization in 0.6 M NaCl a) AA 2024 T3, b) HEBM-AA 2024, c) AA 6061 T6, d) HEBM-AA 
6061, e) AA 7075 T6 and, b) HEBM-AA 7075. 
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=
Db

2 3
(5) 

Where is lattice strain and D is grain size that are calculated from 
XRD data. 

The increment in the strength caused by dislocation strength
ening was calculated as 165.96 MPa, 119.36 MPa and 170.33 MPa for 
HEBM-2024, HEBM-6061 and HEBM-7075 respectively. Calculations 
indicated that the dislocation strengthening was secondary con
tribution in HEBM alloys after strength contribution by grain 
boundaries. 

The strength contribution by solute atoms (σss) were calculated 
by following equation [59,61]: 

= MGb c
¯

ss
3
2

1
2 (6) 

where c is the solute concentration with the power that assumed as 
0.5 [59]. Solute contribution is dependent to the lattice strain which 
arises from the difference between solute and solvent atom size.  
Table 3 shows primary solute atoms in the commercial aluminum 
alloys and theoretical contributions to yield strengths using the data 
on high-purity binary alloys [2]. Assuming complete solubility of all 
solute atoms with the HEBM process would enable to calculate 
maximum theoretical contribution by solute solution strengthening. 
Therefore, maximum theoretical contribution of ss was calculated as 
102.56 MPa, 39.75 MPa and 103.5 MPa for HEBM-2024, HEBM-6061 
and HEBM-7075 respectively. Considering the theoretical maximum 
as free of possible secondary phases that consist of the compounds 

of solutes are not dissolved in the solvent, the actual contribution 
values must be less and thus it can be concluded that the con
tribution of the solute atoms to strengthening was not significant. 

Experimental value of yield strength (calculated by Tabor’s rule) 
and calculated individual contributions of grain boundary 
strengthening, solid solution strengthening and dislocation 
strengthening to the estimated theoretical yield strength are shown 
in Fig. 10. Grain refinement contribution was in between 65% and 
74% of the total estimated strength of the HEBM alloys. Therefore, 
grain refinement could be agnominated as dominant mechanism in 
the enhanced strength. Contribution by precipitates and dispersoids 
can be estimated by Orowan strengthening ( Or) [58] which is de
pendent to radius of the precipitates. SEM analysis did not provide 
enough data about the size and shape of precipitates in HEBM alloys. 
However, Or were reported to have minor contributions in the high- 
energy ball milled alloys despite the Orowan strengthening has ac
countable contribution in precipitation hardened alloys [57,62–64]. 

4. General discussion 

Constituent particles which include active alloying elements 
found in the investigated wrought alloys were highly associated to 
localized corrosion. AA2024-T3 indicated a high Al2CuMg content 
which was reversed from more noble to less-noble particles by 
dealloying and incongruent dissolution when exposed to 0.6 M NaCl 
solution [7]. Corrosion is mainly attributed to S-phase particles to
gether with Fe containing particles which were responsible for the 

Fig. 7. SEM micrographs after 1 h of immersion in 0.6 M NaCl (a) HEBM-2024, (b) HEBM-6061, (c) HEBM-7075, (d) AA2024-T3, (b) AA6061-T6 and (c) AA7075-T6 without 
removing the corrosion products. Corresponding high magnification images are shown in the inset. 
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dissolution of matrix of 2024-T3 [9,21,52,65,66]. In addition to Cu 
containing phases, Zn containing particles such as MgZn2 were 
mainly attributed to the anodic dissolution or peripheral pitting 

depending on the electrochemical activity of the secondary phase 
respect to the matrix in AA7075-T6 [7]. Al-Si-Fe-containing cathodic 
particles and Mg2Si could be attributed to the matrix dissolution in 
AA6061-T6 [67]. 

Corrosion behavior of the aluminum alloys mainly associated to 
characteristics of secondary phase particles and their interaction 
with the matrix. The modification in the corrosion behavior of HEBM 
alloys could be attributed to the HEBM process which is known to 
provide nanocrystalline structures with enhanced diffusivity and 
free energy, formation of super saturated matrix and metastable 
phases, and increased homogeneity in the microstructure  
[37,38,54,68,69]. Furthermore, significant refinement of Fe and Cu 
rich intermetallics by the HEBM process (seen in Fig. 2) is expected 
to decrease the cathodic sites and therefore overall cathodic reaction 
rate which is oxygen reduction reaction for the corrosion of alu
minum alloys [70]. A decrease in the cathodic reaction due to refined 
microstructure could be attributed to high corrosion resistance in 
the ball milled alloys. 

This study indicated that hardness and corrosion performance of 
the age hardening commercial alloys could be significantly enhanced 
by the high-energy ball milling. The powder obtained by high energy 
ball milling is a promising feedstock material for possible applica
tions of several additive manufacturing and surface modification 
techniques. 

Fig. 8. SEM micrographs after 14 days of immersion in 0.6 M NaCl (a) HEBM-2024, (b) HEBM-6061, (c) HEBM-7075, (d) AA2024-T3, (e) AA6061-T6 and (f) AA7075-T6 after 
removing the corrosion products. Corresponding high magnification images are shown in the inset. 

Fig. 9. Vickers hardness measured for AA2024-T3, AA6061-T6, AA7075-T6 and HEBM- 
2024, HEBM-6061, HEBM-7075. 
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5. Conclusions 

The influence of high-energy ball milling on the corrosion and 
hardness of the AA2024, AA6061 and AA7075 were investigated in 
this work. Main conclusions can be summarized as follows:  

• Homogenous microstructure, free from coarse secondary phases, 
and significant grain refinement (below 100 nm) were achieved 
after high-energy ball milling of prealloyed powders. 

• High-energy ball milled age hardening alloys exhibited sig
nificantly enhanced corrosion resistance as represented by higher 
pitting and protection potentials, and lower corrosion current 
densities. High corrosion resistance is attributed mainly to ab
sence of coarse intermetallics, possible incorporation of impurity 
elements in solid solution, and grain refinement below 100 nm.  

• The hardness of the HEBM alloys showed remarkable increase 
which was attributed to the combined effect of nanocrystalline 
structure, work hardening and extended solid solubility of the 
alloying elements in Al matrix. The predominant contribution to 
the strengthening in the HEBM alloys was by grain refinement 
which was predicted to between 67% and 75% of total estimated 
yield strength. 

• Hardness and corrosion performance of the age hardening alu
minum alloys were enhanced simultaneously by HEBM that can 
be employed in the production of high strength and corrosion 
resistant Al alloys. 
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