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A B S T R A C T   

AA5083 alloys with V additions were produced in the powder form by high-energy ball milling and consolidation 
by spark plasma sintering and cold compaction. X-ray diffraction and energy dispersive X-ray spectroscopy 
analysis indicated the formation of supersaturated solid solution and grain refinement below 100 nm. Corrosion 
behavior was investigated using electrochemical impedance spectroscopy, cyclic potentiodynamic polarization, 
and immersion corrosion tests followed by surface analysis. The composition of the passive film was obtained via 
X-ray photoelectron spectroscopy. The corrosion resistance of the AA5083 was significantly improved due to the 
addition of V and high-energy ball milling.   

1. Introduction 

Non-heat-treatable 5xxx series alloys, containing Mg and Mn, have 
been widely used in marine applications due to the high weldability, 
formability, and corrosion performance [1,2]. Improving corrosion 
resistance and strength of these alloys would increase their application 
space. Several processing techniques, able to refine the grain size and 
intermetallics, have been reported to improve mechanical properties as 
well as corrosion resistance [3–5]. However, improvement in the 
corrosion resistance has been incremental [3,6]. 

Substantial increase in corrosion resistance of Al has been reported 
by alloying with the corrosion resistant elements like Cr, Mo, W, Nb, Ta, 
etc. [7–9]. For example, pitting potential of sputter deposited thin film 
of an Al-W alloy in 0.1 M KCl solution was reported to be ~2545 mV 
higher than that of pure Al [10]. Solubility of most alloying elements in 
Al is limited and therefore nonequilibrium processing techniques have 
been used for the production of Al alloys containing high amount of 
corrosion resistant alloys in metastable state [3,11]. Ion implantation 
[12,13] was used to induce high solid solubility of the corrosion resis
tant elements on the surface and near surface region of the Al alloys. In 
the later stages, sputter deposition was used to produce thin films of Al 
alloys which caused high solubility of corrosion resistant elements 

[14–16]. These alloys show high corrosion resistance, several orders of 
magnitude higher than pure Al or any commercial Al alloy. An overview 
of the corrosion resistant alloys comprising corrosion resistant elements 
in solid solution and produced by nonequilibrium processing techniques 
have been reviewed by Esquivel and Gupta [17]. 

Processing techniques play a critical role in microstructural evolu
tion and attendant corrosion and mechanical properties. Extended solid 
solubility of selected alloying elements and grain refinement below 100 
nm have been reported to cause simultaneous improvement in corrosion 
resistance and strength of Al [3,7,8]. Esquivel et al. have shown that 
binary Al alloys, Al-M (M: V, Cr, Mo, Ti, etc.) produced by high-energy 
ball milling (HEBM), showed combination of high corrosion resistance 
and strength [9]. Among tested binary alloys, Al-V alloys have shown 
the best properties and therefore V may be a potential alloying element 
for the development of ultra-high strength and corrosion resistant Al 
alloys. 

Most studies on enhancing solid solubility of the corrosion resistant 
alloying elements and therefore corrosion behavior have been focused 
on binary Al alloys. The influence of these alloying elements on the 
microstructure and properties of commercial Al alloys is expected to be 
different than that in binary alloys [17]. Formation of multiple phases 
and solid solution containing more than one alloying element is 
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expected to result in formation of complex passive film and different 
corrosion behavior. Therefore, high-energy ball milling of commercial 
Al alloys with addition of corrosion resistant elements (M) and investi
gating the microstructure and corrosion behavior is of great merit. In 
this work, microstructure and corrosion behavior of the high energy ball 
milled AA5083 alloys with V addition have been investigated. 

2. Experimental procedures 

2.1. Materials 

AA5083 powder (Valimet, size – 325 mesh D90 = 39.46 μm) with 
varying amounts of V (0.5 and 5 wt.%) was milled in a planetary ball 
mill for 100 h at 280 rpm. The ball-to-powder weight ratio (BPR) was 
16:1 and 1.5 wt.% of stearic acid was added as a process controlling 
agent to prevent excessive cold welding of the AA5083 particles [18]. 
The stainless steel jars were loaded with the processed material and 
sealed inside of the glove box to keep an inert atmosphere (high purity 
Ar atmosphere with the concentration of O2 less than 50 ppm to prevent 
oxidation and/or contamination of the powder). The milling was 
interrupted for 30 min after every 1 h of milling to avoid overheating. 
After HEBM, the powders were consolidated using two techniques: 1) 
cold compaction (CC) with a uniaxial pressure of 3 GPa at room tem
perature and 2) spark plasma sintering (SPS) at 400 ◦C under 600 MPa 
for 5 min. Table 1 shows a description of the alloys and notation used in 
this work. 

The chemical composition of the alloys produced by high-energy ball 
milling (HEBM) and subsequent SPS was analyzed using inductively 
coupled plasma – optical emission spectrometry (ICP-OES) and is pre
sented in Table 2. 

2.2. Characterization 

2.2.1. Scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDXS), and transmission electron microscope (TEM) 

The CC and SPS specimens were ground up to 1200 grit using SiC 
paper and fine polished up to 0.05 μm diamond suspension followed by 
ultrasonic cleaning in ethanol for 5 min. The SEM characterization was 
performed in a Tescan Lyra 3 FIB-FESEM at an acceleration voltage of 20 

kV. 
ThermoFisher Quanta 3D FEG, a Focused Ion Beam and Scanning 

Electron Dual-beam Microscope (FIB-SEM), was utilized to prepare 
electron-transparent lamellae for TEM analysis. First, a 200 nm Platinum 
cap was deposited on the area of interest using the electron beam to 
reduce the ion beam damage to the alloy surface. A landing voltage of 30 
kV with different beam currents, depending on the milling step, were 
used for the FIB sample preparation process. The beam current of 10-30 
pA was used for viewing the sample during FIB milling, which minimizes 
the ion beam damage. Current of 1 nA was used to deposit an extra 2.5 
μm Pt on top of the 200-nm Pt-cap, previously deposited to further 
protect the area of interest from ion beam damage during high-current 
ion beam milling. To hog out the cross-section from the bulk, series of 
ion beam currents are used starting with 30, 15, and ending with 5 nA. 
An Omniprobe micromanipulator was used to conduct in-situ lift-out of 
the cross-section (currently ~ 1−2 μm thick lamella). This lamella is 
lifted out and placed on a TEM grid to be thinned down using lower ion 
beam currents and voltage (15 kV and 1−0.5 nA). The polishing process 
is carried out to further thin down and clean the cross-section from Ga- 
contamination using 5 kV and 48 pA ion beam. Final polishing step is 
necessary and often repeated to make sure the FIB lift-out is within 
electron transparency. Then, the TEM specimen is kept under vacuum 
until imaged using the TEM. 

The thin FIB lamella is investigated using ThermoFisher Talos F200X 
G2 that is a 200 kV Field Emission Gun Scanning Transmission Electron 
Microscope (S/TEM). The TEM specimen is loaded into the Talos S/TEM 
for chemical mapping and subsurface morphology analyses. Bright-field 
(BF) and dark field (DF) TEM imaging along with selected-area electron 
diffraction (SAD) are employed to characterize the subsurface of SPS- 
HEBM-5083−0.5 V. High-angle annular dark-field (HAADF) imaging 
and SuperX energy dispersive x-ray spectroscopy (EDXS) are used to 
capture high-resolution, Z-contrast micrographs and conduct chemical 
mapping of the cross-section, respectively. 

2.2.2. X-ray diffraction (XRD) 
The CC and SPS specimens were evaluated using the Rigaku Smar

tLab X-ray diffractometer with Cu-kα radiation (λ = 0.1541 nm) with a 
step size of 0.02◦ at a scanning speed of 1◦ per minute in the range of 
from 25◦ to 85◦ of 2θ. The grain size was calculated using the Scherrer 
equation after subtracting the instrumental broadening [3,4]. 

2.2.3. X-ray photoelectron spectroscopy (XPS) 
The samples used for XPS were immersed for 1 h and 7 days in 0.6 M 

NaCl solution. XPS was carried out using PHI VersaProbe II operating at 
an ultra-high vacuum pressure < 10−7 Pa. Monochromatic Al-Kα radi
ation is used as X-ray source. The photoelectrons were detected at a 45̊
take-off angle. The survey scan was conducted from 0 to 1100 eV 
binding energy. The high-resolution spectra were taken to understand 
the contribution coming from hydroxide/oxide. The spectrometer was 
calibrated for peak identification by using the adventitious C1s signal at 
285.0 eV. The data was analyzed with the help of CASAXPS software 
using the Shirley background. 

2.2.4. Hardness test 
Vickers hardness was measured using a Wilson hardness tester under 

Table 1 
Description of specimens.  

Processing for the alloy production Notation 

Commercial AA5083-H116 AA5083-H116 
High-energy ball milling of AA5083 powder and subsequent 

Cold compaction (CC) 
CC-HEBM-5083 

High-energy ball milling of AA5083 powder with 0.5 wt.% V 
powder and subsequent Cold compaction (CC) 

CC-HEBM- 
5083−0.5 V 

High-energy ball milling of AA5083 powder with 5 wt.% V 
powder and subsequent Cold compaction (CC) 

CC-HEBM-5083−5 
V 

High-energy ball milling of AA5083 powder and subsequent 
spark plasma sintering 

SPS-HEBM-5083 

High-energy ball milling of AA5083 powder with 0.5 wt.% V 
powder and subsequent spark plasma sintering 

SPS-HEBM- 
5083−0.5 V 

High-energy ball milling of AA5083 powder with 5 wt.% V 
powder and subsequent spark plasma sintering 

SPS-HEBM- 
5083−5 V  

Table 2 
Chemical composition of AA5083 alloys in weight percentage determined by ICP-OES.  

Alloy Element Al Mg Mn Fe Si Cr Cu Ti V 

*AA5083-H116 [12] Bal. 4.0−4.9 0.40−1.0 0.40 0.40 0.05−0.25 0.10 0.15 <0.001 
AA5083-H116 Bal. 4.31 0.85 0.178 0.044 0.078 0.038 0.018 <0.001 
HEBM-5083 Bal. 4.08 0.600 0.304 0.128 0.109 0.070 0.022 <0.001 
HEBM-5083−0.5 V Bal. 3.92 0.594 0.576 0.144 0.141 0.068 0.021 0.484 
HEBM-5083−5 V Bal. 3.74 0.558 0.426 0.132 0.119 0.064 0.021 4.77  

* Nominal composition of AA5083 is also added for comparison. 
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the applied load of 50 g and the dwelling time of 10 s. Ten measurements 
were taken from each sample to ensure a representative result. 

2.2.5. Electrochemical tests 
Electrochemical impedance spectroscopy (EIS) and cyclic potentio

dynamic polarization (CPP) were performed in 0.6 M NaCl using a 
conventional flat cell. The specimens were embedded in epoxy resin 
then an electrical connection was made by copper tape on the back. 
Specimens were ground to 1200 grit SiC abrasive papers and cleaned 
with distilled water and ultrasonic cleaning in ethanol and dried with 
compressed air. Before each experiment, the interface between the 
sample and epoxy was sealed by epoxy resin (Araldite) at least 12 h 
before testing to avoid crevice and stored in a desiccator. 

A Biologic VMP-300 potentiostat under the control of EC-lab soft
ware was used for the electrochemical tests. The tests were carried out in 
a conventional three-electrode cell. The working electrodes were the 
aluminum alloys. A platinum mesh as a counter electrode and the 
reference electrode was a saturated calomel electrode (SCE). The open 
circuit potential (OCP) was measured for 0.5 h until its stabilization. 
Then, EIS measurement was performed at stabilized OCP in the 

frequency range of 100 kHz to 10 mHz. The CPP curves were obtained at 
a scan rate of 1 mV/s from 0.1 VSCE below stabilized OCP after 15 min at 
OCP until the current density reached 1 mA/cm2 at which point the 
scanning direction was then reversed. At least, three sets of measure
ments were carried out to ensure reproducibility. Exposed surfaces were 
inspected using optical microscopy (OM). Pit morphology was evaluated 
by SEM after PDP. 

3. Results and discussion 

3.1. Characterization 

3.1.1. Scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDXS), and transmission electron microscope (TEM) 

Fig. 1 shows the SEM images of the HEBM-5083, HEBM-5083-0.5 V, 
and HEBM-5083-5 V powders. The V addition affected the particle size 
and morphology of the high energy ball milled powders. Increasing V 
content resulted in finer particles which is consistent with the reported 
influence of the increasing solute content on the particle size after HEBM 
[3,8,19–21]. Addition of the solute has been reported to enhance the 

Fig. 1. SE images for the powders of a) HEBM-5083, b) HEBM-5083-0.5 V and c) HEBM-5083-5 V.  

Fig. 2. BSE images for (a) CC-HEBM-5083, (b) CC-HEBM-5083-0.5 V and (c) CC-HEBM-5083-5 V, (d) SPS-HEBM-5083, (e) SPS-HEBM-5083-0.5 V and (f) SPS-HEBM- 
5083-5 V. Corresponding high magnification images are shown in the inset. 
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work hardening and suppress any recovery which results in refinement 
of particles as well as grains [19–21]. 

High-energy ball milled powder was consolidated using cold 
compaction (CC) and spark plasma sintering (SPS) processes. Annota
tion for each alloy is given in Table 1. Backscatter electron (BSE) images 
of the cold compacted and spark plasma sintered alloys are shown in 
Fig. 2. The cold compacted alloys clearly show presence of pores and 
their number and size increase with increasing V content. The high- 
magnification images as shown in the inset revealed uniform distribu
tion of V in these alloys without formation of any coarse phases 
(Fig. 2a–c). EDXS analysis performed on bright particles revealed the 
presence of Fe and Cr primarily attributed to the abrasion of milling 
media during the high-energy ball milling. An EDXS area scan of the 
bright phase is presented in Fig. S1 (supplementary data) which shows 

presence of both Fe and Cr. 
Spark plasma sintering was capable of removing pores and 

improving the overall densification of the alloys (Fig. 2d–f) [3]. Low 
magnification images clearly showed a more uniform microstructure 
without any pores, and EDXS analysis confirmed that added V was 
uniformly distributed in the matrix. High magnification images revealed 
presence of fine phases (appearing dark) in SPS-HEBM-5083 (Fig. 2d). V 
addition suppressed the formation of dark phases (Fig. 2e) and addition 
of 5 wt.% eliminated formation of dark phases. However, a new phase 
appearing bright was formed due to addition of 5 wt.% V (Fig. 2f). 

Fig. 3 shows S/TEM images of the SPS-HEBM-5083-0.5 V. The 
HAADF image shows bright and dark phases precipitated within the 
alloy (Fig. 3a). Bright field (BF-STEM) image reveals presence of fine 
grains in the matrix, which was also confirmed by the selected area 

Fig. 3. S/TEM micrographs of SPS-HEBM-5083-0.5 V. (a) HAADF image shows bright and dark phases. (b) BF-STEM image illustrates refined grains of the matrix as 
confirmed by SADP in (d). BF/DF-TEM images (c and f, respectively) confirms the ultrafine grains of the matrix. (e) shows grain size distribution within the DF-TEM 
micrograph (f). 
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diffraction pattern (Fig. 3d). The SADP was compared against Powder 
Diffraction FileTM (PDF®) Databases (PDF Card -00-004-0787_Al) and it 
was confirmed to belong to FCC-Al with approximate lattice parameter 
of 4.06814 ± 0.0058 Å [22]. BF/DF-TEM images of the subsurface as 
shown in (3c) and (3f) confirms the ultrafine grain nature of the matrix. 
Using ImageJ software [23] for image analysis the grain size was 
determined to be 48 (± 25.5) nm and grain size distribution is presented 
in Fig. 3e. 

Fig. 4 shows EDXS-STEM image of the SPS-HEBM-5083-0.5 V, where 
(a) HAADF image of the cross-section with a yellow line across the 
subsurface to indicate the position of the EDXS line scan analysis (shown 
in panel j). Super-X EDS maps shown in (b)-(i) illustrate the presence of 

mainly two phases, dark (Mg-rich) and bright (Mn-Fe) phases. These 
phases can also be seen in SEM images as presented in Fig. 2e. Fig. 4(j) 
shows EDXS line-scan along the yellow line in (Fig. 4a), suggesting the 
existence of Mg-rich as well as fine Mg-Al-O rich particles. Oxygen may 
be incorporated either during the sintering or ball milling process. High- 
energy ball milling is an non-equilibrium processing technique where 
the possibility of the incorporation of oxygen or other gases into the 
alloy cannot be overruled. Oxygen may be incorporated during the 
milling and oxides would form during SPS. Incorporation of oxygen into 
the Al is reported by several authors [24–26]. The EDXS analysis sug
gests no correlation between Cr and Fe area maps; which suggests that 
Fe is precipitated from the matrix not from the milling media. All the 

Fig. 4. EDXS-STEM of the SPS-HEBM-5083-0.5 
V. (a) HAADF image of the cross-section with a 
yellow line across the subsurface to indicate the 
position of the EDS line scan as showm in (j). 
Super-X EDXS maps shown in (b)-(i) illustrate 
the presence of mainly two phases, dark (Mg- 
rich) and bright (Mn-Fe rich) phases, in addi
tion to small traces of Al-Mg-O rich phase. (j) 
EDXS line-scan along the yellow line in (a), 
suggesting the existence of Mg-rich and traces 
of Mg-Al-O rich phases (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article).   

Fig. 5. (a)-(e) HAADF-STEM and EDXS maps of the dark phase in SPS-HEBM-5083-0.5 V, confirming Mg-rich phase with traces of Al and V as shown by EDS maps in 
(b), (c), and (d). (e) shows superimposed EDS maps of the dark phase. Similarly, (f)-(j) shows the STEM-EDS of the bright phase, suggesting that it is Fe-Mn-Al- 
rich phase. 
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bright phases are not formed from the abrasion of the milling media. 
Also, the correlation between Fe and Mn maps confirms that the white 
phase is Fe-Mn-rich, while there is correlation between Mg and O maps, 
which strongly suggests the presence of Mg-O-rich phases in addition to 
the Mg-rich which appears darker in HAADF micrographs. Fig. 5(a) 
shows EDXS-STEM of the dark phase in the SPS-HEBM-5083-0.5 V, 
confirming Mg-rich phase with traces of Al and V as shown by EDXS 
maps in Fig. 5b–e. The dark phase consists of mainly of Mg with traces of 
V in the middle and around the phase. Similarly, Fig. 3(f)–(j) shows the 
EDS of the bright phase, suggesting that it is Fe-Mn-Al-rich phase. 

3.1.2. X-ray diffraction (XRD) 
X-ray diffraction patterns for the CC-HEBM-5083, CC-HEBM-5083- 

0.5 V, CC-HEBM-5083-5 V, SPS-HEBM-5083, SPS-HEBM-5083-0.5 V, 

and SPS-HEBM-5083-5 V alloys are shown in Fig. 6. Only FCC Al peaks 
were observed in all alloys, except for the SPS-HEBM-5083-5 V. The 
presence of only Al peaks suggests the formation of a homogeneous solid 
solution without any formation of intermetallics and unalloyed V. The 
diffractogram for SPS-HEBM-5083-5 V showed the presence of 
Al18V2Mg3 intermetallic [27], which is caused by the decomposition of 
the supersaturated solid solution to the thermodynamically stable 
microstructure. The formation of Al18V2Mg3 phase in equilibrium con
ditions was predicted by software PANDAT™ [28]. It should be noted 
that the high-energy ball milling is capable of producing microstructures 
far from equilibrium and, therefore, formation of the thermodynami
cally stable phases and grain growth is expected due to high temperature 
exposure during SPS processing [3,21,29–31]. 

For all the specimens, a zoomed-in region of the XRD peak corre
sponding to (111) plane of FCC Al showed a peak-shift toward higher 2θ 
values with the increase in V content (Fig. 6b). The lattice parameter is 
expected to alter linearly as a function of the amount of alloying ele
ments added in solid solution [21]. In addition, a smaller peak-shift 
towards higher 2θ values was observed in SPS specimens compared to 
cold compacted specimens; this can be related to the decomposition of 
the supersaturated solid solution, as the specimens produced by HEBM 
are in the metastable state and prone to decomposition to stable phases 
(FCC Al and intermetallics) when exposed to high temperature during 
SPS [30]. Solid solubility in binary Al alloys is generally determined by 
measuring change in the lattice parameter which can be calculated from 
the shift in peak positions in the X-ray diffraction pattern [32–34]. 
Calculating precise solid solubility of V in AA5083 was not possible due 
to the presence of multiple elements. 

The grain sizes of cold compacted and spark plasma sintered AA5083 
alloys with varying V content are shown in Table 3. The grain size for the 
cold compacted specimens was smaller as compared to the SPS speci
mens which can also be observed by the peak broadening (FWHM) and 
were mainly due to high temperature exposure during SPS processing 
[3]. Nonetheless, the grain sizes for all SPS processed alloys remained 
below 100 nm. Addition of V promoted grain refinement in CC alloys 
and suppressed grain growth during the SPS. Similar behavior was 
observed in binary Al-V alloys in our previous work which is attributed 
to the role of V in suppressing the grain growth during SPS and also 
increasing the grain refinement during HEBM [30]. It should be noted 

Fig. 6. XRD diffractograms of HEBM-5083, HEBM-5083-0.5 V and HEBM- 
5083-5 V by CC and SPS consolidation. (a) Full XRD scan, (b) zoomed-in re
gion showing peak shift for Al (111), and (c) zoomed-in of SPS-HEBM-5083-5 V. 

Table 3 
Grain size (determined by XRD analysis using Scherrer equation) of HEBM-5083, HEBM-5083-0.5 V, HEBM-508-5 V after CC and SPS consolidation.   

CC-HEBM-5083 CC-HEBM-5083−0.5 V CC-HEBM-5083−5 V SPS-HEBM-5083 SPS-HEBM-5083−0.5 V SPS-HEBM-5083−5 V 

Grain size (nm) 32.0 29.1 21.3 53.4 53.6 45.2  

Fig. 7. Vickers hardness of HEBM-5083 and HEBM-5083 containing V 
consolidated by CC and SPS. 

L. Esteves et al.                                                                                                                                                                                                                                  



Corrosion Science 186 (2021) 109465

7

that average grain size for SPS-AA5083-0.5 V alloy determined using 
TEM (average grain size =48 nm) is close to that determined using XRD 
(53.6 nm). 

3.1.3. Hardness test 
The Vickers hardness as a function of V content is shown in Fig. 7. 

The CC-HEBM-5083-5 V showed the highest hardness which can be 
attributed to grain refinement and solid solution strengthening by the 
extended solubility of V [9,21,35]. Presence of uniformly distributed 
fine secondary phase particles can also be attributed to the increase in 
hardness [3]. Esquivel et al. reported a similar value for hardness in a 
binary Al-5 at.% V (Al-2.7 wt.% V) produced by HEBM [9]. However, 
the consolidation by SPS for HEBM-5083 containing V showed a 

decrease in hardness which could be related to grain growth and 
decomposition of the solid solution to the thermodynamically phases 
[30]. 

3.2. Corrosion tests 

Representative cyclic potentiodynamic polarization (CPP) curves for 
the high-energy ball milled and consolidated alloys tests are shown in 
Fig. 8. The electrochemical parameters such as stabilized OCP, pitting 

Fig. 8. Representative CPP curves of cold compacted: (a) CC-HEBM-5083, (b) CC-HEBM-5083-0.5 V and (c) CC-HEBM-5083-5 V and (d) SPS specimens (HEBM-5083, 
HEBM-5083-0.5 V, and HEBM-5083-5 V) in 0.6 M NaCl at room temperature. 

Table 4 
The average electrochemical parameters and corresponding standard deviation 
of cold compacted alloys and SPS alloys determined from CPP curves in 0.6 M 
NaCl at room temperature.   

OCP 
(mVSCE) 

Epit 

(mVSCE) 
Eptp 

(mVSCE) 
Eprot 

(mVSCE) 
Epit-Ecorr 

(mVSCE) 

CC-HEBM- 
5083 

−1028.9 ±
32.2 

−576.3 ±
19.6 

−728.2 
± 4.6 

−756.6 ±
28.5 

499.7 

CC-5083−0.5 
V 

−1229.4 ±
70.0 

−549.3 ±
25.2 

– −686.6 ±
4.4 

677.3 

CC-5083−5 V −963.5 ±
25.7 

−359.6 ±
12.2 

– −433.2 ±
33.9 

648.8 

SPS HEBM- 
5083 

−781.4 ±
49.2 

−685.6 ±
27.7 

−776.7 
± 1.2 

– 100.3 

SPS-HEBM- 
5083−0.5 
V 

−801.2 ±
28.8 

−653.1 ±
17.1 

−762.8 
± 0.8 

– 79.6 

SPS-HEBM- 
5083−5 V 

−673.6 ±
106.0 

−499.3 ±
41.0 

– – 78.6  

Fig. 9. Epit - Eprot values for the CC-HEBM-5083 and CC-HEBM-5083 contain
ing V. 
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potential (Epit), pitting current density (ipit), pit transition potential 
(Eptp), and protection potential (Eprot) were determined from the CPP 
curves and are presented in Table 4. The forward scan showed a passive 
region with a repassivation potential for all the compositions of the cold 
compacted specimens, however, the SPS specimens did not exhibit a 
protection potential (Eprot) which was determined as the potential at 
which the reverse scan intersects the passive region (Fig. 8). Absence of 
Eprot for the SPS specimens indicates that pits propagate with poor 
repassivation reflecting higher susceptibility to pitting corrosion of the 
SPS specimens compared to cold compacted specimens. Hysteresis is the 
variation between Epit - Eprot which indicates the difficulty to complete 
the repassivation of the passive layer due to pit propagation [36]. A 
comparison of Epit - Eprot can be used to evaluate the pitting suscepti
bility as given in Fig. 9. The results suggest that CC-HEBM-5083-5 V was 
least susceptible to pitting. Moreover, the cold compacted alloys showed 
a wider passive window compared to spark plasma sintered alloys 
(Table 4). These results suggest the localized corrosion resistance can be 
in the following order: CC-HEBM-5083-5 V > CC-HEBM-5083-0.5 V >
CC-HEBM-5083 > SPS-HEBM-5083-5 V > SPS-HEBM-5083-0.5 V >

SPS-HEBM-5083. Decrease in the localized corrosion resistance due to 
the SPS could be attributed to the formation of secondary phases which 
act as electrochemical heterogenous sites and initiates localized corro
sion. As ball milled alloys are supersaturated solid solution with uniform 

microstructure, and any activation energy in the form of temperature 
would cause decomposition to more stable phases [3,8]. 

Optical microscopy analysis of the surfaces before and after poten
tiodynamic polarization tests for the cold compacted specimens is shown 
in Fig. 10. A decrease in the pit size was observed as the V content 
increased. Furthermore, the SEM micrographs after PDP analyses for the 
SPS specimens are shown in Fig. 11. The commercial AA5083-H116 
showed bigger pits that initiated adjacent to the coarse intermetallics, 
which are known to act as a cathode promoting anodic dissolution 
adjacent matrix leading to the formation of pit [37–40]. 

The EIS data were plotted as Bode plots for SPS HEBM-5083, SPS- 
HEBM-5083-0.5 V, and SPS-5083-5 V after 15 min of OCP stabilization 
(Fig. 12a) and after 7 days of immersion in 0.6 M NaCl is shown in 
Fig. 12b. Nyquist plot with the experimental and fitted data after 7 days 
is shown in Fig. 12c. The impedance modulus |Z| as a function of fre
quency. The impedance modulus after both 15 min and 7 days immer
sion was higher for the SPS-HEBM-5083-5 V, suggesting higher 
polarization resistance than that of SPS-HEBM-5083 without V. In 
addition, SPS-HEBM-5083 and SPS-5083-0.5 V showed lower imped
ance modulus |Z| for 7 days of immersion compared to that for 15 min of 
OCP stabilization. On the contrary, impedance modulus |Z| for SPS- 
HEBM-5 V after 7 days immersion was higher than that after 15 min 
immersion in 0.6 M NaCl. The equivalent electrical circuit (EEC) was 
based on two-time constants, where the first one was due to the film 
(Rfilm-CPEfilm) and the second one was due to the metal-oxide interface 
(Rct-CPEdl) elemental loop. Rct represents the charge transfer resistance 
and CPEdl represents double layer capacitance constant phase element 
(Fig. 12c). The value of the double layer capacitance (Cdl) were calcu
lated by Brug’s formula [41–43]. The double layer capacitance (Cdl) can 
be estimated from the constant phase element value (CPE) using the 
Brug’s formula [41–43]. The parameter values obtained are listed in 
Table 5. 

As the constant phase element (CPE) is purely mathematical 
description without any physical process meaning, the film capacitance 
(Cfilm) was extracted from the film CPE (CPEfilm) using the expression 
developed by Hsu and Mansfeld [43–45]. Then, the film capacitance 
(Cfilm) can be related to the film thickness (δfilm) according to [43]: 

Cfilm =
ε0εγ

δ 

Cfilm = capacitance of the film (F cm−2) 
ε0 = electrical permissivity of vacuum (8.854 × 10−14 F/cm) 
εγ = dielectric constant of the material (Aluminum oxide) = 11.5 

[44] 
δ = Film thickness (cm) 
The film thickness (δ) corresponding to the film capacitance (Cc) of 

the studied material are presented in Table 5. 
The EIS results after 7 days of immersion in 0.6 M NaCl clearly 

showed the higher corrosion resistance of SPS-HEBM-5083-5 V. The Rct 
for SPS-HEBM-5083-5 V was 14 times higher than the SPS-HEBM-5083 
and 4 times higher than the commercial AA5083-H116 alloy. Summing 
up, both electrochemical tests (CPP and EIS) indicated better corrosion 
behavior of SPS-HEBM-5083-5 V. It should be noted that alloying 

Fig. 10. Optical examination of CC-HEBM-5083, CC-HEBM-5083-0.5 V and CC- 
HEBM-5083-5 V; left side: before PDP tests and right side: after PDP tests in 0.6 
M NaCl. 

Fig. 11. SEM micrographs after PDP tests of (a) AA5083-H116, (b) SPS-HEBM-5083, (c) SPS-HEBM-5083-0.5 V and (d) SPS-HEBM-5083-5 V in 0.6 M NaCl.  
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elements and processing would dictate the microstructure could influ
ence 1) passive film characteristics by changing composition and 
structure, or 2) influence the repassivation behavior, or 3) combination 
of the two. Future work comprising of focused microstructure charac
terization of all the alloys at various processing stages and under
standing the electrochemical behavior of individual phases is essential 
for in-depth theoretical understanding of the corrosion behavior and 
designing alloys with improved properties. 

3.3. Immersion tests: corrosion behavior and surface analysis 

Fig. 13 shows the corrosion morphology, before removing the 

corrosion products, on AA5083-H116 and V containing SPS-HEBM-5083 
alloys after 24 h of immersion in 0.6 M NaCl solution. The SPS-HEBM- 
5083-5 V showed a uniform distribution of the corrosion product, 
however, SPS-HEBM-5083 and SPS-HEBM-5083-0.5 V exhibited some 
cracks in the film. Fig. 14 shows the pit morphology on AA5083-H116 
and SPS-HEBM-5083 containing V after 7 days of immersion in 0.6 M 
NaCl solution and removing the corrosion products. SPS-HEBM-5083 
containing V showed least pitting corrosion in comparison to both 
SPS-HEBM-5083 and AA5083-H116. SPS-HEBM-5083-5 V showed the 
lowest number of pits. The surface analysis after immersion tests 
(Figs. 13 and 14) corroborated with the electrochemical results that 
showed that the specimen containing 5 wt.%V exhibited the highest 

Fig. 12. Bode plots for SPS-HEBM-5083, SPS-HEBM-5083-0.5 V, and SPS-HEBM-5083-5 V alloys (a) after 15 min and (b) after 7 days of OCP stabilization in 0.6 M 
NaCl, and (c) Nyquist plot after 7 days of immersion. 

Table 5 
Representative values of the elements of the equivalent electrical circuit of fitting of impedance spectra of AA5083-H116 and SPS-HEBM-5083 specimens after 7 days 
in 0.6 M NaCl.  

Alloy Rs (Ω. cm2) Rfilm(kΩ. cm2) CPEfilm (μFsn−1. cm2) n CPEdl (μFsn−1. cm2) n Cdl (μF. cm2) Rct (kΩ. cm2) X2 δ (nm) 

AA5083-H116 17 74 6 0.9 212 0.9 61 81 4 × 10−3 4.0 
SPS-HEBM-5083 8 19 23 0.9 394 0.9 130 26 3 × 10−3 1.1 
SPS-HEBM- 5083−0.5 V 9 22 14 0.9 543 0.9 180 27 2 × 10−3 1.8 
SPS-HEBM-5083−5 V 9 320 13 0.9 67 – 67 367 7 × 10−4 1.4  
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corrosion resistance. 
The infinite focus microscope (IFM) was used to analyze the number 

and depth of pits. Table 6 shows the pit depth and number after 7 days of 
immersion in 0.6 M NaCl of AA5083-H116, SPS-HEBM, SPS-HEBM- 
5083-0.5 V, and SPS-HEBM-5083-5 V. A three-dimensional surface 
profile is presented in Fig. 15. The AA5083-H116 had the deepest pits 
compared to the SPS HEBM specimens, the pits started nearby the coarse 
intermetallics compared to the SPS-HEBM specimens (Fig. 15). In 
addition, the SPS-HEBM-5 V showed the lowest average pit depth, 
lowest maximum pit depth, and the lowest number of pits confirming 
high pitting corrosion resistance due to the ball milling and alloying 
with V. 

Improved corrosion resistance due to alloying with V could be 
attributed to change in the chemical composition of the passive film and 
therefore, x-ray photoelectron spectroscopy (XPS) was performed on the 

spark plasma sintered alloys after 1 h and 7 days of immersion in 0.6 M 
NaCl. Survey scans on the passive film after 1 h and 7 days immersion in 
0.6 M NaCl showed the presence of Al and O in all alloys. V was detected 
only in SPS-HEBM-5083-5 V after both 1 h and 7 days of immersion. 
High resolution spectra scans, shown in Fig. 16, were performed to 
reveal the chemical states of the elements. The Al2p spectra consisted of 
an unoxidized Al (Al◦) doublet with an energy split of 0.4 eV and 
oxidized aluminum (Al3+) at a binding energy greater than 74 eV [46, 
47]. The oxidized aluminum peak was generally referred to as Al3+ due 
to the small binding energy differences between Al oxides and hydrox
ides [47]. The O1s spectra was deconvoluted into two peaks labeled O-1 
and O-2, however, differentiating between oxides and hydroxides is 
difficult due to the similar Al-O oxide and hydroxide bond lengths [47]. 
Lastly, the V2p spectra exhibited noisy data, yet a weak peak was 
observed in the binding energy range of oxidized V, presented in a 
general oxidized form of Vn+ [48]. When comparing the chemical states 
of Al, a lower atomic concentration of Al◦, seen in Table 7, was observed 
for the 7 days immersed specimens compared to the 1 h immersed 
specimens. The lower Al◦ content may be due to a thicker passive film, 
assuming a homogenous film V oxide was not detected in the 
SPS-HEBM-5083-0.5 V alloys, which may be due to the V content being 
too low to be detected by the XPS. XPS indicated that a V rich passive 
film was not formed, however, a small amount of oxidized V was 
detected in the passive film in SPS-HEBM-5083-5 V alloys. 

Fig. 13. SEM micrographs after 1 day of immersion in 0.6 M NaCl (a) AA5083-H116, (b) SPS-HEBM-5083, (c) SPS-HEBM-5083-0.5 V, and (d) SPS-HEBM-5083-5 V 
without removing the corrosion products. 

Fig. 14. SE micrographs after 7 days of immersion in 0.6 M (a) AA5083-H116, (b) SPS-HEBM-5083, (c) SPS- HEBM-5083-0.5 V and (d) SPS-HEBM-5083-5 V after 
removing the corrosion products. 

Table 6 
The average of pit depth, maximum pit depth and number of pits by IFM: (a) 
SPS-HEBM, (b) SPS-HEBM-5083-0.5 V, and (c) SPS-HEBM-5083-5 V after 7 days 
of immersion in 0.6 M NaCl.  

7 days immersion in 0.6 M NaCl 

Alloy Avg. pit depth (μm) Max. pit depth (μm) No. of pits 

AA5083-H116 7.93 21.2 109 
SPS-5083-HEBM 1.85 2.16 42 
SPS-5083-HEBM-0.5 V 1.05 1.3 23 
SPS-5083-HEBM-5 V 0.3 0.9 11  

Fig. 15. IFM images of AA503 after immersion for 7 days in 0.6 M NaCl: (a) AA5083-H116 (b) SPS-HEBM-5083, (c) SPS-HEBM-5083-0.5 V and (d) SPS-HEBM-5083- 
5 V and followed by cleaning with 10 % v/v of HNO3 to remove the corrosion products. 
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3.4. General discussion 

The corrosion behavior of the alloy, investigated using CPP and EIS 
along with the surface characterization after immersion tests, indicated 
that addition of V to the alloy improved corrosion resistance. Alloys 
containing 5 wt.%V showed the best corrosion performance. The 
observed corrosion behavior of the alloys presented herein could be 
envisioned to be the combined influence of the following microstruc
tural parameters:  

1) Grain size,  
2) Solid solubility of the V in the alloy, 
3) Formation of heterogeneous microstructure (due to SPS) with uni

formly distributed V containing intermetallics and matrix with 
retained V in solid solution form. 

The role of the grain size on the corrosion resistance has been 

controversial, yet alloys showing passivation in given testing environ
ments have been reported to show improved corrosion performance by 
grain refinement [3,6,49]. High-energy ball milling has shown improved 
corrosion resistance of pure Al and AA5083 in our previous work [50]. 
The addition of V leads to a significant increase in the corrosion resis
tance which was represented by the high pitting potential and repassi
vation potential in the cold compacted alloys. Spark plasma sintering 
resulted in the formation of intermetallic phases and loss of V in solid 
solution. Corrosion performance of the spark plasma sintered alloys was 
still high as represented by both electrochemical tests and immersion 
tests. Such a high corrosion resistance could be attributed to 1) change in 
the chemical composition of the passive film, or 2) repassivation after 
breakdown of the passive film. Surface analysis performed by XPS 
revealed no significant change in the chemical composition due to the 
alloying with V. Only ~ 0.3 at.% V was detected in alloy containing 5 wt. 
% V, such a small amount of the V may have a strong influence in 
improving the corrosion performance by doping effect. For example, 
doping of oxides with impurities, such as Cr3+ addition to Al2O3, has 
been shown to have a strong influence on the characteristics of the ox
ides [26,51]. Possibility of the occurrence of a similar phenomenon in 
improving the corrosion resistance of the Al alloys presented herein 
cannot be overruled. Moreover, role of the incorporation of gases from 
milling media to the alloy and their impact on corrosion performance 
needs further research attention. For instance, oxygen content in the 
sputter deposited thin Al films has been shown to have strong influence 
on corrosion resistance which could also be the case for high-energy ball 
milled alloys [26]. Further studies focusing on the influence of V addi
tion on the structure of the passive film, breakdown, and repair of the 
passive film at various length scales will be required to develop further 
mechanistic insight. Nonetheless, the corrosion resistance and hardness 
of the V containing alloys were very high. Further research on improving 
the properties and studying the detailed mechanical properties, weld
ability, and corrosion mechanisms would help in improving the prop
erties and engineering applications of these alloys. 

Fig. 16. XPS-spectra of Al2p, O1s, and V2p of the three alloys’ (SPS-HEBM-5083, SPS-HEBM-5083-0.5 V, SPS-HEBM-5083-5 V) after (a-c) 1 h immersion and (c-e) 7 
days immersion in 0.6 M NaCl. 

Table 7 
Atomic concentration of SPS-HEBM-5083, SPS-HEBM-5083-0.5 V, SPS-HEBM- 
5083-5 V after 1 h immersion and 7 days immersion in 0.6 M NaCl.   

Atomic concentration (%) 

Immersion 
time 

Alloy Al0 Al3+ O−1 O−2 Vn+

1 h 

SPS-5083-HEBM 3.28 38.90 14.47 43.35 – 
SPS-5083-HEBM- 
0.5 V 1.67 34.91 9.96 53.46 – 

SPS-5083-HEBM-5 
V 

6.15 36.97 17.89 38.72 0.27 

7 days 

SPS-5083-HEBM 0.35 39.60 38.10 21.95 – 
SPS-5083-HEBM- 
0.5 V 0.53 37.16 33.71 28.60 – 

SPS-5083-HEBM-5 
V 1.00 35.78 14.38 48.56 0.28  
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4. Conclusions 

The effect of V addition on the corrosion of high energy ball milled 
AA5083 was investigated, and the following are the main conclusions:  

(1) HEBM of AA5083 and V powders lead to the production of alloys 
with a homogenous microstructure and smaller grain sizes < 100 
nm.  

(2) High-energy ball milled alloys were successfully consolidated 
using SPS process. The SPS sintering is an ideal technique for 
processing these alloys while retaining their nanocrystalline 
structure.  

(3) The SPS-HEBM-5 V showed the lowest average pit depth, lowest 
maximum pit depth, and the lowest number of pits confirming 
high pitting corrosion resistance due to the ball milling and 
alloying with V. Overall, AA5083-5 wt.% V alloy exhibited 
excellent corrosion resistance.  

(4) Hardness of AA5083 alloys has increased due to V addition. The 
alloys exhibiting high solid solubility of V (and other corrosion 
resistant alloying elements) and grain size < 100 nm are expected 
to exhibit high strength and corrosion resistance. 
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