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Executive Summary 

Objective: The objective of this work is to explore the feasibility of a novel severe 
surface plastic deformation process to simultaneously improve the corrosion 
resistance of the substrate while imparting desired surface chemistry and 
morphology. This limited scope project has two aims: 1) quantify the ways in which 
a gradient microstructure achieved through this method can enhance the corrosion 
resistance of a treated aluminum (Al) alloy substrate and 2) extend and develop this 
surface treatment to engender a surface alumina layer in single-step method without 
hazardous chemical processes.  

Technical Approach: Surface Mechanical Attrition Treatment (SMAT) is a 
relatively unexplored severe surface deformation process that produces a 
nanocrystalline/ultra-fine-grain layer of varying depth and gradient. Reduction in 
grain size can lead to enhanced corrosion resistance, and changes in compressive 
stress can improve pitting potentials and mitigate stress corrosion cracking. 
Additionally, the SMAT process offers the opportunity for both a large range of 
microstructural control and the opportunity for supplementary surface alloying. The 
severe plastic deformation imparted to the substrate surface from the SMAT 
process that engenders grain refinement can also reduce existing 
intermetallic/precipitate size—reducing localized corrosion susceptibility—and 
increase solid solution solubility of alloying elements, thus raising the potential of 
the matrix and possibly changing the composition of the passive film to an 
improved protective layer.  

Application of the SMAT process alone has significant potential to improve the 
corrosion resistance of the substrate material and provide new avenues for 
exploring fundamental relationships between microstructure and corrosion 
response. However, it also has the capability to alter the surface chemistry of the 
substrate in addition to the surface morphology and microstructure through a direct 
mechanical (nonchemical) method. The desired surface coating results from 
incorporating material in powder form to be mechanically mixed with the substrate 
through the SMAT process. Mechanical alloying, as a solid-state mixing process, 
has the energy necessary to create nanostructured surfaces on both metals and 
ceramics and to mix nanocomposites. As an alternative to chemical anodizing, we 
hypothesized that SMAT of alumina powder stock onto an aluminum alloy or other 
alloy substrate can provide a robust, adherent, corrosion protection coating that 
avoids both the toxicity of traditional anodizing baths (e.g., chromate-based, strong 
acids) and the large amount of generated hazardous waste. As both the 
incorporation of new material (alumina) as a surface layer and the desired 
redistribution of precipitate phases (aluminum substrate) are not well captured in 
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the initial SMAT acronym, we devise a new process name: Surface Mechanical 
Alloying for Specialized Heterogeneity, or SMASH. 

Results: Grain refinement of the substrate was achieved using steel media in both 
the AA2024 and AA5083 substrates. Additionally, the distribution and size of 
precipitate phases were altered. In AA2024 the precipitates were reduced in size, 
but that did not have an observable influence on the polarization behavior. 
However, the grain refinement in AA2024 led to an increase in exfoliation 
corrosion. The effect of the SMASH treatment on corrosion in AA5083 was far 
more positive. The chemical redistribution caused by the plastic deformation 
lowered the magnesium (Mg) content in the matrix such that the deleterious β phase 
precipitates are not expected to form. After sensitization heat treatments, no β phase 
was observed near the SMASH treated surface. 

When using SMASH to produce an alumina surface layer from alumina powder, 
layers of 20–100 µm thick were formed on aluminum alloy substrates under a 
variety of processing routes—both alumina and steel impact media—and a variety 
of process times. Alumina media was more successful at producing a dense coating 
without cracking in the substrate. 

Benefits: This limited scope program has shown the feasibility of the SMASH 
treatment to improve the corrosion response of AA5083. The mechanism for this 
improvement—reduction of Mg content into the depth of the substrate as a result 
of plastic deformation—is not one that has been observed before in other methods 
of severe plastic deformation applied to AA5083 and opens up new methods for 
improving sensitization behavior of Al–Mg alloys.  

The SMASH process was successful in producing an alumina layer on aluminum 
alloy substrates through a mechanical mixing approach that uses only powder as 
input and discard (e.g., no acid baths as hazardous waste). However, the coatings 
have a range of particle distribution and are morphologically very different from 
traditional anodized coatings. Significant further testing is necessary to determine 
how this would affect adhesion and wear.  
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1. Introduction 

Current surface treatments to impart desired surface chemistry and morphology on 
a metallic substrate, such as the anodizing of aluminum (Al) alloys, entail intensive 
multistep chemical processing systems that generate a significant amount of 
hazardous waste. The limited scope program seeks to understand and develop the 
fundamental principles of Surface Mechanical Attrition Treatment (SMAT) as 
related to surface grain size distribution and alloy composition so that surface 
characteristics of US Department of Defense (DOD) materials can be tuned for 
particular chemical, morphological, and mechanical properties without the need for 
chemical or electrochemical methods. The severe plastic deformation (SPD) and 
mechanical mixing inherent in the single-step SMAT process will be used to 
develop an optimized surface and subsurface macro- and microstructure such that 
adhesive and mechanical bonding, long-term durability, and corrosion resistance 
are enhanced. 

The objective of this work is to explore the feasibility of SMAT to simultaneously 
improve the corrosion resistance of the substrate while imparting desired surface 
chemistry and morphology. This limited scope project has two aims: 1) quantify 
the ways in which a gradient microstructure achieved through a novel SPD method 
can enhance the corrosion resistance of a treated aluminum alloy substrate and 2) 
extend and develop this surface treatment to engender a surface alumina layer in 
single-step method without hazardous chemical processes.  

In Task 1, the relationship between grain refinement and corrosion response is not 
currently well understood. The processing methods required impart metallurgical 
and morphological changes in addition to grain size that will also affect the 
corrosion response. The use of SMAT as a processing method enables 
deconvolution of some of the microstructure/corrosion relationship as the 
introduction of a grain size gradient helps efficiently quantify corrosion response 
based on specific microstructure. In Task 2, using the novel surface alloying 
treatment to create an alumina layer should result in different properties than an 
alumina surface generated through the chemical anodization process; for example, 
layer adhesion, porosity, and surface morphology. The SMAT surface alloying 
method should demonstrate improved adhesion to the substrate as it is a  
high-energy mechanical mixing process. We hypothesize that the resulting 
engineered surfaces will result in corrosion resistance and adhesive bonding, 
thereby enabling replacement of current hazardous chemical processes and 
improved material tolerance for extreme environments. 
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A successful project will demonstrate improvement in the substrate corrosion 
response through grain size and precipitate control of the treated surface/subsurface 
microstructure (Task 1) and show the viability of developing an aluminum oxide 
layer (Task 2) on AA2024 and AA5083 through the nonchemical process of SMAT. 
Inherent in both these tasks is the detailed characterization and quantification of 
corrosion response using accelerated corrosion, electrochemical, in situ 
electrochemical, and scanning probe methodologies. Both tasks will examine the 
impact of processing parameters on microstructure and corrosion response. These 
alloys were selected based on their importance in DOD applications and due to their 
potential to study the impact of SMAT on different types of corrosion behavior: In 
AA2024, corrosion initiates at intermetallic/matrix interfaces, whereas in AA5083 
sensitization leading to intergranular corrosion is dominant.  

2. Background 

2.1 Strategic Environmental Research and Development 
Program (SERDP) Relevance 

Commonly, Al anodizing is done in accordance with MIL-A-8625F Anodic 
Coatings for Aluminum and Aluminum Alloys.1 In this specification, six types of 
anodizing are described. Two of these types rely on anodizing from chromic acid 
baths, and three types use sulfuric acid baths. Only one type of anodizing, type IC, 
is mentioned in the specification as a nonchromic acid alternative that can use a 
variety of organic acids. As awareness rises regarding the environmental dangers 
associated with the use of hexavalent chromium, the push for eliminating its use 
also rises, and although chromic acid alternatives exist, there are no known methods 
for creating an anodized layer on Al without the use of acids or electrochemical 
methods.  

When formed electrochemically, properties such as corrosion or wear resistance 
vary with the type of anodizing bath: the thickness, uniformity, and porosity of the 
anodized layer; the postanodization sealer used; and the underlying alloy on which 
the anodized layer was formed. For instance, the anodized layers from chromic acid 
anodizing baths are typically thinner and softer than those formed from sulfuric 
acid baths, and although sulfuric baths can be used to make thin coatings, they are 
used mostly for thick “hard coat” layers formed at low temperatures.  

The properties of the anodic layer depend both on anodization parameter space and 
substrate microstructure/morphology. For example, NASA has reported 
delamination of the black anodic coatings on 2XXX- and 7XXX-series aluminum 
alloys using the standard Type II process described in MIL-A-8625 due to 
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heterogeneous alloy phase composition in the substrate. Therefore, it is 
recommended that Type III anodization is used for 2XXX- and 7XXX-series 
aluminum alloys expected to experience thermal cycling.2 This recommendation 
adds to the cost of anodization in that Type III hard-coat anodizing requires more 
energy to lower the bath temperatures to near the freezing point of the bath (~0 °C) 
and to oxidize at the requisite higher current densities.  

Developing an environmentally friendly technology to impart an inorganic oxide 
into the surface of a metal without the use of acids could both reduce the constraints 
on attainable properties imparted by traditional anodization methods and 
significantly mitigate hazardous waste and worker exposure concerns with the 
current multistep chemical processes.  

2.2 Corrosion Mechanisms 

The two predominant corrosion mechanisms of the AAs selected are described in 
the following, briefly summarizing some background literature describing the use 
of various methods to alter the microstructure of the alloy that motivate the attempt 
to improve the corrosion response of the substrate via SMAT.  

2.2.1 AA2024: Micro-galvanic 

Galvanic corrosion refers to the interaction of two materials with different 
electrochemical properties in contact, wherein the difference in electrode potential 
between the two metals in aqueous environments acts as a driving force for 
corrosion of the less noble metal. For example, a more active metal is more likely 
to behave as an anode and experience a faster corrosion rate than that which would 
be associated with the anode alone. Conversely, the cathode experiences a slower 
corrosion rate, if at all, in the galvanic couple than in isolation. If this process 
continues, it is possible the cathodic phase will break away from the anodic phase, 
thus eliminating the galvanic couple. The corrosion rate of the cathodic phase will 
then increase to that of the self-corrosion rate and in the process disperse micro- 
and nano-sized particles into the solution, which then migrate to the surface and 
repeat the cycle of galvanic corrosion again. Many studies have shown that AA2024 
is an exemplary system in which this corrosion mechanism is active.3 Thus AA2024 
is ideal for examining how the corrosion rate is influenced by the surface treatment 
(e.g., anodization, organic coating, laser processing, and peening). 

In AA2024, as many as nine second phases exist in contrast to the solid solution 
matrix, and are a combination of cathodic (Al/copper [Cu]/iron [Fe]/manganese 
[Mn] and Al/Cu/Fe) and anodic (S phase) phases with respect to the matrix, which 
in turn contributes to multiple forms of corrosion.3–5 The predominant phase, 
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however, is the S phase (Al2CuMg).6 Galvanic corrosion in AA2024 is reported to 
occur over a wide range of solution electrolyte and pH,7 further highlighting the 
pervasive problem.  

2.2.2 AA5083: Sensitization 

AA5083 is generally considered to have excellent corrosion resistance compared 
with other aluminum alloys. However, at relatively low temperatures (~50 °C), 
which are possible in the service life of DOD applications, sensitization, a process 
by which Al3Mg2 (β phase) forms at grain boundaries, occurs. This β phase is more 
active than the bulk material and preferentially dissolves intra-granularly in 
corrosive environments, thereby resulting in potentially catastrophic and 
unexpected failure of the alloy. 

To combat this problem, stabilization efforts usually entail heat treatments that 
encourage preferential precipitation of β phase away from grain boundaries at 
temperatures just under the solutionizing temperature; or, when β phase already 
exists on boundaries, to coarsen the precipitates to reduce the fractional grain 
boundary coverage.8 It may be possible to replicate these efforts through the grain 
refinement process via SMAT, avoiding costly and time-consuming heat 
treatments. 

As grain refinement increases, the grain boundary area increases significantly while 
the chemical composition remains the same; therefore, the fractional grain 
boundary coverage by either solute or precipitates has the potential to be greatly 
reduced.9 In Kus et al.,10 where nanocrystalline alloys were made from spray 
atomized AA5083, the Nitric Acid Mass Loss Test (NAMLT) showed that the 
nanocrystalline samples were less susceptible to intergranular corrosion, falling in 
the range of resistant materials. For clarity, NAMLT is used to assess the degree of 
sensitization (DOS) of alloys containing this soluble β phase. Alloys with a DOS 
of less than 15 mg/cm2 are not considered to be sensitizable, whereas a general 
agreement exists that those with a DOS of 25 mg/cm2 or greater are susceptible.8  

Additionally, the processing aspect of grain refinement through SMAT/SPD offers 
significant opportunities for grain boundary and texture engineering, which will 
affect β phase precipitation during sensitization. Texture control in a small-scale 
sputtering process showed reduced β phase precipitation based on orientation 
distribution,11 and numerous studies have highlighted the importance of grain 
boundary type to β phase nucleation, growth, and grain boundary coverage12–14 
(e.g., the β phase preferentially nucleates at low-angle grain boundaries, but high-
angle grain boundaries have ~3 times larger precipitates12). Moreover, the high 
degree of dislocation density in the interior of grains typical of SMAT/SPD 
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processed materials provides additional sites for precipitation of intragranular 
rather than intergranular β phase. 

A very recent result showed that below a certain threshold of grain size (where the 
size of the β phase and the grains were similar), grain size reduction introduced an 
additional factor in lowering sensitization past the effect of misorientation.9 The 
gradient grain size produced via SMAT can be below this threshold at the 
surface,15,16 potentially further improving sensitization behavior.  

2.3 Alteration of Alloy Microstructure  

It is clear that the grain size can indirectly contribute to the corrosion response by 
affecting other related factors, such as the nature of β phase precipitation as 
previously described. However, it can also in and of itself influence corrosion. The 
SMAT process induces grain refinement at the surface, but whether this will be 
beneficial or detrimental is not well established, with conflicting reports across 
various materials and corrosion environments. Reviews on the subject even indicate 
discrepancies within the same alloy system,17–19 with an example being pure Al. 
Some reported a decrease in corrosion rate with grain reduction, while others 
reported a degradation in the passive film’s ability to protect the underlying 
material, still others reporting there was little to no effect on pitting or 
repassivation.20–23  

A reduction in grain size has recently shown good potential for improvement in 
various types of corrosion response (including reduced corrosion rate,18,20 pitting 
potential,24,25 stress corrosion cracking,26 and intergranular corrosion 
susceptibility)9 in addition to the more thoroughly studied gains in mechanical 
properties. However, unlike the generally direct relationship between grain size and 
mechanical strength, the correlation between grain size and corrosion is not 
straightforward and must be discussed in terms of the processing history. For 
example, the same grain size in the same alloy obtained through different 
processing methods have been shown to exhibit differences in both thermodynamic 
(corrosion potential) and kinetic (corrosion current) behavior.9,27 Additionally, both 
the processing routes to achieve significant grain size reduction and the newly 
increased grain-boundary volume fraction will have implications for the precipitate 
phases that often dictate corrosion response.  

Grain refinement, especially to the nanoscale, requires a far-from-equilibrium 
processing method. Most commonly this is a form of SPD such as mechanical 
alloying (which uses repeated high-energy impact of shot to impart plastic 
deformation) or Equal Channel Angular Extrusion (ECAE), in which a material 
undergoes several passes through a channel with a 90° bend to impart large strains. 
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In general, grain refinement occurs through deformation-induced dislocation 
generation, which breaks up both existing grain boundaries and chemical phases on 
the path to generating new dislocation networks that form new, finer-spaced grain 
boundaries. SPD processes therefore not only change the grain size, but also the 
character of the grain boundaries (e.g., misorientation, texture, and high angle vs. 
low angle) and the distribution of solute (whether through breakup of phases or 
increased solid solubility).  

For example, in AA2024, corrosion response is mainly driven by the S phase 
(Al2CuMg) precipitate/matrix interface. Susceptibility to intergranular corrosion 
decreased as a result of ECAE processing, as the dominant corrosion mode shifted 
from intergranular corrosion to pitting as the S phase was redistributed from the 
grain boundaries to the matrix.28 Other plastic deformation processes that 
significantly altered the size and distribution of intermetallic phases in 2024 were 
friction stir welding29 and ultrasonic shot peening,30 with varying results to the 
corrosion response. Conversely, in AA5083, where the deleterious precipitates are 
not present in the initial material but instead form during service, the high-
dislocation densities resulting from plastic deformation processes provided 
enhanced pathways for diffusion and subsequent higher growth rate of β phase 
leading to increased susceptibility to sensitization.31  

It is clear that generalizations cannot be made about the effects of microstructural 
alteration via plastic deformation processes without investigating the particular 
process in question. 

2.4 Surface Deformation 

SMAT is a relatively unexplored severe surface deformation process that produces 
a nanocrystalline/ultra-fine-grain layer of varying depth and gradient, as shown in 
the treated pure nickel plate in Fig. 1.16 The SMAT process employs repeated  
high-energy impact of spherical shot on the surface to cause plastic deformation 
that results in surface grain refinement similar to other surface modification 
processes, such as shot peening. However, SMAT can significantly increase the 
kinetic energy of the media over that of shot peening, imparting an increase in 
surface grain refinement and work-hardened depth32 as well as larger residual 
compressive stresses.33 These attributes have initially been explored in the context 
of improved mechanical properties; however, as described, they also have the 
potential to impart significant improvements to corrosion resistance. In this work 
we have devised a new acronym, Surface Mechanical Alloying for Specialized 
Heterogeneity, or SMASH, to replace SMAT, as we are not attriting material but 
adding it to form a surface layer in Task 2. Additionally, the desired modification 
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of alloy chemistry of the substrate (Task 1), through the redistribution of precipitate 
phases, is not well captured in the initial acronym. 

 

Fig. 1 Example grain size gradient microstructure produced using the SMASH process on 
pure nickel substrate at CCDC Army Research Laboratory. Impacted surface is on the right-
hand side.  

3. Materials and Methods 

3.1 SMASH Process 

A SPEX SamplePrep 8000M Mixer/Mill was used for the SMASH treatments. The 
apparatus consists of a vial within which impact media (shot) is placed; the 
substrate to be treated replaces the lid of the vial. The plates are discs nominally 2 
inches in diameter. In this work, two different process media were used: steel and 
alumina. For the steel media SMASH treatments, a tool steel (52100) vial and 
stainless steel (44 °C) shot were used. Based on the author’s previous work using 
steel media,16,34 50 g of 8-mm-diameter shot was used. Additionally, before 
treatment of the substrates, 0.5 g of Al powder was run in the mill to coat the shot 
and vial with the goal of reducing pickup contamination from the steel vial and shot 
during SMASH treatment.33 

For the alumina media SMASH treatments, an alumina vial and alumina shot were 
used. The alumina shot was 3/16 inch in diameter. Due to the significantly lower 
density of the alumina shot vis à vis the steel shot, only 10 g of alumina shot was 
used to approximately maintain the volume ratio of shot-to-vial chamber area. This 
allows free travel of the shot around the vial to subsequently interact with the 
substrate rather than mostly interacting with other shot. For the surface alloying 
experiments, α-alumina powder of one of two sizes (+120 and –325 mesh; coarse 
and fine, respectively) was added to the vial before the SMASH treatment. 

3.2 Microstructural Characterization 

Specimens were cross sectioned and prepared with standard metallographic 
procedures down to 0.05-µm diamond polish. Polished samples were etched with 
Kroll’s reagent. Optical microscopy was performed on an Olympus LEXT 
OLS3100/3000 confocal microscope, and scanning electron microscopy (SEM), 
electron dispersive X-ray spectroscopy (EDS), and electron backscatter diffraction 
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(EBSD) were performed on a FEI NanoSEM 600. EDS was used to characterize 
the chemical distribution and performed with an EDAX Octane Elite Super system. 
The EDS maps were thresholded based on matrix chemical composition to 
determine the precipitate size and area fraction. Scans were done at four different 
areas on each specimen to garner at least 100 precipitates. EBSD was used to 
characterize grain size and grain boundary distribution. 

3.3 Corrosion 

3.3.1 Open Circuit Potential 

Prior to polarization experiments, the open circuit potential (OCP) was monitored 
for up to 18 h in 0.6-M sodium chloride (NaCl) (aqueous). An overpotential was 
applied only after the OCP was stable. 

3.3.2 Potentiodynamic Polarization 

Electrochemical measurements were made in a flat cell with a working electrode 
area of 1 cm2. The aluminum alloy sample was the working electrode, a platinum-
coated titanium wire mesh was used as a counter electrode, and a saturated calomel 
electrode (SCE) served as a reference for the three electrode configuration. Samples 
were polarized at a rate of 10 mV/s from –0.5 to 1.5 V of the OCP.  

3.3.3 Exfoliation 

Exfoliation corrosion susceptibility was evaluated using ASTM G34.35 The 
specimens were immersed in an aqueous solution of NaCl (4.0 M), KNO3 (0.5 M), 
and HNO3 (0.1 M). Samples were approximately 1 × 1 × 0.5 cm, and the edges and 
back were masked with Kapton tape so that only the SMASH surface (or  
as-received surface) was exposed to the solution. Observation intervals were 6, 24, 
48, and 96 h for as-received AA2024 and 96 h for SMASH AA2024. 

3.3.4 Sensitization 

AA5083 H131 samples were sensitized to promote β phase (Al3Mg2) formation at 
the grain boundaries. Sensitization was accomplished by holding samples at 125 °C 
for 28 days in an oven filled with ambient atmosphere. AA5083 samples were also 
sensitized at 125 °C for intermediate times of 7 and 14 days. 
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3.4 Hardness 

Vickers hardness measurements were performed with a 25-g load and 10-s dwell 
time with a Wilson Tukon 1202 hardness tester. Indents were placed 25 μm from 
the surface with a uniform spacing of 25 μm up to a depth of 500 μm into the surface 
or until the hardness plateaued. A total of five indents were averaged at each depth. 
Nanoindentation was conducted with a Keysight Technologies (formerly Agilent) 
Nano Indenter G200 instrument on both the sensitized and unsensitized baseline 
and SMASH AA5083 samples. A 10 × 10 array of indents was generated, with the 
first row of indents positioned 25 μm from the surface and the last row at a distance 
of 975 μm from the surface. Thus 10 indents were averaged every 50 μm from the 
surface. Indents were displaced to 2000 nm. 

4. Results and Discussion 

While the corrosion response of both alloys is determined by the electrochemical 
heterogeneity introduced by precipitate phases, the first example is controlled by 
existing precipitates; the second, the ensuing formation of precipitates during 
service conditions. As such, we will examine the effect of the SMASH process on 
the microstructure of these two types of alloys for a thorough fundamental 
understanding of the effects of process parameters on the substrate and its 
subsequent corrosion response. Section 4.1 describes the work on AA2024 and 
Section 4.2 on AA5083. Next the SMASH process is used to produce a surface 
layer of alumina on the aluminum alloy substrates through mechanical, not 
chemical, means. These results are described in Section 4.3 

4.1 AA2024 Substrate Microstructure Development 

The hypothesis for improving the corrosion response of AA2024 is that 
fragmentation of the precipitates will lessen the accelerating corrosion effects of 
micro-galvanic couples. The effect of grain refinement on corrosion response has 
many possible outcomes.  

4.1.1 Microstructure 

The baseline AA2024 has elongated grains with widths of 50–100 µm and lengths 
in the millimeters. A representative microstructure can be seen on the left-hand side 
of Fig. 2. The microstructures of the AA2024 substrate subjected to the SMASH 
treatment using various times and media are on the right-hand side of Fig. 2; steel 
media are on the top row and alumina media on the bottom row. The scale bar is 
the same for all images and the treated surface is on the top of the image (black 
region is the sample mount). Only the AA2024 treated with steel media showed 
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significant grain refinement, extending about 200 µm into the substrate. Increasing 
the treatment time, from 0.5 to 1 h, did not significantly increase the depth of this 
grain refinement. A reduction in the surface grain size is not observed in the 
samples using alumina media for the SMASH treatment (Fig. 2, bottom row). The 
grain size is one aspect that may influence the corrosion response of the aluminum 
substrate, but the chemistry of the surface is imperative. EDS scans were next 
performed to quantify the chemical distribution as a function of SMASH 
treatments.  

 
Fig. 2 Optical micrographs of baseline AA2024, SMASH AA2024 with steel media (top 
row), 0.5- and 1-h treatments; (bottom row) alumina media, 2- and 4-h treatments 

AA2024 has many intermetallic phases6 that can create micro-galvanic couples 
with the matrix, and all contain Cu in some measure. Therefore, the Cu EDS map 
is presented in this report and used to enumerate the intermetallic phases. Figure 3, 
left-hand column shows the EDS map of Cu in a) the baseline AA2024, b) the  
0.5-h steel media, and c) the 1-h steel media. From these maps the average 
precipitate diameter was calculated for the region of the substrate starting at the 
surface and continuing to a depth of 25 µm, and the results are presented in Table 
1. The initial average diameter of a precipitate was 7.94 µm, and the average area 
fraction was 2.95%, in line with other observations for this alloy and temper (Boag 
et al.6 and references therein). After 0.5 h of SMASH with steel media, the 
precipitate size has dropped to 3.32 µm and after 1 h, the average diameter is now 
1.82 µm. The area fraction has not changed significantly.  
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Fig. 3 EDS maps of Cu and Fe for a) baseline AA2024, b) SMASH AA2024 0.5 h, steel 
media, and c) SMASH 1 h, steel media. Treated surface is indicated by dashed white line. 

Table 1 Microstructural quantification for SMASH AA2024 

Media Precipitate diameter Cu area 
fraction 

Fe area 
fraction 

Baseline AA2024 7.94 µm (±3.77 µm) 2.95% 1.21% 

0.5 h, steel  3.32 µm (±1.71 µm) 2.62% 30.9% 

1 h, steel 1.82 µm (±1.59 µm) 2.86% 5.98% 

 
The EDS maps of the SMASH treated AA2024 using steel media, Fig. 3b and c on 
the right-hand column, show significant contamination from the steel media, with 
almost 30 times the iron content as the baseline in the 0.5 h sample and 6 times in 
the 1-h sample. While the method of precoating the treatment vial and media with 
the substrate (in this case Al) powder to combat pickup contamination has been 
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successful in other systems,34 it is clear that it was ineffective in the case of 
AA2024. Thus, we examine the use of alumina shot and alumina vial on the surface 
chemistry of the treated substrate. Figure 4 shows EDS maps for SMASH-treated 
2024 alloys using alumina media with a 4-h treatment time. Unsurprisingly, in both 
the 2- and 4-h treatments, considerable amounts of alumina were observed on the 
surface. There was no congregation of Fe on the surface as was seen in the samples 
impacted with steel media.  

 

Fig. 4 EDS scans of AA2024 4-h SMASH with alumina media. Treated surface is at the top 
of each image. 

4.1.2 Hardness 

Based on the AA2024 substrate microstructures reported in Section 4.1.1, only 
those specimens with visible grain refinement—the 0.5- and 1-h SMASH with steel 
shot media—are evaluated for microhardness. The results are shown in Fig. 5, with 
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hardness as a function of depth into the substrate and compared with the hardness 
of the baseline 2024 alloy (green dashed line). Both the 0.5- and 1-h SMASH 
treatments with steel media show an increase in hardness in approximately the top 
200 µm of the substrate, in line with the observed grain refinement shown in the 
top two images of Fig. 2. The hardness value measured closest to the surface, at a 
centerline of 25 µm, is somewhat higher for the 0.5- than for the 1-h treatment. 
Considering the differences in Fe contamination between the two samples, wherein 
the 0.5-h treatment exhibited approximately five times that of the 1-h treatment, it 
is likely a result of the higher hardness of both the tool steel (contamination from 
vial material) or stainless steel (contamination from shot material) used as the 
media. While the Fe contamination does not generally extend 25 µm deep into the 
substrate, this value is where the measurement is centered. The width of an indent 
is around 15 µm, reaching into the Fe-contaminated region. Hardness values from 
the next data point (centered at 50 µm), and onward, should reflect the grain 
refinement only and are comparable with literature reports36,37 in which plastic 
deformation is performed at cryogenic temperatures to achieve a reduction in grain 
size. Contrastingly, when a high-temperature deformation process, friction stir 
welding,29 is used, the reduction in grain size was not accompanied by an increase 
in hardness. The high temperature impacts the fine-scale precipitates, which are 
providing the main strengthening mechanism for the aluminum alloy. The SMASH 
process imparts a slight temperature rise above room temperature (at which it is 
performed). However, based on the hardness results of Fig. 5 and the expected 
increase in hardness with decrease in grain size, it appears the fine-scale 
strengthening precipitates have not been negatively impacted, at least enough to 
offset the improvement in hardness wrought by the smaller grain size.    
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Fig. 5 Microhardness of the AA2024 SMASH treated with steel media for 0.5 h (purple 
circles) and 1 h (aqua diamonds) as a function of depth into the substrate. Baseline AA2024 
hardness is indicated by green dashed line. 

4.1.3 Corrosion 

Given the significant Fe contamination on the surface, it was expected that the OCP 
would shift from the baseline AA2024; however, it has remained in the standard 
range for the aluminum alloy, around 600 mV versus SCE, as can be seen in Table 
2. This is also the range for low-carbon steels. Interestingly, the Fe contamination 
appears then to be more from the tool steel vial than from the stainless steel shot. 
This is confirmed by EDS observations of the chromium (Cr) content in the  
Fe-contaminated region. There is very little observed Cr, as befits the content of the 
tool steel (~1.5 wt%) as compared with the stainless (~13 wt%). In the alumina 
media SMASH samples, the cathodic kinetics increased, perhaps due to additional 
defects introduced into the native oxide and surface layer (Fig. 6, right-hand side). 

Table 2 Selected corrosion data for AA2024 

Media OCP (vs. SCE) Pitting potential (vs. OCP) 

Baseline AA2024 –600±4 mV … 

0.5 h, steel –614±2 mV 541 mV 

1 h, steel –608±5 mV 522 mV 
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Fig. 6 Potentiodynamic polarization curves of AA2024 samples: (left) steel media and 
(right) alumina media 

The results of exfoliation corrosion test showed that grain refinement negatively 
impacted the corrosion response in AA2024. Example SEM images are shown in 
Fig. 7, with the baseline AA2024 on the left and SMASH treated (1-h steel media) 
on the right. The SMASH-treated AA2024 has lost from 100 to 250 µm of material 
from the surface after 96 h of immersion, whereas the baseline AA2024 has not lost 
an appreciable amount after the same time interval. The material loss in the 
SMASH sample is approximately the same dimension of the depth of grain 
refinement into the substrate. It is likely that the high density of grain boundaries 
in this region provided pathways to accelerate intergranular corrosion and material 
loss as compared with the baseline material.  

 

Fig. 7 SEM images of a) baseline AA2024 and b) SMASH AA2024 (1 h, steel media) 

4.1.4 AA2024 Summary 

• Grain size is reduced at the surface using steel media but not alumina media. 
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• Precipitate size is appreciably reduced by the SMASH treatment using steel 
media. 

o The lack of a significant corrosion response in the potentiodynamic 
polarization experiments was unexpected. These experiments used 
polarization parameters common throughout the literature for surveying 
large differences in polarization response. It is expected that subtle 
differences in pitting potential or dissolution kinetics can be teased out 
of the data by narrowing the polarization parameters to a smaller 
cathodic overpotential and slowing the scan rate. 

• Significant surface contamination occurs for both steel and alumina media. 

o In the steel media, the contamination derives mostly from the vial, rather 
than the shot. 

o As the OCP for low-carbon steel (vial contamination) is similar to 2024, 
there is little change due to the SMASH treatment in steel media. 

• Exfoliation corrosion response on the grain-refined substrate (steel media) 
was considerably inferior to that of the baseline, likely due to increased 
pathways for intergranular attack. 

4.2 AA5083 Substrate Microstructure Development 

The hypothesis for improving the corrosion response of AA5083 through the 
SMASH treatment is that the decrease of low-angle grain boundaries will reduce 
the preferential sites for β phase, and the grain refinement will increase grain 
boundary area to reduce total coverage of grain boundaries by β phase to lessen 
grain pullout. 

4.2.1 Microstructure 

A representative EBSD scan of the initial microstructure of AA5083 (plane of 
image in line with rolling direction) is shown in Fig. 8, left-hand side. The grains 
are around 50–100 µm in diameter. On the right-hand side of Fig. 8 is an EBSD 
scan near the surface of the SMASH-treated 5083 for 0.5 h using steel media (note 
that the scale bars in Fig. 8 are an order of magnitude different). There is 
considerable grain refinement to an average grain size of around 2 µm. This is an 
increase in grain boundary area of over 5000%. The distribution of misorientation 
of the grain boundaries in both the baseline and the SMASH-treated 5083 (0.5-h 
steel media) is in Fig. 9. Low-angle boundaries (those considered preferential 
nucleation sites for the deleterious β phase)12 are generally deemed less than 15° 
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misorientation. The amount of these boundaries has been reduced from 34% in the 
baseline to 20% in the SMASH sample.  

 

Fig. 8 EBSD scans of the baseline AA5083 and SMASH AA5083 (0.5 h, steel media) 
showing significant grain refinement 

 

Fig. 9 Plots of number fraction of grain boundaries as a function of misorientation angle 
for the baseline AA5083 and the SMASH AA5083 (0.5 h, steel media) 

Interestingly, the chemical distribution is also significantly altered near the surface 
of the substrate as indicated by the EDS scans in Fig. 10. The baseline 5083 
microstructure is characterized by large Al6Mn precipitates, clearly seen in the Mn 
EDS map and visible as the lightest gray phase in the SEM image. There is some 
solubility of Cr into this phase, visible in a few of the Al6Mn precipitates in this 
region, as indicated by white arrows pointing to the darker clusters in the Cr EDS 
map, that are in the same location as the Mn EDS map and SEM image; the rest of 
the Cr is in solid solution in the Al matrix. There is also a small number of  
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Al–Mg precipitates, dark gray in the SEM image, and visible as dense spots in the 
Mg EDS map.  

In the representative SEM image of the SMASH-treated AA5083 (0.5-h steel 
media), the top 50 µm have numerous light gray precipitates visible, smaller in 
scale than the baseline AA5083. As revealed by the EDS maps, these are not 
Al6Mn, but instead an Al–Cr precipitate. Additionally, the amount of Mg present 
in this top 50 µm is less than that of the rest of the substrate. Presumably, the 
increased diffusion pathways through the severe plastic deformation process38 
enabled the dual migration of Mg and Cr in opposite directions. In an Al–Mg alloy, 
the extrusion process was found to “mechanically” sensitize the material, wherein 
the β phase formed on grain boundaries in the as-extruded specimen before any 
heat treatments.39 Excitingly, in this SMASH treatment, the precipitate phase 
forming is not the β phase but an unusual (for this alloy) Al–Cr phase that has been 
found to be beneficial for corrosion response in other systems.40 Additionally, the 
Mg content in the surface area has been reduced, limiting the available 
concentration necessary to form the β phase during the traditional sensitization 
process (low-temperature heat treatment).  

 
Fig. 10 (top row) SEM images and EDS maps of unsensitized baseline AA5083 and (bottom 
row) SMASH for 0.5 h, steel media. Treated surface is indicated by red dashed line. 

4.2.3 Corrosion: Sensitization 

The sensitization anneal (at 125 °C) was performed for 7, 14, and 28 days, and the 
microstructural evolution is presented in the following. Figure 11 depicts the 
microstructure of the baseline (top row) and the SMASH-treated (0.5-h steel media) 
5083 substrates (bottom row). Similarly to the unsensitized baseline 5083 (Fig. 10, 
top row), the 28-day sensitized baseline 5083 is characterized by large Al6Mn 
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precipitates of relatively the same size. Again, there is some solubility of Cr in this 
Al6Mn phase, as evident by the regions pointed out by white arrows in the 
respective EDS maps. The SMASH 5083 continues to have a region about  
50 µm thick from the surface with a chemical distribution distinct from the rest of 
the substrate. The surface region continues to be depleted in both Mg and the Al6Mn 
phase as a result of diffusion away from the surface in favor of Cr precipitates. The 
unexpected Al–Cr precipitates are still present. Comparing the EDS maps of Cr 
from pre- and post-28-day sensitization treatment in Fig. 12, they are reduced in 
both size and area fraction coverage. The Al–Cr precipitates had an average size of 
1.9 µm before and 0.8 µm after the 28-day sensitization anneal, and an area 
coverage of 3% and 1.5% respectively.  

 

Fig. 11 (top row) SEM images and EDS maps for sensitized (28 days) baseline AA5083 and 
(bottom row) SMASH for 0.5 h, steel media. Red dashed line indicates the treated surface of 
the SMASH sample. 

 
Fig. 12 (left) EDS map of Cr for SMASH AA5083 (0.5 h, steel media) before and (right) after 
sensitization treatment. Red dashed line indicates the treated surface. 
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The corrosion response of the sensitized and SMASH processed AA5083 (Fig. 13) 
showed a slight decrease in the pitting potential compared with the unsensitized 
AA5083 control. The corrosion current of the sensitized and SMASH + sensitized 
samples were nearly identical. Arguably there is a slight decrease in both anodic 
and cathodic kinetics at some potentials, but the magnitude of these differences is 
small.  

 

Fig. 13 Potentiodynamic polarization curves for the sensitized SMASH treated (0.5 h, steel 
media) AA5083 compared with baseline AA5083 alloy 

Regarding sensitization, and the formation of β phase, the Mg concentration of the 
depleted region is now less than the threshold for β phase formation to occur (<3%). 
Correspondingly, Transmission Electron Microscopy analysis saw no β phase in 
the surface region of the SMASH AA5083 even after 28 days of heat treatment. 
Instead of improving sensitization response via grain refinement or grain boundary 
engineering, the chemical redistribution from plastic deformation actually 
prevented β phase formation. 

4.2.2 Hardness  

Nanoindentation is used here for its considerably smaller indent size rather than 
microhardness (as in the AA2024) due to the interesting chemical distribution and 
stark delineation in precipitates around a depth of 50 µm (Figs. 10 and 11). The 
strength was determined as a function of depth into the substrate surface for the 
SMASH-treated 5083 for 0.5-h steel media. Data for the unsensitized and sensitized 
(7, 14, and 28 days) conditions are presented in Figs. 14–17. The blue data points 
represent hardness values of the SMASH samples, and the bold dashed orange line 
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represents the average hardness of the corresponding baseline 5083 sample, with 
the two thinner dashed lines representing the error as indicated by standard 
deviation.  

 

Fig. 14 Hardness as measured by nanoindentation for baseline AA5083 and SMASH 
AA5083 (0.5 h, steel media) 

 

Fig. 15 Hardness as measured by nanoindentation for sensitized (28 days) baseline AA5083 
and SMASH AA5083 (0.5 h, steel media) 
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Fig. 16 Hardness as measured by nanoindentation for sensitized (7 days) baseline AA5083 
and SMASH AA5083 (0.5 h, steel media) 

 

Fig. 17 Hardness as measured by nanoindentation for sensitized (14 days) baseline AA5083 
and SMASH AA5083 (0.5 h, steel media) 

For the unsensitized sample, the hardness increases as much as 0.5 GPa in 
approximately the top 100 µm of the substrate after the SMASH process. It is likely 
that the hardness at the very surface is even higher since indents were measured 
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starting at 25 μm from the surface to eliminate effects of the sample mount. This 
region of improved hardness exceeds that which underwent a chemical change.  

The hardness of the sensitized SMASH samples decrease compared to the 
unsensitized SMASH sample to the point where its error is within the range of the 
baseline error. The SMASH hardness also reaches the baseline value faster (i.e., 
over a shorter distance: 50 vs. 100 μm from the surface) than did the unsensitized 
SMASH hardness. It is likely that an increase in grain size after  
28-day sensitization is what drove the decrease in hardness compared with 
unsensitized SMASH. 

4.2.4 AA5083 Summary 

• Both grain size and low-angle boundaries were reduced by a SMASH 
treatment of 0.5 h with steel media. 

• Hardness was increased for the top approximately 100 µm of the substrate. 

• The chemical distribution in the top approximately 50 µm of the substrate 
surface was significantly impacted by the SMASH (0.5-h steel) treatment. 

o An unusual Al–Cr phase was present.  

o The Al6Mn was fragmented. 

o There was a depletion of Mg in the matrix.  

• Sensitization anneal was performed for intervals of 7, 14, and 28 days.  

o The top approximately 50 µm of the SMASH (0.5-h steel) substrate 
continued to present depletion in Mg and Al6Mn and the unusual  
Al–Cr phase. 

o Depletion in Mg was such that the concentration was too low to form β 
phase. 

4.3 Alumina Surface Alloying 

The SMASH process was next investigated as a method to induce a surface layer 
of alumina onto the aluminum alloy substrates. Alumina powder was introduced 
into the SMASH process vial in a mechanical approach that has essentially no 
process waste other than unincorporated powder that can be reused.
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4.3.1 Alumina Powder Size 

Two sizes of α-alumina powder were used in the surface alloying task: coarse (+120 
mesh) and fine (–325 mesh). Figure 18 shows large-scale SEM images of the 
surface layers produced by using 1 g of the coarse (top) and fine (bottom) alumina 
powders on AA5083 substrate with the same SMASH treatment (0.5-h steel 
media). The alumina layer is highlighted by the purple arrows. The surface layer 
produced by the fine powder is significantly thicker and has more-consistent 
coverage of the entire treated surface. In the coarse image, several areas with no or 
very little alumina coating can be seen. More significantly, a closer look at the 
interface shows many cracks in the substrate layer emanating from the interface 
(Fig. 19). Additionally, there are many areas where it appears that a segment of 
alumina layer was present and then was detached from the surface at some point 
during the SMASH treatment (left-hand side of Fig. 19). Given these results, the 
fine powder (–325 mesh) was used going forward.  

 

Fig. 18 SEM images of SMASH of 1 g of alumina powder with steel media for 0.5 h: (top) 
coarse (+120 mesh) and (bottom) fine (–325 mesh). Sample mount material is blacked out for 
clarity. Purple arrows indicate dimensions of the alumina layer. 

 

Fig. 19 SEM images of SMASH (0.5 h, steel media) with coarse (+120 mesh) powder. (left) 
Image highlights the removal of sections of the alumina layer during the process. Both images 
highlight the significant cracking observed emanating from the alumina/substrate interface.  
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4.3.2 Media 

The same amount of fine (–325 mesh) alumina powder (1 g) was incorporated into 
the SMASH process for four processing conditions, two time intervals each for 
steel media and alumina media. Based on the significantly larger impact on the 
substrate that was imparted by the steel media to the substrate in earlier sections, it 
was presumed that the steel media would have superior incorporation of the 
alumina powder. Figure 20 shows representative SEM images of the alumina layer 
(indicated by purple arrows) on the AA2024 substrate using steel media. Both the 
0.5- and 1-h treatment times exhibited large porosity in the alumina layer, as 
indicated by the dotted arrows in Fig. 20. The 0.5-h layer also shows substantial 
cracks (red dashed arrow in left-hand image of Fig. 20) that are generally not 
present in the 1-h alumina layer. However, the alumina layer produced by the 1-h 
treatment with steel media is markedly thinner than that of the 0.5-h treatment. 
Comparing the thickness between the crack and the substrate in the 0.5-h 
micrograph (Fig. 20, left-hand side), it is possible that as the treatment time 
increases, segments of the alumina layer are fragmented along the cracks, leaving 
behind only the section closest to the substrate. No cracks were observed in the 
substrate, contrary to the use of coarse powder as in the previous section. 

 

Fig. 20 SEM images of alumina surface layers on AA2024 substrate for SMASH steel media, 
alumina layer is indicated by purple arrows. Defects (pores and cracks) are indicated by red 
dashed arrows. 

Comparing the effect of the SMASH treatment on the substrate, with and without 
the alumina powder, it is clear that the process of building the alumina surface layer 
consumes the kinetic energy / plastic deformation that was previously put into the 
substrate. Figure 21 shows the significant grain refinement from plastic 
deformation in the substrate during the SMASH treatment without alumina powder 
in the system (left-hand side) vis à vis the same treatment time and media with 1 g 
of alumina powder added. There is no observed grain refinement in the system with 
the alumina powder.  
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Fig. 21 Comparison of same SMASH processing condition (0.5 h, steel media, AA2024 
substrate), with and without alumina surface layer 

An improvement in the alumina surface layer was found in switching to the alumina 
media (shot and vial) from the steel media. Again, 1 g of fine (–325 mesh) alumina 
powder was added to the SMASH process, and two different treatment times were 
evaluated, 2 and 4 h. Representative SEM images of these processes are shown in 
Fig. 22, with the shorter process time on the left-hand side.  

 

Fig. 22 SEM images of alumina surface layers on AA2024 substrate for SMASH alumina 
media, alumina layer, is indicated by purple arrows. Defects (pores and cracks) are indicated 
by red dashed arrows. 
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Examining the alumina layer itself, both the 2- and 4-h processes had dense 
compacted powder layers (Fig. 23). A wide distribution of particle sizes is observed 
in both cases (note that the initial powder size of the alumina is –325 mesh, or 
particles sizes less than 44 µm). The maximum size of the powder is larger than the 
width of the images in Fig. 23. In the lower-magnification image (Fig. 22), 
including the substrate, some larger particles are visible, but most are significantly 
smaller than the maximum allowable size of the mesh. Given the contamination 
observed from the alumina media SMASH processes, without any added alumina 
powder it is likely some part of this distribution of particles is also from 
contamination from the alumina vial and alumina shot. The right-hand image of 
Fig. 23 is of a region of alumina contamination in a SMASH process with alumina 
media but no added alumina powder. The particle size of the “break-off” alumina 
of the vial and shot appears to comprise all particles smaller than about 10 µm. 

 

Fig. 23 SEM images of alumina layer only. Amount of powder used and processing time 
defined across the top. All are with alumina SMASH media. 

The viability of the alumina contamination as an alumina surface layer is 
considered, as the amount of alumina pickup from the vial and shot was 
considerable in the 4-h SMASH treatment. Figure 24 compares an SEM image of 
the alumina at the surface of this 4-h SMASH treatment (right hand side) with that 
of the purposeful alumina-powder-added 4-h treatment to produce a surface layer. 
While a concentration of alumina at the surface exists, it is naturally a much thinner 
layer than the purposeful surface coating from added alumina powder. 
Additionally, the surface suffers from considerable areas where no significant 
buildup of alumina powder occurs as well as areas where regions of alumina were 
removed from the surface under continuation of the SMASH impact process  
(Fig. 24, far right corner). 
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Fig. 24 SEM images of alumina surface layers on AA2024 substrate for SMASH alumina 
media, (left) with added powder and (right) alumina from contamination 

4.3.3 Alumina Color 
An interesting macroscopic result was observed for the alumina layers produced 
with steel media: The color of the alumina layer was black, rather than the initial 
white powder color. Figure 25A shows a photograph of the surface formed on the 
AA5083 substrate with steel media (top) and alumina media (bottom) with 1-g 
alumina powder and 0.5-h SMASH treatment. This color change persisted using 
steel media on both the AA5083 and AA2024 substrates. The initial hypothesis was 
that there was enough Fe contamination to form an iron oxide of some form. 
However, EDS mapping of the cross section and the surface (Fig. 26), both show 
minimal iron. The samples were also examined by X-ray diffraction (XRD)  
(Fig. 27), and no iron oxide phases were found, only α-Al2O3. Possible other 
explanations for the color change are porosity and defect density; the amount of 
deformation imparted by the steel media is significantly higher than the alumina 
media, as evidenced by the grain refinement differences discussed earlier.  

 

Fig. 25 Photograph of the treated surfaces produced on AA5083 with steel media and 
alumina media, both with a treatment time of 0.5 h 
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Fig. 26 SEM image and EDS maps of black alumina surface on SMASH-treated AA5083 
(0.5 h, steel media) 

 

Fig. 27 XRD scans of 5083, various treatments: initial 5083 substrate = green curve; 
SMASH 0.5 h, steel media = red curve; black alumina surface (1-g alumina powder + 0.5 h, 
steel media) = blue curve; white alumina surface (1-g alumina powder + 0.5 h, alumina media) 
= pink curve. Peaks indicating aluminum alloy substrate are marked with an open circle, and 
peaks matching α-Al2O3 are marked with a black triangle. 
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4.3.4 Corrosion 

Briefly, several of the alumina-coated Al substrates were assessed using 
potentiodynamic polarization to ensure that the observed behavior was that of the 
alumina layer (i.e., that it was thick enough) and not the aluminum alloy substrate. 
An example set of curves is shown in Fig. 28, where the sample with the alumina 
layer is seen to have distinct behavior from its representative substrate. 

 

Fig. 28 Potentiodynamic polarization of alumina-coated 5083 (0.5 h, steel media) compared 
with baseline 5083 substrate 

4.3.5 Alumina Surface Layer Summary 

• Alumina layers of varying thickness (up to 100 µm) and homogeneity were 
produced across several processing parameters. Layers were composed of 
agglomerated alumina powder having a distribution of particle sizes.  

• Smaller-mesh powder was more effective; coarse powder produced cracks 
in the substrate. 

• Alumina media was more effective than steel at producing a dense coating. 

• Black alumina coatings were observed in some conditions using steel 
media. 

5. Conclusions and Implications for Future Research 

5.1 Conclusions 

This limited scope project had two major tasks: 1) examining the impact of the 
SMASH process of the microstructure of an aluminum alloy substrate and its 
subsequent corrosion response and 2) determining the feasibility of using 
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mechanical means to engender an alumina layer on the surface of an aluminum 
alloy substrate. Detailed conclusions can be found in Sections 4.1.4 and 4.2.4 for 
the two alloys examined in Task 1, and in Section 4.3.5 for Task 2.  

Briefly, the SMASH treatment produced grain refinement and an increase in 
hardness for a variety of process parameters in both substrates. The chemical 
distribution was altered somewhat, with varying results on the corrosion response. 
In AA2024, despite reducing the size of intermetallic phases and inducing 
significant chemical contamination on the surface, the differences in aqueous 
corrosion response were minimal; however, the exfoliation corrosion response 
deteriorated significantly due to the grain refinement. In AA5083 the substrate 
chemistry was changed substantially at the surface, and the corrosion response is 
still under investigation due to the number of changes vis à vis the baseline. 

Surface layers of alumina were produced on both aluminum alloy substrates and 
through a range of process parameters. The alumina media was more effective than 
steel at producing dense coatings. Interestingly, the steel media, in some process 
intervals, produced a black alumina coating. The majority of the alumina layers 
were in excess of 20 µm, with some approaching 100 µm.  

5.2 Future Research 

The formed alumina surface layers are far thicker than necessary according to  
MIL-A-8625F. It is likely that substantially less powder can be used in the process 
and still achieve a complete alumina surface later. The reduction in powder may 
significantly improve the density of the layer, the mixing into the substrate, and 
decrease the processing time, as less impact energy will be consumed by alumina–
alumina particle interactions. 

As this was a limited scope program, the main tasks were to examine the feasibility 
of producing an alumina layer through this method. Now that several layers have 
been produced, next steps would be to evaluate the adhesion of the alumina layer 
to the substrate and quantify the surface characteristics of both the SMASH-treated 
substrates and the SMASH-created alumina layers in conjunction with the adhesion 
of additional parts of standard coatings packages. 

As more and more applications require high loads and/or elevated temperatures, the 
performance of aluminum alloys under static and cyclic loads become more and 
more crucial. Thus the fatigue performance is also of interest, especially since it is 
well-known that mechanical surface treatments (e.g., shot peening) are effective 
methods for prolonging fatigue life. The compressive residual stresses induced by 
impact from the milling media work in conjunction with the work-hardened layer 
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to hinder fatigue crack initiation and propagation. For example, an enhanced fatigue 
lifetime was linked to cracks being initiated in the interior instead of the surface of 
a gradient nanostructured surface layer in steel, something that was attributed to the 
suppression of slip bands (surface extrusions and intrusions) during fatigue.41 For 
the current aluminum alloys, enhanced fatigue resistance accompanied by the 
suppressed surface-mode fracture is expected with SMAT/SMASH processing. 

The surfaces of the SMASH plates are presumably under a state of compressive 
stress compared with the underlying material. Thus, characterizing the distribution 
of stress whether through XRD analysis or nanoindentation testing could help to 
explain some of the phenomena observed (e.g., the Mg-depleted layer beneath the 
SMASH surface). It is possible that the compressive stress profile could have a 
direct correlation to the chemical distribution in the first 50 μm of the surface.  
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List of Symbols, Abbreviations, and Acronyms 

AA aluminum alloy 

Al aluminum 

Cr chromium 

Cu copper 

DOD US Department of Defense 

DOS degree of sensitization 

EBSD electron backscatter diffraction 

ECAE Equal Channel Angular Extrusion  

EDS energy dispersive spectroscopy  

Fe iron 

Mg magnesium 

Mn manganese 

NaCl sodium chloride 

NAMLT Nitric Acid Mass Lost Test 

NASA National Air and Space Administration 

OCP open circuit potential 

SCE saturated calomel electrode 

SEM Scanning Electron Microscopy 

SMASH Surface Mechanical Alloying for Specialized Heterogeneity 

SMAT Surface Mechanical Attrition Treatment 

SPD severe plastic deformation 

XRD X-ray diffraction 
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