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Abstract:

The recent invention of a new processing method for metals and alloys involving the
addition of carbon has led to several reports demonstrating an enhancement in the mechanical
properties of the materials known as “covetics”. In this work the corrosion behavior and
mechanical properties of a 6061 aluminum-carbon covetic are investigated and explained. A

covetic sample with carbon added was found to exhibit a corrosion potential 30-40 mV higher



than a sample processed without the addition of carbon. However, the corrosion current
density of the covetic relative to samples without carbon added was also increased.
Additionally, changes in the mechanical properties of the covetic were observed with both the
hardness and the compressive strength of the covetic increasing as a result of processing with
carbon. Physical characterization using scanning electron microscopy, energy dispersive x-ray
spectroscopy, and x-ray diffraction revealed significant changes in the composition of the
covetic material. Following the corrosion treatments, the surface of the covetic showed a
higher concentration of different elements from the parent alloy and also exhibited a reduced
grain size. These findings indicate the formation of a new phase in the material, induced by the
addition of carbon. The presence of this new phase in the covetic contributes to the observed

changes in corrosion behavior and improvement in mechanical properties.
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1. INTRODUCTION

The formation and processing of metal alloys allows significant enhancements in the
desirable properties of the base metal. For example, the carburization of steel strongly
influences its strength and ductility, and also increases its resistance to oxidation [1, 2]. Metal
alloys are widely utilized in the building of infrastructure such as for the transmission of
electricity in high-voltage power lines, for the fabrication of high-performance electronics, and

for the construction of lightweight aerospace, naval, and automotive vehicles.

Aluminum (Al) and its alloys are of interest because of their increasingly significant role
in applications requiring lightweight yet strong building materials that are resistant to chemical
attack and degradation. The corrosion of many Al alloys has been investigated previously to
understand the mechanism of corrosion and corrosion resistance. Typically, Al and its alloys
undergo pitting corrosion in the presence of chlorine ions (Cl) in which local breakdown of the
metal-oxide passivation layer results in the dissolution of the Al surface [3-7]. Such pitting
corrosion is of major concern due to the high CI" levels found in the environments in which
these metals are typically used, such as in seawater and on roadways. For Al alloys, chromate
conversion coating is commonly used to protect the surface [4]. However, this process involves
the use of chromic acid which is toxic and highly regulated. Thus, alternative methods to

protect Al alloys from corrosion are desirable [8].

Many attempts to manufacture composite materials by combining carbon fillers and
metallic Al powders have recently been described [9]. These include mixing graphene and

carbon nanotubes with powders of pure Al or Al-alloys and applying various processing



techniques including ball milling, binder-assisted mixing, hot-pressing/sintering, high-pressure
torsion, friction stir processing, and plasma spray forming [10-17]. The resulting composite
materials consist of a mixture of carbon structures and Al particles because the solubility of
carbon in Al is extremely low [18]. Additionally, the presence of a carbide phase, Al4Cs, has
been observed for manufacturing processes which involve high temperatures, generally above
600 °C. For all of these methods the resulting composite material typically consists of

interdispersed carbon structures within the Al alloy.

Recently, a new method for incorporating carbon into Al alloys was developed by Third
Millennium Materials, LLC, referred to as “electrocharging assisted bulk processing” [19, 20].
This process, which involves adding carbon to the molten metal and applying a high electrical
current while stirring the mixture, was used to incorporate carbon into metals and alloys for
which the predicted solubility of carbon is low, such as Ag, Cu, and Al [19-30]. It is hypothesized
that the high currents used in this process result in the ionization of carbon atoms within the
melt. This ionization could enable the formation of covalent bonds between the carbon and
the metal, for which these “covetic” materials have been named. The formation of covetics in
Ag, Cu, and Al has been studied by diffraction, electron energy-loss spectroscopy (EELS), Kelvin
force-probe microscopy, and X-ray photoelectron spectroscopy (XPS) [19, 26, 27]. Additionally,
multiple density functional theory (DFT) calculations have suggested the possibility of forming
direct bonds between C and metal atoms, particularly for C atoms at defect sites and at the

edge of graphene-like sheets [19, 26, 31].

The covetics obtained through the electrocharging process represent a new class of

metallic/carbon nanostructured materials, in contrast to previously studied composite
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materials [32, 33]. It is expected that covetics, which ostensibly feature covalent bonds
between the metal and carbon, could exhibit enhanced properties relative to the composites.
Indeed, studies showed that covetic mechanical properties, such as hardness and tensile
strength, are improved from the pure alloy upon carbon addition [21, 22, 25]. Covetics also
exhibit higher thermal stability and a higher melting temperature compared to the pure alloy
[19, 21, 22]. Efforts on the characterization of covetics and the enhanced properties of covetics

are summarized in a recent review [2].

It has also been suggested that covetics could have the desirable properties of improved
corrosion resistance and resistance to oxidation [28, 34]. Previous studies demonstrated that
graphene can act as a barrier to prevent the oxidation of a Cu surface and a similar resistance to
oxidation was observed for a Cu covetic [30, 35, 36]. However, a full experimental investigation
of the corrosion properties and an understanding of how the covetic process influences these
properties is lacking. As previously proposed, it is likely that the changes induced during the
process used to make the covetics could affect their corrosion properties, particularly if the
surface exhibits increased carbon content and/or there is a covalent interaction between the Al
and any putative C [30, 37]. For typical Al alloys, the addition of alloying elements results in the
formation of secondary phases which vary in composition from the bulk material [38]. The
presence of these enriched phases is known to affect the corrosion properties of alloy materials
and anodic dissolution methods are sometimes employed to reveal the composition of
different secondary phases [38, 39]. In this study, we present the results of corrosion tests for
an Al 6061-based covetic with and without carbon added during the manufacturing process,

and observe that the covetic with carbon exhibits a significant increase in corrosion potential.



We also confirm improvements in the mechanical properties of the covetic with carbon added
and provide detailed physical characterization to help reveal the origin of the observed changes

in both mechanical properties and corrosion behavior.

2. EXPERIMENTAL

2.1 Sample preparation

Al 3003 samples were obtained from McMaster Carr (product number 8973K87). Al 6061-
T6 (the parent material for the covetic) and the covetic Al 6061 samples were received from
Third Millennium Materials (TMM) LLC, Waverly, OH. Covetic Al 6061 samples were prepared
as described in previous work [2, 26, 27]. One material was prepared using the covetic process
but without the addition of any carbon (“0% covetic”, “AC 0% C”) and one was prepared by
adding 2.3 wt % carbon (“2.3% covetic”, “AC 2.3% C”) during manufacturing. We note that
these carbon amounts are those reported by manufacturers and they may not be the actual
carbon contents incorporated in the covetic materials. All samples were cut into disks with
diameter = 1 cm. Before characterization and corrosion testing one surface of each sample was
sanded using 220 grit aluminum oxide sandpaper to remove surface contamination and passive
oxide layers followed by progressive polishing using 1.0 um to 0.25 um alumina polish. After
polishing, samples were sonicated in Milli-Q (Millipore) water and thoroughly rinsed. Samples

characterized after corrosion tests were first thoroughly rinsed with Milli-Q water.



2.2 Chemicals and reagents
Electrolyte solutions were prepared using NaCl (ACS reagent 299%, Sigma-Aldrich), H,0>
(ACS reagent, 30% solution, Macron), HCI (ACS reagent, Macron), and 18.2 MQ-cm Milli-Q water
(Millipore). All chemicals were used as received. For experiments following ASTM G69
(“oxygenated saltwater test”), 0.9 mL of 30% H,0; (ACS reagent, Macron) was added to 100 mL
of 1 M NaCl prior to beginning the corrosion test [40, 41]. For all experiments fresh electrolyte

was used, taken from the same stock solution to ensure consistency in the results.

2.3 Corrosion testing

Corrosion tests were carried out at room temperature using a single compartment cell
exposed to air with Al samples attached to a steel rod by conductive double-sided Cu tape and
suspended using a hanging meniscus configuration. The Al samples were used as the working
electrode with a Saturated Calomel Electrode (SCE, Koslow Scientific) used as the reference
electrode and a graphite rod used as the counter electrode. Typically, the open circuit potential
(OCP) was monitored and allowed to stabilize over a period of 30-60 minutes before data was
collected [40]. Then OCP was recorded for 1 hour before beginning linear polarization (LP)
testing. LP was performed using a potential range of £250 mV of the OCP with a scan rate of 60
mV/min [42]. Tafel fitting was performed using EC-Lab software [43]. OCP measurements were
taken using a CHI 760C (CH Instruments) and LP measurements were taken using a SP-150

(Biologic Science Instruments).



2.4 Mechanical properties testing
The compressive properties of the Al covetic samples were measured via a compressive

test using a load frame (4483 Load Frame, Instron Testing Systems) with a constant crosshead
speed of 0.05 mm/min. The samples were machined to cylindrical shapes with a diameter of 5
mm and a height of 10 mm. Three samples of each covetic material (0% and 2.3%) were tested.
The measurements were carried out in accordance with the ASTM E9 standard [44]. Rockwell
hardness (HRB) was measured on both the longitudinal and transverse surfaces of the samples
using a hardness tester (Wilson/ Rockwell Model 523). Vickers micro hardness (VHN) was also
measured on both surfaces of the same samples by applying a load of 3000 grams for 15
seconds using a microhardness tester (Shimadzu HMV-M3 Newage Testing Instruments). The
reported hardness values were the averages of the total of ten measurements made on the two

orthogonal surfaces (longitudinal and transverse) of each sample.

2.5 Physical characterization

Scanning electron microscopy (SEM) was carried out using a Hitachi A-4700 high resolution
microscope with an emission gun capable of 2.5 nm resolution. Energy dispersive x-ray
spectroscopy (EDS) was carried out using an Oxford Instruments ISIS EDS X-ray system with
accelerating voltages of 5 keV and 20 keV. X-ray photoelectron spectroscopy (XPS) was
performed with a Kratos AXIS Ulta spectrometer with a monochromatic Al Ka (1486.6 eV) X-ray
source. X-ray diffraction was performed using an X-ray diffractometer (XRD) (Panalytical/Philips
X’pert) with a Cu K-alpha source of 0.15148 nm wavelength operated at 45 kV/40 mA. The XRD

spectra were obtained between diffraction angles of 26=5° and 26=100° with a scan step size of



0.05° and a dwell time of 2 s/step. For thermogravimetric analysis the covetic samples were cut
into pieces weighing c.a. 50 mg, washed using isopropanol at least two times, and were allowed
to dry. Then, they were placed in an alumina crucible and heating was carried out using TA
Instruments Q-50 equipment with a temperature ramp heating cycle of 10 °C/min up to 800 °C
under a constant N, purge of 60 mL/min.

3. RESULTS

3.1 Corrosion Testing

In order to evaluate the corrosion behavior of the Al alloy and Al covetic samples we
used linear polarization (LP) using the conditions for the “oxygenated saltwater test” and in
acidic conditions using 0.1 M HCI. Figure 1 shows the linear polarization curves obtained for
the Al covetic (AC) samples and two reference samples: Al alloy (AA) 6061-T6 and AA 3003. The
corrosion potential (Ecorr) for each sample was determined from the polarization curves using
Tafel fitting [42, 43]. The Ecorr values for each sample are given in Table 1. From these results,
we observe that the 2.3% covetic exhibits a Ecorr approximately 30-40 mV higher than the 0%
covetic. The Ecorr of the 2.3% covetic is also higher than the corresponding values measured for
the Al 6061-T6 and Al 3003 samples.

Table 1. Corrosion potentials obtained for covetic materials and reference samples in 1M NacCl
and 0.1M HCl as determined for the linear polarization curves.

Aluminum Alloy Sample Ecorr 1M NaCl + H,0, Ecorr 0.1M HCI
(V vs SCE) (V vs SCE)

Al 3003 -0.74 -0.67

Al 6061-T6 -0.74 -0.68

Al Covetic 0% C -0.73 -0.70

Al Covetic 2.3% C -0.69 -0.63
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Figure 1. Linear polarization curves obtained for covetic materials and reference samples in the
“oxygenated saltwater test” (1M NaCl + H,0;) (a) and 0.1M HCI (b).

To confirm the results of the LP tests, the open circuit potential (OCP) was recorded for a period
of 60 minutes for each of the samples as shown in Figure S1. Table S1 provides the
corresponding values of Ecrr as determined by averaging the OCP over a period of 30 minutes,

following a previously established method [40, 41]. The values of Ecorr as determined from both
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the linear polarization curves and open circuit potentials agree closely. The values of Ecorr
obtained for the reference samples are consistent with the values reported in literature, as
shown in Table S2 [40].

In order to compare the effects of the covetic process and addition of carbon on the
corrosion properties of the samples, additional corrosion parameters were calculated by fitting
the polarization curves. The corrosion current density (icorr), anodic and cathodic Tafel slopes
(Ba and Bc), and polarization resistance (R;) for each sample are given in Table 2 [42, 43]. These
results indicate that the corrosion current density measured at Ecorr in both 0.1 M HCland 1 M
NaCl + H20; is higher for the 2.3% covetic than for the other samples. The lower Ry value for
the 2.3% covetic indicates that the 2.3% covetic is more easily corroded near its corrosion
potential as compared to the rest of the samples. Interestingly, in acidic conditions the anodic
branch of the polarization curve for the 2.3% covetic is shifted slightly to lower current density
than the other samples as a result of the increase in Ecorr. This shift indicates that at potentials
above Ecorr the corrosion rate is reduced for the 2.3% covetic as compared to other samples. In
acidic conditions the slopes of the cathodic and anodic branches of the polarization curve are
higher for the 2.3% covetic than for the other samples, which suggests that there is a change in
the kinetics of both the cathodic and anodic reactions resulting from the process of adding
carbon. In 1 M NaCl +H;0; the slope of the cathodic branch increased slightly for the 2.3%
covetic while the slope of the anodic branch decreased, suggesting that in these conditions the
rate of the cathodic reaction was retarded while the anodic reaction (corrosion) was

accelerated.
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Table 2. Corrosion parameters calculated from polarization curves.

Electrolyte Sample icorr (MA/cm?)  Ba(mV/dec) B.(mV/dec) R, Ohm
0.1M HCI Al 3003 75 21.9 76.7 66

Al 6061-T6 42 24.5 81.7 148

Al Covetic 0% C 42 24.8 76.4 136

Al Covetic 2.3% C 273 49.3 192.8 70
1M NaCl + H,0, Al 3003 a0 61.7 582.8 316

Al 6061-T6 38 34.4 405.6 337

Al Covetic 0% C 181 76.3 412.2 186

Al Covetic 2.3% C 232 32.9 493.2 53

3.2 Physical Characterization

To explain the difference in the corrosion behavior of the 2.3% covetic, we investigated

the surface composition of the covetic samples. Figure 2a and 2d show SEM images of the

covetics following the corrosion tests.
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Figure 2. SEM images and EDS spectra recorded following corrosion tests for the 0% covetic (a-
c) and the 2.3% covetic (d-f).
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The 0% covetic exhibits a crystalline etching pattern while the 2.3% covetic has a
rougher-looking surface. To probe the elemental composition of the samples after corrosion,
EDS was used at two different accelerating voltages as shown in Figure 2b-c and 2e-f.
Interestingly, these results indicate that the surface of the 2.3% covetic after corrosion is
enriched with Si, Cu, Mn, and Ti. XPS was also used to interrogate the surface composition of
the samples before and after the corrosion tests as shown in Figure 3. In agreement with the
EDS results, XPS also indicates that the surface of the 2.3% covetic contains Si, Cu and Mn. The
elements found on the surface of the 2.3% covetic are all present in the Al 6061 parent material
used to form the covetic [6]. The enrichment of these elements on the surface of the 2.3%
covetic after corrosion suggests that the material is not homogeneous and that the composition
of the material is altered. Since the 0% covetic does not exhibit the same increase in corrosion
potential, it is evident that the addition of carbon to the covetic is necessary to promote this

change in composition.
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Figure 3. XPS spectra before (a) and after corrosion testing (b) for the 0% covetic and the 2.3% covetic.

To further study the surfaces of the samples XRD was performed before and after
corrosion. Figure 4 shows crystallographic morphologies of both 0% and 2.3% covetics. In both
samples the crystal structure order of the base Al matrix was preserved. In addition, the 0%
covetic demonstrated a polycrystalline morphology where the (111) peak intensity varied with
respect to other peaks as the sample was rotated to different orientations. On the other hand,
the 2.3% covetic possessed a preferred grain orientation where structural order did not display

this modulation effect. Additionally, broadening in the (111) peak was observed for the 2.3%

14



covetic. The peak widths were used to determine the average grain sizes and lattice constants
for each material by using the Scherer formula [36]. The average grain size for the 2.3% covetic
was 170 + 4 A as compared to an average grain size of 232 + 27 A for the 0% covetic. From
these values, it is clear that the surface of the 2.3% covetic has generally smaller grains than the
0% covetic. A previous study also observed smaller grain size resulting from the process used
to make the covetics [22]. The presence of smaller grains also explains the preferential
alignment of the grains in the 2.3% covetic [45, 46]. However, the lattice constants for the 2.3%
and 0% covetics were determined to be 4.04524 + 0.00121 A and 4.04841 + 0.00456 A,
respectively. These lattice constants are identical within error which suggests that the 2.3%
and 0% covetics have a similar metallic-alloy structure. We note that no characteristic peaks for
Al-carbides or for carbon were observed in the XRD spectra in any of the samples. For the case
of the 2.3% covetic, this lack could indicate either that the carbon is well dispersed into the Al

matrix via the electrocharging process, or that carbon is not present.
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Finally, we carried out thermogravimetric analysis (TGA) on the 0% and 2.3% covetic
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Figure 4. XRD spectra with rotations for the 0% covetic (a) and 2.3% covetic (b).

samples. Figure 5 displays the temperature-ramp of the covetics carried out using TGA. The
0% covetic exhibited mass uptake with a small slope from the adsorption of N; at elevated
temperature, which corresponds to ca. 0.1% mass increase up until 800 °C. This trend was
consistently reproduced through application of two subsequent heating cycles. However, the
2.3% covetic yielded significant mass reduction associated with thermal degradation until about

660 °C within the vicinity of melting point of the Al matrix. The mass loss was measured to be
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between 0.2 and 0.8% of the initial mass of the sample. Decomposition started immediately
during the thermal cycle, indicating that the observed mass loss is likely a consequence of the
presence of water physically or chemically adsorbed to the transition metal oxides present in
the 2.3% sample [47]. Figure S2 shows the degradation rate curve for the covetic samples, with
the curve for the 2.3% covetic exhibiting a degradation rate peak at low temperatures which is
a characteristic of the loss of water [48]. Following the initial mass loss, the thermal curve took
a positive slope similar to the 0% covetic. Likewise, a second cycle heating curve closely
followed thermal behavior of the 0% covetic. We note that the TGA samples were freshly cut
and not corroded before heating, so the observed mass loss likely corresponds to a phase found

within the bulk composition and not only on the surface.
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Figure 5. TGA curves for two heating cycles on the 0% and 2.3% covetic samples.
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3.3 Mechanical Properties Testing

In addition to corrosion testing we also investigated mechanical properties of the
covetic materials. Figure 6 shows representative compressive stress-strain curves of the 0%
and 2.3% covetics. The 0% covetic displays a large plastic deformation domain following an
initial elastic regime, which agrees well with the characteristic compressive behavior of Al
samples [49]. The 2.3% covetic yielded substantially improved compressive strength relative to
the 0% covetic. Increasing compressive stress applied on the 2.3% covetic was sustained until
the formation of fracture at around 407.3 £ 25.4 MPa and 31.04 + 5.8% strain-to-failure ratio.
Hence, the 2.3% covetic enabled dramatically increased deformation energy absorption, as
indicated by the toughness. The fracture formation under compression with the 2.3% covetic is
a clear indication of a brittle morphology when compared to the completely plastic behavior of
the 0% covetic. Additionally, as demonstrated in Table 2, both Rockwell and Vickers hardness
values measured on the 2.3% covetic notably increased with respect to the 0% covetic. Namely,
the Rockwell and Vickers hardnesses improved by 10% and 51%, respectively, for the 2.3%

covetic.

Table 2. Hardness measurements for 0% and 2.3% covetic samples.

Aluminum Alloy Sample Rockwell Hardness (HRB) Vickers Hardness (kgf/mm?)
Al Covetic 0% C 38+2.1 34+3.2
Al Covetic 2.3% C 42+1.8 65+5.1
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Figure 6. Compressive stress-strain curves for the 0% and 2.3% covetics.

The reduced grain size in the 2.3% covetic relates directly to the enhancement in
mechanical properties through the Hall-Petch relation [50]. The Hall-Petch model suggests that
increases in strength are expected to vary inversely with the square root of the grain
size. Consequently, the prediction is that the 2.3% covetic should exhibit a strength slightly
larger than that seen in the 0% covetic due to the marginally reduced grain size. However, the
actual increases in the yield and ultimate strengths in the 2.3% covetic material are almost four-
times until fracture. Thus, an additional strengthening mechanism is required to fully describe
the large increase in compressive strengths observed for the 2.3% covetic.

4. DISCUSSION

Our findings reveal that the corrosion potential is shifted to a more positive potential for

the 2.3% covetic with carbon added via the electrocharging assisted process. Despite this shift,

the corrosion current density at Ecorr is increased in the 2.3% covetic as compared to the 0%
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covetic and reference Al 3003 and Al 6061-T6 samples. Using several methods to study the
materials before and after the corrosion tests we observe key differences between the 0%
covetic and the 2.3% covetic. Surface characterization using SEM, EDS, and XPS indicates that
the surface composition of the 2.3% covetic is different after corrosion, containing a higher
concentration of several elements present in the parent material including Si, Ti, Mn, and Cu.
The presence of these elements has been found to play a significant role in the corrosion
behavior of Al alloys in agreement with the data that we report [6]. Additionally, previous work
indicates that the presence of a secondary phase within an Al alloy containing Cu, Mn, and Si
can greatly affect the corrosion properties of the material [39].

Additionally, we observe substantial improvements in the mechanical properties of the
2.3% covetic. In particular, the compressive strength is improved by four-fold in the covetic,
which also dramatically enhanced the materials toughness. Additionally, the HRB and VHN
hardness values of the covetics increased by 10% and 51%, respectively. We show that the
average grain size for the 2.3% covetic is smaller than that of the 0% covetic. As expected, the
reduction in grain size corresponds to an increase in the compressive strength and hardness for
the 2.3% covetic, in agreement with previous reports [21, 22, 25]. However, the improvements
in the mechanical properties observed for the 2.3% covetic are larger than would be expected
from the decrease in grain size alone. From the corrosion studies and sample characterization,
the change in composition of the alloy phases present after addition of carbon further explains
the increased strength and hardness of the 2.3% covetic [1, 51].

Compositional differences within Al alloys are commonly observed due to secondary

phase formation and as a result of processing, such as during heat treatments, aging, and
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welding [4, 38, 39]. Due to the high temperature and electrical current used to manufacture the
covetic samples it is extremely likely that similar changes in the local composition of the alloy
have occurred for the covetic samples. However, since the changes in corrosion potential,
mechanical strength, and hardness are only observed for the 2.3% covetic it is apparent that
the addition of carbon is required to facilitate these compositional changes. Carbon interacts
strongly with oxygen and as carbon is added oxygen atoms may also be introduced into the
molten covetic material. The O interacts strongly with the other elements present in the melt
and as the covetic is cooled phase separation occurs. This results in changes to the phase
composition within the material, increasing the presence of oxides of Al, Si, Mn, Ti, and Cu.
Previous studies on covetic materials suggest that carbon incorporation into the covetic
material results in graphene-like nanoribbons, observed using techniques such as Raman and
EELS mapping [19, 25-27]. Such possibilities have been supported by DFT studies which show
that graphene-like carbon can be directly bonded to Al atoms in the alloy through the
formation of covalent bonds between carbon and Al [19, 26, 31]. However, in our studies we
did not specifically observe the incorporation of carbon into the 2.3% covetic. All of the
samples examined by XPS exhibited a peak around 284 eV from carbon on the surface. The
carbon peak was more pronounced before the corrosion tests, but was still present on all
samples after corrosion, even those not intentionally doped with carbon. In our case, we
attribute this peak to residual surface contamination, unrelated to the incorporation of carbon
into the covetic materials. For the covetic samples we studied any incorporated carbon would
be difficult to quantify since the amount of carbon present is expected to be very close to or

below the normal detection limits of XPS (ca. 2%) [52].
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5. CONCLUSION

We show that changes in the composition of alloy phases with elevated amounts of O,
Si, Ti, Mn, and Cu are induced by the addition of carbon during the electrocharging assisted
process. We further show that these compositional changes are more evident on the surface of
the material after corrosion testing, forming a layer which increases the corrosion potential but
also the corrosion current density. Additionally, we observe that the mechanical properties
including the compressive strength and hardness are also enhanced by the addition of carbon
in the 2.3% covetic. We attribute the origin of these improvements to the altered phase
composition within the covetic material and also to the smaller grain size. Understanding the
corrosion behavior and mechanical properties of covetic materials is important for potential
applications within manufacturing and construction industries. Our findings suggest that
covetics prepared via the electrocharging-assisted process could be promising candidates for
application as robust as lightweight building materials where corrosion may be an issue. We
believe that further research to gain a better understanding of the processing and
characteristics of covetic materials could lead to further control and improvement of their

properties and help to accelerate their commercialization.
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