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This article compares the corrosion behavior and hardness of an Al alloy (AA2024) produced by high-
energy ball milling in air and high-purity Ar. The pre-alloyed AA2024 powder was milled in Ar and air
atmospheres, and the produced powder was successfully consolidated to investigate the hardness and
corrosion performance. Cyclic potentiodynamic polarization tests revealed higher pitting potential for the
alloy milled in air. Additionally, milling in air resulted in higher hardness and thermal stability after a 1-h
isothermal heat treatment at 400 and 500 °C. Our results demonstrate that a high-purity Ar atmosphere is
not a requirement for all applications and milling in the air can lead to excellent properties.
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1. Introduction

Due to the increasing demand for lightweight and high-
strength materials, calls for a longer service life of aluminum
alloys are increasingly being voiced for environmental concerns
(Ref 1, 2).

Aluminum alloys are used in many fields such as aerospace
and automotive due to their excellent properties (Ref 3, 4).
However, high-strength aluminum alloys, where high strength
leads to corrosion problems, have limited use in many
applications (Ref 5, 6). Nonconventional processing techniques
have shown that the properties of Al alloys can be significantly
enhanced (Ref 2, 7, 8).

High-energy ball milling (HEBM) of Al alloys has been
reported to enhance the properties beyond conventional limits
(Ref 6, 7, 9-13). Extended solid solubility, nanocrystalline
structure and uniformly distributed fine secondary phases have
been attributed to enhanced corrosion resistance and strength of
the ball-milled Al alloys. The alloy powder produced by
HEBM is influenced by several parameters such as the nature of
material, the size of the starting powder, the milling media, the
milling time, the milling speed, the milling temperature and the
milling atmosphere (Ref 10, 14, 15). The influence of these
parameters on HEBM of Al alloys has been reviewed recently
(Ref 10). HEBM of aluminum alloys is commonly performed
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in an inert atmosphere (high-purity argon or nitrogen) to avoid
oxidation of aluminum. Therefore, majority of the research on
HEBM reports the use of inert gases or vacuum during milling
(Ref 10, 14, 16). Some studies even reported conducting entire
milling process inside the glove box (Ref 14). However,
necessity of an inert atmosphere in maintaining acceptable prop-
erties of the aluminum alloys has not been reported in literature,
and therefore, it is of great merit to investigate the influence of
the milling in air.

A hypothesis along with the experimental validation that
HEBM in air may be advantageous and high-purity Ar may
not be required for HEBM of Al alloys is presented herein.
The formation of any oxides during HEBM could be
envisaged to cause dispersion strengthening (Ref 17, 18),
and incorporation of oxygen into the solid solution could
enhance the corrosion resistance (Ref 18-20). Superior
corrosion resistance in sputter-deposited Al has been reported
when sputtering was performed in poor vacuum, and incor-
poration of oxygen into Al has been associated with increased
corrosion resistance (Ref 21). Moreover, the thermal stability
of the high-energy ball milled alloys has been reported to be
higher than that of nanocrystalline alloys prepared by other
methods, which is attributed to introduction of impurities from
the milling environment that retards the grain coarsening
when exposed to high temperature (Ref 22). Therefore,
successful accomplishment of the HEBM in air might be
beneficial to improve the thermal stability of the Al alloy due
to the possible incorporation of oxides or dispersoids.
However, the influence of air on the ball-milled Al alloys is
not known and warrants research attention. This article
compares the influence of HEBM performed in air and Ar
on the corrosion, hardness and thermal stability of AA2024.

2. Experimental

AA2024 powder (Valimet, AM2024) was ball milled in a
planetary high-energy ball mill for 100 h. AA2024 powder, stearic
acid (1.5 wt.%) as a process controlling agent (PCA), and stainless
steel balls (16:1, ball-to-powder weight ratio) were placed in


http://orcid.org/0000-0003-2684-1994
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-022-07309-y&amp;domain=pdf

hardened stainless steel vials and sealed in two different atmo-
spheres: high-purity Ar (O, <25 ppm) in a glove box and air
in ambient laboratory atmosphere. HEBM was interrupted for
1 hour after each hour of milling to avoid overheating. Milled
AA2024 powder was cold compacted under uniaxial pressure of
3GPa. The consolidated alloys of Ar-milled and air-milled
AA2024 powder have been termed as HEBM-2024-Ar and
HEBM-2024-Air, respectively. A commercial AA2024-T3 alloy
(McMaster-Carr) was used for comparison. Heat treatment was
carried out in a muffle furnace equipped with a type R
thermocouple. HEBM-2024-Ar and HEBM-2024-Air were
placed in furnace preheated to 400 and 500 °C and heat treated
for 1 h, then subsequently removed from the furnace and
quenched in water to cool down.

X-ray diffraction (XRD) analysis was carried out in Rigaku
SmartLab diffractometer (Acyke = 0.154056 nm) at a scan
speed of 1°/min and a step size of 0.01 to scan the 20 range of
25-85°. The grain size was calculated using the Scherrer’s
equation (Ref 23) after determining the contribution of
instrumental broadening using LaB¢. Secondary electron (SE)
and backscattered electron (BSE) images were obtained at
20 kV acceleration voltage, using FEI Verios 460L field
emission scanning electron microscopy (SEM) equipped with
an Oxford energy-dispersive x-ray spectrometer (EDS). Final
polishing of the specimens for SEM investigation was per-
formed using 0.05 um colloidal silica suspension. Specimens
were rinsed and dried after cleaning in an ultrasonic ethanol
bath for 5 min.

Microhardness was measured using a Mitutoyo SM Vickers
hardness tester. A 100 g of load was applied for a dwelling time
of 10 s. Grinding was performed until 1200 grit before
hardness measurements. Measurements were repeated at least
ten times.

Cyclic potentiodynamic polarization (CPP) tests were
performed using a VMP-300 potentiostat. Epoxy-mounted
samples were ground to 1200 grit under ethanol and
ultrasonicated for surface cleaning. CPP tests were conducted
in a conventional three-electrode flat cell where platinum
was the counter electrode, and saturated calomel electrode
(SCE) was the reference electrode. The CPP curves were
recorded at 1 mV/s scan rate in 0.6 M NaCl electrolyte
until the current density of 1 mA/cm? was reached, at which
the scan direction was reversed. The cathodic polarization
curves were recorded from + 5 mV to —1.5 V with respect to
OCP.

Polarization tests performed at least three times to ensure
reproducibility. Immersion tests were performed in 0.6 M NaCl
for 1 h and 14 days. Prolonged immersion samples were
ultrasonicated in dilute HNOj3 solution (30 vol.%,) for 1 min to
remove the of corrosion products formed on surface. Cleaned
samples were investigated in a Keyence VKx1100 confocal
laser scanning microscopy.

X-ray photoelectron spectroscopy (XPS) analysis was
performed to evaluate the chemical composition of the surface
film developed on the alloy surface. Samples were polished to
0.05 um, and the air-formed oxide film investigation was
performed on the scan area of 2 x 2 mm with a take-off angle
of 60. Chamber pressure was kept below 10 mbar. Range of
0-1100 eV (binding energy) was scanned for survey scan to
detect surface elements. Composition of the passive film and
oxidation states of the elements were determined high-resolu-
tion spectra. The XPS data analysis was conducted by CASA
software.

3. Results and Discussion

The morphology of AA2024 powder, along with the
corresponding distribution of particle size after HEBM, is
presented in Fig. 1. The shape and mean particle size of the
powder produced in both atmospheres were similar (Fig. la
and b). The particle size distribution chart indicated a similar
skew in both materials (Fig. 1c and d). The microstructure of
the HEBM-2024-Ar, HEBM-2024-Air and AA2024-T3 is
presented in Fig. 2. The microstructures of HEBM-2024-Ar
and HEBM-2024-Air were free of coarse intermetallics
(Figs. 2a and b), which were observed in AA2024-T3 (Fig. 2c).
The absence of coarse intermetallics is attributed to HEBM and
is consistent with the literature (Ref 10, 24-26). The XRD
patterns of the ball-milled alloys along with AA2024-T3 are
presented in Fig. 3. XRD pattern of the ball-milled alloys
showed significant peak broadening due to the grain refinement
in comparison with AA2024-T3. The average grain size
calculated from XRD was 26.5 = 8 nm for HEBM-2024-Ar
and 23.5 + 9 nm for HEBM-2024-Air. Decrease in the grain
size due to HEBM in air could be attributed to the incorporation
of oxygen in Al as oxide or solid solution.

The Vickers hardness and density of the alloys are shown in
Fig. 4. HEBM resulted in a significant enhancement in the
hardness as compared to AA2024-T3, which could be
attributed to the grain refinement and is consistent with the
reported literature on the effect of grain refinement on hardness
(Ref 27). The strengthening mechanisms and calculations
showing contribution of individual strengthening mechanisms
can be found in supplementary file. HEBM-2024-Air exhibited
a 6.6% increment in estimated overall strength compared to
HEBM-2024-Ar, where grain refinement was estimated to
contribute only 4.2% to the increase. Therefore, the higher
hardness of HEBM-2024-Air could be due to the combined
effect of grain refinement, incorporation of oxygen into solid
solution, and possible dispersion of oxides formed in situ,
which fall beyond the detection limit of XRD.
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Fig. 1 Backscattered electron (BSE) images for powders of (a)
HEBM-2024 powder milled in Ar, (b) HEBM-2024 powder milled
in air. Particle size distribution for (c¢) HEBM-2024 powder milled in
Ar and (d) HEBM-2024 powder milled in air
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Fig. 2 BSE images for (a) HEBM-2024-Ar and (b) HEBM-2024-Air; (c) commercial wrought AA2024-T3. Corresponding high-magnification

images are shown in the inset
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Fig. 3 XRD pattern of HEBM-2024-Air, HEBM-2024-Ar and
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Fig. 4 Hardness and density of HEBM-2024-Ar, HEBM-2024-Air
and AA2024-T3

Cyclic potentiodynamic polarization curves are presented in
Fig. 5a. The pitting potential (Ep;), transition potential (Ey),
corrosion potential (E.), and corrosion current density (i¢or)
obtained from CPP are presented in Fig. 5(b). The ennoblement
in Ep; indicates higher pitting corrosion resistance, and E,
indicates repassivation ability. Comparing CPP curves, E;, Ey,
icorr (Fig. 5b) revealed that the corrosion performance of ball
milled alloy, irrespective to milling atmosphere, was signifi-
cantly higher than AA2024-T3. Ball-milled AA2024, in both
milling atmospheres, showed a wide passive window which
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Fig. 5 (a) Cyclic Potentiodynamic polarization curves of HEBM-2024-
Ar. HEBM-2024-Air and AA2024-T3 in 0.6 M NaCl and (b) Epi, Econ
E, and ico, for the HEBM-2024-Ar, HEBM-2024-Air and AA2024-T3

was not observed in AA2024-T3. The lack of passive window
in AA2024-T3 is consistent with the literature (Ref 25, 28, 29).
Milling in air provided ennoblement of the E; and E
compared to HEBM-2024-Ar. The i.,, values of the HEBM-
2024-Ar and HEBM-2024-Air were similar and significantly
less than AA2024-T3 which has a complex microstructure
dictated by coarse particles that are cathodic to Al matrix.
Cathodic polarization curves of the HEBM-2024-Ar, HEBM-
2024-Air along with AA2024-T3 are presented in Fig. 6.
Cathodic current densities for the HEBM-2024-Ar and HEBM-
2024-Air were significantly lower than that of AA2024-T3
which could be attributed to the decrease in the fraction of
cathodic particles. Moreover, cathodic current density for



HEBM-2024-Air was slightly higher than that for HEBM-
2024-Ar, whereas the E.,, was similar. This indicated the
corrosion to be dominated by decrease in anodic reaction
kinetics due to the milling in air. This behavior of decrease in
anodic current density and ennoblement of pitting potential is
similar to work of Frankel et al. (Ref 21).

The improved corrosion behavior of the ball-milled AA2024
was further verified by surface analysis after immersion tests in
0.6 M NaCl. Figure 7 shows the BSE images of the alloys
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Fig. 6 Cathodic polarization curves of AA2024-T3, HEBM-2024- Fig. 7 BSE images of (a) HEBM-2024-Ar and (b) HEBM-2024-

Ar and HEBM-2024-Air tested in 0.6 M NaCl Air after immersion in 0.6 M NaCl solution for 1 h

(c)

Fig. 8 Optical profilometry images of samples immersed in 0.6 M NaCl for 14 days (a) HEBM-2024-Ar, (b) HEBM-2024-Air and (c)
AA2024-T3
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Fig. 9 XPS high-resolution spectra of Al 2p for (a) HEBM-2024-Ar, (b) HEBM-2024-Air and Ols for (c) HEBM-2024-Ar and (d) HEBM-

2024-Air

immersed in 0.6 M NaCl for 1 h. The corrosion initiated at the
interface of secondary phase particles and the matrix. The
AA2024-T3 (Fig. 7c) showed large number of pits and
dealloying even after 1 h of immersion while ball-milled alloys
(Fig. 7a and b) corrosion initiation at the interface of signif-
icantly refined particles and the matrix. Figure 8 shows the
optical profilometry images of the alloys immersed in 0.6 M
NacCl for 14 days, after removal of the corrosion products. The
ball-milled alloys showed significantly lower average pit depth
(Fig. 8a and b) as compared to AA2024-T3 (Fig. 8c). Besides,
the average pit depth in the HEBM-2024-Air alloy was lower
than that HEBM-2024-Ar. The high corrosion resistance of ball
milled alloys could be attributed to the combined effect of grain
refinement and elimination of coarse intermetallic particles (Ref
6-8, 25).

High-resolution XPS spectra of Al2p and Ols peaks of
HEBM-2024-Ar and HEBM-2024-Air are presented in Fig. 9.
Both alloys demonstrated peaks of Al° and AI"™ which are
associated with the metallic and oxidized aluminum, respec-
tively (Ref 30, 31). The Ols spectra were deconvoluted into O-
1 and O-2 peaks, where O-1 corresponds to contribution from
oxide, while O-2 corresponds to hydroxide and/or oxygen
bonded to the carbon contamination on the surface. Concen-
tration (at. %) of elements is presented in Table 1. AI"*/AI°
ratio for HEBM-2024-Air was higher than that for HEBM-
2024-Ar. Furthermore, the oxygen content in HEBM-2024-Air
was higher than HEBM-2024-Ar which could be attributed to
increased oxygen content due to milling in air and the
formation of a thicker passive film.
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Table 1 Atomic concentration of elements on the surface
of HEBM-2024-Ar and HEBM-2024-Air

Concentration, at.%

Alloy Al2p Ols Cu2p3/2
HEBM-2024-Ar 46.99 51.99 1.01
HEBM-2024-Air 38.83 60.68 0.49

Ball-milled alloys were isothermally heat treated at 400 °C
and 500 °C for 1h to investigate influence of milling
atmosphere on thermal stability. Nanocrystalline materials due
to the large driving force arising from the disordered grain
boundaries are prone to grain growth (Ref 32). However, ball
milling is reported to provide significant resistance to growth of
nanoscale grains, which is attributed to mechanisms such as the
effect of pinning forces caused from impurities or the formation
of fine precipitates during ball milling or heat treatment steps
(Ref 2). XRD patterns of the HEBM-2024-Ar and HEBM-
2024-Air after heat treatment are presented in Fig. 10. Diffrac-
tion peaks that are apart from Al, such as Al,Cu and Al,CuMg,
were visible after 400 °C treatment. The zoomed (111) planes
of the XRD patterns of the heat treated HEBM-2024-Ar and
HEBM-2024-Air are presented in Fig. 11. In both milling
atmospheres, the 111 peak is shifted to lower 20 values with the
heat treatment, which implies the increase in the lattice
parameter. The 111 peak of the HEBM-2024-Air showed more
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Fig. 11 Zoomed (111) plane of the XRD scan of (a) HEBM-2024-
Ar and HEBM-2024-Air after 1-h heat treatment at 400 °C and (b)
HEBM-2024-Ar and HEBM-2024-Air after 1-h heat treatment at
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Fig. 12 Hardness of HEBM-2024-Ar, HEBM-2024-Air at room
temperature (RT), after 1-h heat treatment at 400 and 500 °C

broadening as compared to HEBM-2024-Ar. The improved
thermal stability is attributed to formation of impurities such as
Al oxide, which hinder grain growth when exposed to high
temperature (Ref 33, 34). Figure 12 shows the hardness of
HEBM-2024-Ar and HEBM-2024-Air tested after heat treat-
ment at 400 and 500 °C for 1 h. HEBM-2024-Air maintained
the higher hardness than HEBM-2024-Ar at both heat treatment
temperatures, which could be considered as further evidence of
the higher thermal stability of HEBM-2024-Air due to impeded
grain growth by the formation of impurities or dispersoids,
which requires further research.

4. Conclusions

High-energy ball milling of AA2024 was successfully
performed under Ar and air atmospheres. The hardness and
corrosion resistance of AA2024 milled in Ar and air was higher
than that of commercial AA2024-T3, which was attributed to
the refined microstructure. Milling of AA2024 suppressed both
anodic and cathodic reaction rates, which caused a decrease in
corrosion current density and increase in pitting potential.
HEBM in air resulted in higher hardness and corrosion
resistance than that in Ar. HEBM in air exhibited improved
thermal stability after an isothermal heat treatment at 400 and
500 °C for 1 h. Therefore, high-purity milling atmosphere is
not necessary to achieve superior hardness and corrosion
performance for Al alloys.
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