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ABSTRACT
Development of ultra-high strength and corrosion-resistant aluminum (Al) alloys is demonstrated
by a combination of suitable alloying elements and processing technology able to cause extended
solid solubility and nanocrystalline structure. Binary Al-transition metal (M: Cr, Ni, Mo, Si, Ti, Mn, V,
Nb) alloys, produced by high-energy ball milling and subsequent cold compaction, have exhibited
significantly high hardness and corrosion resistance compared to any commercial Al alloy. The cyclic
potentiodynamic polarization tests revealed a significant improvement in pitting and repassivation
potentials. X-ray diffraction analysis revealed the grain refinement < 100 nm and extended solid
solubility.

IMPACT STATEMENT
High-energy ball-milled Al alloys, owing to excellent corrosion resistance and high hardness, are
expected to be a new class of Al alloys and initiate a multidisciplinary research direction.
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Pure Al exhibits a good corrosion resistance but poor
mechanical properties and therefore is alloyed with
other elements to increase strength [1]. Solid solution
strengthening, precipitation strengthening, grain refine-
ment, and work hardening are the main strengthening
mechanisms for Al alloys [1]. However, precipitation
and work hardening introduce electrochemical hetero-
geneities which cause localized corrosion. Therefore, a
tradeoff between mechanical and corrosion properties
exists in Al alloys [1–3]. Characteristics of thematrix and
secondary phases (i.e. composition, number, morphol-
ogy, and distribution) play a vital role in determining the
corrosion performance [4,5]. Moreover, the maximum
achievable yield strength of Al alloys is currently limited
to ∼560MPa [1].

While precipitation and work hardening introduce
electrochemical heterogeneities and cause localized cor-
rosion, solid solution strengthening does not deteriorate
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the corrosion performance necessarily; rather, suitable
alloying elements may increase the corrosion resistance
of Al alloys. We hypothesize- if a significant amount
of suitable alloying element (e.g. Cr, V, Mo, Nb, and
Ti) could be dissolved in Al, the corrosion resistance
and strength could be improved simultaneously. How-
ever, since solubility of most alloying elements in Al is
extremely limited, formation of secondary phases which
cause localized corrosion [3,6] is inevitable through con-
ventional processing methods. For example, Al-5at.%Cr
and Al-5at.%Ti, produced by casting, showed the pres-
ence of coarse intermetallics and high corrosion rate
without a significant increase in strength [7]. Therefore,
non-conventional alloy production methods capable of
increasing the solid solubility of alloying elements are
desirable. Pulse electrodeposition [8,9], sputter depo-
sition [10–13], high-energy ball milling (HEBM), and
rapid solidification techniques [14–16] are some of the
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examples of non-conventional alloy production meth-
ods. Sputter deposition has been reported to cause a
significant increase in the solid solubility and there-
fore increased corrosion resistance [11–13,17–19]. For
instance, the pitting potential (Epit) of sputter-deposited
Al-6at.%Mo alloy in 0.1M KCl was ∼400mV nobler
than that of pure Al [20]. Several alloying elements, e.g.
Cr [21], Ta [22], Zr [22], Ti [23], Nb [23], V [23], and
W [12], have been reported to improve/ennoble Epit.
However, the sputter-deposited alloys were synthesized
in the form of thin films, their mechanical properties
were not well investigated, and up-scaling the production
for bulk alloy production is challenging. Literature sug-
gests that HEBM is also capable of producing alloys with
extended solid solubility, nanocrystalline structure, and
high strength [24–27]. For instance, solid solubility of Fe
in Al was reported to increase to 4.5 wt.% (from� 0.1%)
due to HEBM [28].

The authors’ previouswork has shown that ball-milled
Al–Cr alloys, owing to the extended solid solubility of Cr
in and Al grain refinement <100 nm, exhibited ultra-
high strength and corrosion resistance [26,29]. Similar
to Cr, several other alloying elements (M: Mo, V, Cr,
Ti, Mn, Si, Nb), owing to improved passivation, are also
deemed capable of increasing corrosion resistance and
mechanical properties when produced by HEBM. There-
fore, studying the properties of ball-milled Al alloys is
of great merit. The corrosion resistance and hardness of
the Al–M (M: Mo, V, Cr, Ti, Mn, Nb) alloys presented
in this paper are superior to any commercial Al alloy.
This work also presents a comparison of the effectiveness
of various alloying elements in improving the corrosion
performance and hardness of HEBM Al alloys.

Al-5at.%M alloys were synthesized via HEBM fol-
lowed by cold compaction. Aluminum powder (purity
99.7%, size −50/+100 mesh) and the alloying elements
powder (purity <99.8%, size −100 mesh) were loaded
in hardened steel jars with hardened steel balls (10mm
diameter). Stearic acid (1.5 wt.%) was used as a process-
controlling agent. Steel jars were loaded and sealed in a
glove box (high-purity Ar atmosphere, O2 < 25 ppm) to
maintain an inert atmosphere. HEBM was performed in
a planetary mill at a speed of 280 RPM for 100 h. The
milling was interrupted for 30min after every one hour
of milling. TheHEBMpowder was consolidated using an
auto pellet press in a tungsten carbide die under uniax-
ial pressure. The load was progressively increased in 16
steps of 187MPa for 15 s until reaching a final pressure
of 3GPa, which was held for 5min. The cold compacted
test specimen was of 7mm diameter and 2.5mm thick-
ness. Commercial alloys (AA7075-T651, AA5083-H32,
AA-6063-T6, and AA2024-T3l) were used for comparing
the properties as needed.

Powder X-ray diffraction (XRD) analysis was per-
formed in the 2-θ range of 37.5–39.5 degrees using a Cu
K-alpha radiation. This region was chosen for detailed
analysis of the peak corresponding to the (111) plane.
The scanning speed was 0.167 deg/min with a step size of
0.0012 degrees. The grain sizewas calculated using Scher-
rer equation after subtracting the instrumental broaden-
ing [30]. The procedure for calculation of the solid sol-
ubility and grain size is described in the supplementary
appendix (A1). The XRD analysis was also performed in
2-θ range of 10–80 degrees with a scanning speed of 1
degree/minute and a step size of 0.02 degrees to observe
the formation of any intermetallic or unalloyed elements
(Figure S1).

Vickers hardnesswasmeasured under the applied load
of 25 g and dwelling time of 10 s. For each alloy, a total
of 10 tests were performed and the average value was
reported.

Corrosion behavior of the produced alloys and four
commercial alloys (AA7075-T651, AA5083-H32, AA-
6063-T6, and AA2024-T3l) was studied by cyclic poten-
tiodynamic polarization (CPP) using a VMP-300 poten-
tiostat. All sampleswere polished to 1200 grit SiC sandpa-
per followed by rinsing with copious amounts of distilled
water, ethanol and drying. CPP tests were carried out
in a conventional three-electrode electrochemical cell,
using a platinum mesh as a counter electrode and a sat-
urated calomel electrode (SCE) as a reference electrode.
All tests were performed in 0.01M NaCl. The open cir-
cuit potential (OCP) of the samples was monitored for
20min before commencing the CPP tests. Potential scans
started from−250mV vs. OCP, and upwards with a scan
rate of 1mV/s until an anodic current of 200 μA/cm2 was
reached followed by a reverse scan to −250mV vs. OCP.
CPP tests were performed at least five times. The most
representative CPP curve for each alloy tested is shown
in Figure S2. The pitting potential (Epit) and transition
potential (Etrans) were determined fromCPP as described
in [31–33] (supplementary appendix A2).

The Epit and Etrans for all the produced alloys along
with that of pure Al are presented in Figure 1. Higher
Epit indicates higher pitting corrosion resistance. Etrans
indicates repassivation capability in case of passive film
breakdown [3,17]. Epit of the HEBM alloys was signifi-
cantly nobler than that of pure Al and any commercial
Al alloy. It should be noted that Epit of most of the com-
mercial alloys is lower than that of pure Al [3]. Epit for
Al-5at.%Mn alloys was 77.8mV higher than that of pure
Al.Mnwas the least effective in increasing theEpit (Figure
1). Al-5at.%Mo alloy exhibitedmost noble Epit; 527.6mV
higher than that for pureAl.Etrans for all the alloys, except
Al-5at.%Si and Al-5at.%Ni, was also significantly higher
than that of pure Al. Etrans for Al-5at.%Si was 464mV
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Figure 1. Epit and Etrans for the HEBM Al-5at.%M alloys. ‘NC Al’ is
the HEBM Al and ‘Pure Al’ is the coarse grain pure Al.

below its Epit. Al-5at.%Ni had no observable transi-
tion potential, indicating poor repassivation behavior.
Influence of the alloying elements in ennobling the Epit
was in the order of Mo > V > Ni > Nb > Cr > Si >

Ti > Mn, whereas the effectiveness of the alloying
elements in ennobling Etrans was in the order of
Nb > Mo > V > Ti > Cr > Mn > Si > Ni.Consider-
ing ennoblement of Epit and Etrans Mo, Nb and V were
deemed most effective elements in improving the pitting
corrosion resistance. Excellent corrosion behavior of the
HEBM alloys was further confirmed by the visual inspec-
tions and surface analysis after constant immersion tests
in 0.01MNaCl for 180 days. The average pit depth in the
HEBMalloys was significantly lower (∼ an order ofmag-
nitude) than that for commercial alloys (supplementary
appendix A3, Figures S3 and S4).

The hardness of the alloys produced herein was sig-
nificantly higher than many commercial Al alloys. The
effectiveness of the alloying elements in increasing the
hardnesswasNb > V > Mo > Ni > Ti > Mn > Cr >

Si. Figure 2 shows the Epit (representative of corro-
sion resistance) vs. Vicker’s hardness (representative of
strength) plot for HEBM alloys. The dashed region
in the plot shows a commonly noticed relationship
between hardness and corrosion performance in com-
mercial alloys, i.e. a decrease in corrosion resistance
with increasing strength. Contrary to commercial alloys,
HEBM alloys produced in this study exhibited signifi-
cantly higher pitting potential and hardness. Mo, Nb, and
V appear to be most effective in improving the corrosion
performance and hardness simultaneously.

Excellent corrosion behavior and hardness of the
produced alloys (Figure 2) are attributed to the con-
current influence of grain boundary and solid solu-
tion strengthening. The grain size and solid solubility,

Figure 2. Epit vs. hardness for the HEBM Al–M alloys along with
commercial alloys.

determined fromXRDanalysis, are presented on theX–Y
plane in Figure 3. The Epit is indicated on the Z axis
and the size of the sphere indicating each alloy scales
with the strength (larger radius is higher hardness). The
grain size of all the alloys was <100 nm and dependent
upon the alloying element. Alloying with Ni was most
effective in refining the grain size (32 nm) followed by
V, Nb, Mo, Ti, Mn, Cr, and Si. All of the alloying ele-
ments showed high solid solubility—significantly higher
than the thermodynamically predicated values. Figure 3
clearly shows that Mo had the highest solid solubility in
Al followed by Nb, Cr, V, Ti, Si, Ni, and Mn. However,
none of the alloying elements were completely soluble at
5%. XRD scans (Figure S1) revealed peaks correspond-
ing to the unalloyed alloying elements and intermetallics
which indicated that part of the added alloying element
was also present as unalloyed element and intermetallic.
XRD analysis was supported by SEM/EDXS, indicating
refined secondary phases and increased solid solubility
of the alloying elements (supplementary appendix A4,
Figure S5).

HEBM caused remarkable grain refinement and solu-
bility of alloying elements (Figure 3), which are deemed
to be the main contributors to improved corrosion and
mechanical properties. Estimates of the relative contri-
butions of grain refinement, solid solution strengthen-
ing, and dispersion strengthening are made in supple-
mentary appendix (A6). The grain boundary contribu-
tion was in excess of half the measured strength in all
alloys (∼57–67%) and solid solution strengthening con-
tributed anywhere from12% to 25%. Based on the limited
information available on precipitate size and distribution
available from the SEM images (Figure S5), the Orowan
strengthening is a maximum contribution of ∼2.5%;
further TEM analysis will likely reveal more, finer second
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Figure 3. Influence of the alloying element (M) on pitting poten-
tial, grain size, and solid solubility in HEBM Al–M alloys.

phases and may slightly increase this contribution. How-
ever, even if all the remaining unallocated components
to the measured hardness were due to these possible
finer precipitates, the contribution of second phases to
the strength would still be on the order of solid solution
strengthening and far less than grain boundary strength-
ening. This tracks with other work, for instance, the
contribution of Orowan strengthening in a ball milled
Al-20at.%Cr alloy was estimated to be only 6.9% of the
total strength [26]. It should be noted that the influence
of each alloying element is complex and a detailed study
will be required to understand the efficiency of an indi-
vidual alloying element in improving properties, grain
refinement, and solid solubility.

It is interesting to notice that HEBM did not cause
a significant ennoblement in Epit and Etrans of pure Al
(Figure 1) which clearly indicated the prominent role
of the chemical composition and processing technology
over grain refinement in improving the corrosion resis-
tance. It should be noted that there is no consensus on
the role of grain refinement on the corrosion behavior
and the present study supports our previous view that the
processingmethod and chemical composition play a crit-
ical role in determining the corrosion behavior [34,35].
Improvement in corrosion behavior observed in the Al-
5at.%M alloys in this study should be attributed to the
increased solid solubility of the alloying elements (Figure
3) because of one ormore of the followingmechanisms:

(a) Enrichment of the passive film with the alloy-
ing elements and therefore improved passivity and
decreased passive film breakdown [22,36].

(b) Increased repassivation tendency causing high cor-
rosion resistance. It should be noted that the pit
growth depends upon the formation of the critical

pit solution [3]. Pit growth stops and repassivation
occurs in the absence of the critical pit solution.
Hydrolysis of metal ions (e.g. Al3+ and Cr3+) causes
acidification and leads to critical pit solution. How-
ever, some of the metal ions possess smaller hydrol-
ysis constants and therefore do not facilitate critical
pit solution formation [37]. Furthermore, partic-
ular alloying elements (e.g. V, Mo, and Nb) may
reduce the rate of active dissolution occurringwithin
pits, depleting the availability of metal cations to
hydrolyze, therefore, decreasing the likelihood of
critical pit solution formation [23,38].

(c) Release of the oxyanions (i.e. molybdate and vana-
date) able to inhibit corrosion in initiation stages.
The presence of some of the alloying elements is
expected to form corrosion products (i.e. molyb-
date, vanadate, and chromate) that are well-known
inhibitors [39].

(d) The corrosion behavior of Al alloys depends upon
the nature of secondary phases and their interaction
with the matrix [3]. Formation of the super sutured
solid solution is expected to decrease the difference
in the electrochemical potential of the matrix and
intermetallics which should moderate the deleteri-
ous influence of the intermetallics (supplementary
appendix A5, Figure S6).

A detailed study is underway to investigate the precise
corrosion mechanisms for various alloys. Nonetheless,
this study confirmed that improving the corrosion per-
formance and hardness by grain refinements <100 nm
and extended solid solubility is possible. The high-energy
ball-milled Al alloy powder can be consolidated to pro-
duce bulk materials for structural applications or can
be applied as metallic coatings using supersonic particle
deposition or cold spray.

In summary, Al-5at.%M alloys (M: Mo, Nb, V, Ni, Cr,
Ti, Si, Mn), exhibiting extended solid solubility of the
alloying elements and grain size <100 nm, were success-
fully produced by HEBM and subsequent compaction.
Ni was found most effective in refining the grain size.
Hardness and corrosion resistance (represented by pit-
ting potential and repassivation tendency) of the high-
energy ball-milled Al-5at.%M alloys were significantly
higher than any commercial Al alloy. Mo, V, and Nb
weremost effective in increasing corrosion resistance and
hardness simultaneously.
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