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Corrosion Behavior and Hardness of Binary
Mg Alloys Produced via High-Energy
Ball-Milling and Subsequent Spark
Plasma Sinfering

Mohammad Umar Farooq Khan,**** Taban Larimian,*** T. Borkar,*** and R.K. Gupta***

In this work, nine nanocrystalline binary Mg alloys were synthesized by high-energy ball milling. The compositions, Mg-5 wt% M (M-Cr, Ge,
Mn, Mo, Ta, Ti, V, Y, and Zn), were milled with the objective of achieving non-equilibrium alloying. The milled alloys were consolidated via cold
compaction (CC) at 25°C and spark plasma sintering (SPS) at 300°C. X-ray diffraction (XRD) analysis indicated grain refinement below 100 nm,
and the scanning electron microscopy revealed homogeneous microstructures for all compositions. XRD analysis revealed that most of the
alloys showed a change in the lattice parameter, which indicates the formation of a solid solution. A significant increase in the hardness
compared to unmilled Mg was observed for all of the alloys. The corrosion behavior was improved in all of the binary alloys compared to milled
Mag. A significant decrease in the cathodic kinetics was evident due to Ge and Zn additions. The influence of the alloying elements on
corrosion behavior has been categorized and discussed based on the electrochemical response of their respective binary Mg alloys.
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INTRODUCTION

agnesium (Mg) alloys have attracted significant attention

for light-weighting in structural applications due to low
density and the capability of imparting high specific strength.’3
Having an elastic modulus comparable to human bones® and
excellent biocompatibility,®> Mg drives interest in biomedical
applications." 28 Its high theoretical energy density is attractive to
applications in the field of electronics.”® However, these
applications demand an improved strength and controlled
corrosion behavior of Mg to fulfill the needs of near-future
challenges for its use in industrial applications.” Enhanced
understanding of the structure-property relationship for Mg
alloys, ability to design desired microstructure, and exploration of
new compositions are expected to facilitate the development of
new Mg alloys with properties closer to other structural alloys
used in various engineering applications. Over the years, the
study of Mg has brought up the anomalous degradation behavior
of Mg in an aqueous environment.”

Well-known characteristics for Mg include its extremely
low exchange current density for the hydrogen evolution reac-
tion® and standard electrode potential being much below the
hydrogen stability region,? at least at all pH below 14, in the Mg
Pourbaix diagram.2"° A low exchange current density makes it
a poor cathode® and due to substantially low electrode potential,
the occurrence of the hydrogen evolution is possible even
at the anodic overpotentials.” "' Consequently, many elements,
either present as an impurity or for alloying to improve

mechanical properties, are known to enhance cathodic reactions
and cathodic activation of the corroded surface, which elec-
trochemically balances with a high anodic reaction rate, e.g., the
dissolution rate of Mg.%"""'* The anodic kinetics get enhanced
because of the cathodic activation of the corroded Mg surface,
and this is termed as a negative difference effect (NDE).">"”

Several alloys have evolved over decades, which exhibit
improved mechanical strength but mostly at the expense of
corrosion resistance.' The mechanical strength is enhanced
mainly by introducing precipitates or secondary phases, which
act as electrochemical heterogeneities and cause corrosion.
The strategies to circumvent the issue can be developed by
considering processing techniques, alloying elements, or a
combination of the two. First, some processing techniques
help minimize the uneven composition and size distribution of
precipitates or secondary phases to have a lower galvanic
corrosion effect. These techniques include continuous stirring
of molten liquid followed by cooling,'® semi-solid stirring,’® high-
pressure die casting,?° foil metallurgy processing,>' powder
metallurgy followed by hot consolidation,?? and friction stir
welding.?® Second, besides using techniques to improve
corrosion resistance, some elements are shown to directly
contribute to the minimization of corrosion current density of
Mg, such as Al** and Mn,?® when present in solid solution without
noble precipitate formation.22¢ In contrast, other elements
help in uniform distribution of intermetallics such as Zn, Ti, Y, etc.,
thus rendering them less harmful to the Mg matrix.> For
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instance, Zn is added to Mg-Al and Mg-Zr-rare earth (RE) alloys,
and Y is added to commercial AZ series Mg aIons.2 A unique
category of elements known as cathodic poisons, e.g., Ge, Sn, As,
etc., does not increase the cathodic kinetics; instead, they
lower the NDE effect.?” Specific element addition can also help in
the refinement of grains, such as Zn, Al, and Zr? but not
necessarily in lowering the corrosion kinetics. Some other ele-
ments, such as Cr, Mo, Ta, V, and Nb, akin to their role shown in
literature for positively modifying the dissolution characteristics
of Al using high-energy ball-milling (HEBM),2-*° can potentially
be helpful in improving corrosion resistance for Mg.

Decreasing the negative influence of the second phase
by modifying their compositions or size has been suggested
for improving the corrosion behavior of Al alloys.>'” Similar
concepts can be applied to enhance the corrosion behavior
of Mg. Different nonequilibrium Mg and Al alloys, facilitating
extended solid solubility of nonconventional alloying elements,
have been produced via techniques such as sputter deposi-
tion®®* and ion implantation.*>° A few examples of sputter-
deposited alloys include Mg-Y,38 Al-Mo,*%*" Al-Ta,*? AI-Ti,*®
and Al-Ge.** lon implantation examples for Mg alloys include Y on
AZ31,%® Ti on AZ91,%® Zn on Mg-Ca,®°® Ta on AZ31,%" Mg-Ti,%3
and Mg-Y and Mg-Gd.>* Examples for ion implantation in Al alloys
are Al-Mo,*® AI-Cr and Al-Cr-Mo,*” and N-Si-Ti-Cr in Al 2014
and Al 1100 alloys.*® The nonconventional alloying elements
from the mentioned examples could be listed as Mo, Ti, Ta, Y,
Ge, and Cr. Although the two mentioned techniques show a good
indication of high solid solubility and refined grains in a finite
thickness from the surface, they are not feasible for making bulk
parts necessary to be used for industrial applications. Hence,
looking for other techniques to achieve the objective of making
nonconventional alloys feasible for bulk material is obvious.

The refined grain size and fine distribution of precipitates
can also be achieved by utilizing widely used severe plastic
deformation techniques such as equal channel angular
pressing (ECAP) and HEBM. ECAP has been used to decrease the
dissolution due to corrosion by refining grain size of Mg®®-°°
and Al'96%€3 glloys, but it does not help in increasing the solid
solubility of alloying elements. On the other hand, HEBM has
been utilized to not only refine the grain size and the distribution
of precipitates but also could be helpful in forming a super-
saturated solid solution of nonconventional elements, as
reported for Fe and Al alloys.?®~3° Milling techniques have been
previously used for some metal additions into Mg. Mechanical
alloying of Mg-Ti systems have shown extended solubility up
to 12.5 at% by Liang and Schulz®* and up to 2.35 at% by Zhou,
et al.®® on the addition of 20 at% Ti and 0.15 molar fraction Ti
during milling, respectively. Extended solubility was also reported
for a few other elements including Y and Zn by Liang and
Schulz.?® Solid solution formation for Mn in Mg using ball milling
was suggested by Salleh, et al.5” On the other hand, there are
studies reporting negligible alloying after 20 h of milling on the
addition of certain metals including Cr, Mo, V, and Y.8® Addition
of Ge into Mg has been previously attempted using ball milling
by Clark, et al. (33% addition), which resulted in the interme-
tallic formation and unmilled Ge.®® Hence, there is merit in further
exploring the application of HEBM in producing Mg alloys
containing nonconventional alloying elements and studying the
corrosion performance of the ball-milled Mg alloys.

The work herein investigates the use of HEBM and
subsequent spark plasma sintering in producing Mg alloys
containing 5 wt% of nonconventional alloying elements (M: Ge,
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Mn, Mo, Cr, Ta, Ti, V, Y, and Zn). The produced nanocrystalline
binary Mg alloys, with some exhibiting better strength than
commercial alloys, were categorized based on their elements’
respective influence in the electrochemical polarization curve
of Mg. Such categorization is expected to facilitate the devel-
opment of Mg alloys with high strength and the selection of
alloying elements in modifying corrosion resistance of com-
mercial Mg alloys.

EXPERIMENTAL PROCEDURES

2.1 [ Materials and Mechanical Milling

The powders involved in mechanical alloying are Mg, Cr,
Ge, Mn, Mo, Ta, Ti, V, Y, and Zn; the supplier and composition of the
as-received powders are given in Table S1 (Supplemental
Material). The powders in the weight ratio Mg/M:19/1 (M- Ge, Mn,
Mo, Cr, Ta, Ti, V, Y, and Zn) were placed in the milling jars in an
inert gas (high purity Ar atmosphere, O, < 25 ppm). Stearic acid
(1.5 wt%) was added as a process controlling agent to avoid
agglomeration of powders. The metal powders and stearic acid
were loaded in a tungsten carbide (WC) jar along with the WC
balls (10 mm diameter) followed by the encasing of jars into ball mill
fixtures. The milling jar contained a total weight of 10 g powder,
maintaining a ball-to-powder weight ratio of 40:1. Powder-loaded
jars were then set on to the planetary ball mill that operated at
280 rpm. After every 1 h of milling, the mill was paused for 30 min
to allow cooling of the jars and avoid excess heat. After milling,
the jar was opened inside the glove box for collecting the resulting
material. The produced alloys are termed as Mg-5M where M is
either Ge, Mn, Mo, Cr, Ta, Ti, V, Y, or Zn. Alloying content was kept
constant (5 wt%) for each alloy.

2.2 [ Powder Compaction/Consolidation

Cold compaction (CC): Milled alloy powders were
compacted at room temperature (25°C) using a uniaxial hydraulic
press load of 3 GPa for 10 min on a WC die where powder
material was supported by WC punches. The resulting cylindrical
pellet had a diameter of 7 mm and a thickness of 1.5 mm
to 2 mm.

Spark plasma sintering (SPS): The milled Mg-5M alloys
were consolidated under uniaxial pressure of 200 MPa at 300°C
in a WC die of 10 mm diameter using SPS machine (Thermal
Technology' 10-3). To maintain the conductivity and to avoid any
sticking, a graphite sheet was placed between the powder-WC
die interface, and the powder WC punches.

2.3 [ Characterization Using X-Ray Diffraction and
Scanning Electron Microscopy

As-milled alloy powders and alloy samples consolidated
by SPS were studied using Rigaku® x-ray diffractometer (XRD) for
analyzing the phases present in them. A Cu-K radiation
source (A=0.1541 nm) with a tube voltage of 40 kV and a tube
current of 44 mA was used for XRD studies. These alloys were
scanned between the 26 range of 25° to 85° with a scan rate of
1°/min and a step size of 0.01°. For repeatability of milling, XRD
was performed for different Mg milling experiments (grain size
is reported in Figure S1 of the Supplemental Material). The
consolidated samples were ground to 1200 grit SiC sandpaper
for XRD analysis and then polished up to 0.05 ym surface finish
using diamond suspensions followed by colloidal silica + alumina
suspension for scanning electron microscropy (SEM)/energy-
dispersive x-ray spectroscopy (EDS) studies. After grinding, the
samples were ultrasonically cleaned for 5 min with ethanol and
also after each subsequent polishing step.
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The SPS alloy samples were analyzed using XRD for
phase and grain size determination. The diffractometer config-
uration and scanning parameters used were the same as
mentioned above for all Mg-5M alloys SPS at 300°C under
200 MPa pressure for 5 min. The grain size was calculated
using Scherer's equation’® and averaged for three highest-
intensity Mg peaks, after removing the instrumental broad-
ening, which was determined using annealed pure Mg powder.

The microstructural study of SPS alloys was performed
using a Tescan Lyra 3" focused ion beam field-emission SEM
(FIB-FESEM) system in backscattered electron (BSE) mode
with an accelerating voltage of 20 kV while maintaining a working
distance of 9 mm to 10 mm. EDS was also performed in the
same instrument to analyze the composition of different phases
present in the microstructure. The quantification of bright
phases was determined using ImageJ' software for SPS alloys.

2.4 | Density

The experimental density of samples consolidated by CC
and SPS were determined using Sartorius Quintix65-1S" equipped
with the attached YDKO3' density kit. Before measuring the
density, all of the samples were ground up to 1200 grit size SiC
paper, and the temperature of the ethanol was measured and
accounted for every density measurement. The measurement
involved weighing in air and weighing while immersed in ethanol.
After weighing in ethanol, the sample was dried with an air blower
before going for the next measurement. For each sample, the
measurements were repeated at least five times.

2.5[Hardness

The alloys consolidated using SPS were ground up to
1200 grit size SiC before hardness measurements, whereas CC
samples were used as consolidated having a smooth surface
impression from the WC punches ground to 1200 grit SiC
sandpaper. Hardness was measured using a Vickers micro-
indenter (Beuhler-Wilson Tukon 1202") by applying 50 gf load
with a dwell time of 10 s, where 10 measurements were taken
for each sample while maintaining the distance between any two
indents >5 times of the indent size.

2.6 [ Potentiodynamic Polarization

The corrosion behavior of Mg-5M (M-Ge, Cr, Mn, Mo, Ta,
Ti, V, and Zn) alloys consolidated using CC and SPS were
investigated by potentiodynamic polarization (PDP) test using
a Biologic VMP-300" potentiostat. The surface of the samples
was ground up to 1200 grit size SiC sandpaper for all PDP
tests. A conventional three-electrode setup was used in a flat cell
from Princeton Applied Research®, having platinum mesh as a
counter electrode where standard calomel electrode (SCE) was
used as a reference. All PDP tests were performed in 0.1 M
NaCl solution exposed to air at room temperature (25°C). The
open-circuit potential (OCP) of the samples was monitored for
20 min before commencing the PDP tests. Potential scans
started from 250 mV below the OCP, upward with a scan rate
of 1 mV/s until an anodic current of 10 mA/cm? was reached. PDP
tests were performed at least three times.

RESULTS

3.1/ X-Ray Diffraction Analysis

The x-ray diffraction (XRD) scans for the ball-milled Mg-5M
(M-Cr, Ge, Mn, Mo, Ta, Ti, V, Y, and Zn) alloys are shown in
Figure 1(a). Mg-5Zn alloy showed peaks corresponding to only

Mg. All other alloys showed additional peaks corresponding to
either alloying elements, intermetallic compounds, or oxides.
The alloys having no intermetallic compound or oxide formation
(Cr, Mn, Mo, and Al) are shown in Figure 1(a), whereas alloys
which formed intermetallic compound and oxides are plotted
in Figures 1(b) and (c), respectively. Figure 1(d) shows the
zoomed-in comparison of the highest intensity Mg peak with
(110) orientation for all of the alloying additions in as-milled
conditions. The elemental peak for Cr, Mn, and Mo was observed
(Figure 1[a]). Alloys containing Ta, Ti, and V showed the peaks
corresponding to their oxides as well (Figure 1[b]). The oxide
formation may be attributed to the possible gettering effect
similar to that observed or utilized in previous studies on Ti,”"™"®
Ta,”*7® and V,””7° which has been reported to act as a getter
of oxygen in many processes, including powder metallurgy.”>”®
Mg-5Ge and Mg-5Y showed the presence of intermetallic such
as Mg,Ge and Mg,Y), (Mg,>Y/Mg»4Ys), respectively. Relatively
higher intensities were observed for elemental peaks of Mo
and Ta (Figures 1[a] and [c], respectively). whereas the intensity
of elemental peaks was low for Mn and V (Figures 1[a] and [c],
respectively).

Figures 2(a) through (c) show the XRD plots for SPS Mg-
5M alloys where Mg-5Cr, Mg-5Mo, and Mg-5Mn did not form any
intermetallic or oxide (Figure 2[al); Mg-5Ge and Mg-5Y pre-
dominantly showed intermetallic formation with small peak for
GeO, for Mg5Ge (Figure 2[b]); and Mg-5Ta, Mg-5Ti, and Mg-5V
showed peaks corresponding to the oxides (Figure 2[c]). Mg-5Zn
showed both intermetallic and oxide formation (Figure 2[c]).
The elemental peak was observed for Cr, Mn, Mo, Ta, Zn, and Y
(Figures 2[a] through [c]). Figure 2(d) shows the zoomed-in
comparison of the highest intensity Mg peak with (110) orientation
for all of the alloying additions after SPS. From Figures 1(a)
through (c) and 2(a) through (c), it can be observed that there
were no oxides of Mg in the milled powder condition, whereas
after SPS MgO peak was observed suggesting oxidation of Mg
during the SPS process. Moreover, small intensity peaks of
MgC, and graphite/MgWO were observed for all SPS processed
samples and could be attributed due to pick up from graphite
foil wrapped for SPS or W from milling, which clustered during
SPS. A mixed oxide peak was observed for SPS Mg-5Zn as
MgZnO (Figure 2[c]). The intensity ratio for various phases in-
cluding elemental phase, intermetallic phase, MgO, and oxide
phase of the added element with respect to Mg intensity was
determined and listed in the Supplemental Material (Table S2).
Mo has the highest fraction of elemental portion in the micro-
structure followed by Ta, while others have a smaller fraction
of the unalloyed elements. The highest MgO fraction was
obtained for Mg-5Zn followed by Mg-5Y and Mg-5Mo
(Table S2).

The zoomed-in scans of the alloys in Figures 1(d) and 2(d)
show a shift in the highest intensity Mg peak (011). The peak shift
was toward lower 26 values for all of the milled alloys exceptin
the case of Zn addition, for which the Mg peak showed a
significant shift toward higher 20 values. The change in the 26
values can be understood by considering the theoretical atomic
diameter of the elements, which suggests that these elements
have a larger atomic size than Mg except in the case of Ge.®°
Hence, most of them increased the lattice parameter of Mg
after HEBM. Out of these elements Ti, V, Mo, Ta, and Ge have
negligible solid solubility, and hence, having peak shifts in
these cases is remarkable. The peak shift for Zn addition to
higher 26 values has been previously shown.2' The peak shifts
were also noticeable after SPS for all of the alloys, although with
higher peak intensities and decreased broadening.
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FIGURE 1. XRD scans for milled Mg-5M powder having (a) Mg and other elemental peaks only (for Cr, Mn, Mo, and Zn addition), (b) Mg and
intermetallic peak (for Ge and Y addition), (c) Mg and oxide peaks (for Ta, Ti, and V addition), and (d) zoomed-in highest intensity Mg (110) peak

compared for all additions.

The grain size for Mg-5M alloys for milled and SPS
conditions have been presented in Figure 3. The grain size,
measured through the Scherer's equation,’® was less than
100 nm for all as-milled Mg and Mg-5M alloys. The grain size, after
SPS, expectedly increased for all of the alloys due to the spark
plasma sintering temperature. However, for some of the alloys
(Mg-5Ge, Mg-5Mn, and Mg-5Mo) the grain size remained below
100 nm. In the case of Mg-5Zn, the grain growth after SPS was
much higher as compared to other alloys because of the low
eutectic and solidus temperatures (<400°C) for the alloy.52

3.2 | Microstructural Characterization Using Scanning
Electron Microscopy and Energy Dispersive X-Ray
Spectroscopy

BSE images for the CC and SPS alloys are shown in
Figures 4 and 5, respectively. Pores were observed in the ma-
jority of the CC Mg-5M alloys and Mg (Figure 4). SPS reduced

the size and number of pores (Figure 5). Interparticle boundaries
were observed in Mg, Mg-5Ge, and Mg-5Zn alloys, while SEM
images of the alloys did not show interparticle boundaries. A
peculiar feature found in the case of Mg-5Ge, Mg-5Zn, and Mg
was that the interparticle boundaries were easily noticeable, with
the boundaries being darker (Figures 4[b], [il, and [j]). Interpar-
ticle boundaries appearing darker indicated with marked arrows
were observed for SPS Mg-5Zn (Figure 5). It showed that the
atomic number of the alloying elements was higher than that of
Mg, and therefore, the unalloyed portion of added elements or
intermetallics appeared brighter in the BSE images. This under-
standing suggests that a lower content of alloying elements
was present at the interparticle boundaries of Mg-5Ge and
Mg-5Zn (Figures 4[b] and [i], respectively). The oxidized region
of Mg appeared darker in the SPS condition (Figure 5[j]). The
darker interparticle boundaries diminished on SPS for Mg-5Ge
(Figure 5[b]). Whereas in the case of Mg-5Zn (Figures 5Ii]),

the particle boundaries were contrastingly darker compared to
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FIGURE 2. XRD scans for spark plasma sintered Mg-5M alloys having (a) Mg and other elemental peaks only (for Cr, Mn, and Mo addition), (b) Mg
and intermetallic peaks (for Ge and Y addition), (c) Mg and oxide peaks (for Ta, Ti, V, and Zn), and (d) zoomed-in region of highest intensity Mg

(110) peak compared for all additions.

that in the CC sample. It can be reasoned that the particle
boundaries might be composed of MgO and MgZnO, as ob-
served in XRD results (Figure 2[b]). The oxidized region formed
in some alloys (Mg-5Cr, Mg-5Mo, Mg-5Ta, Mg-5Y, and
Mg-5Zn) in SPS condition is shown in the Supplemental
Material (Figure S2), where the distribution of added

elements can also be seen.

In the case of Mg-5Mn, the bright particles seem to be
present in varying sizes for the SPS sample, as seen in Figure 5(c),
whereas smaller bright particles with pores in adjacent areas
were observed in the CC sample (Figure 4[c]). It could be inferred
that the bigger bright particles came off during surface
preparation in the case of the CC sample, whereas for the SPS
Mg-5Mn sample, the bigger bright particles remained intact.
These features could be ascribed to better consolidation and
bonding during SPS. Similar behavior could be observed for
Mg-5Ta alloy, but the particle size was smaller compared to
bright particles in Mg-5Mn.

The microstructure of the Mg-5Cr alloy (both CC and SPS)
was significantly different than other alloys (Figures 4 and 5),
where the bright particles, rich in Cr, were relatively coarser. Mg-
5Ge, Mg-5Ti, Mg-5Mo, Mg-5V, Mg-5Ta, and Mg-5Zn showed a
uniform distribution of added alloying elements. The fraction of
bright particle region on the polished surface was measured using
ImageJ' software and the area percentage is listed in Table S3
(Supplemental Material). The highest area fraction of bright par-
ticles was observed for Mg-5Y followed by Mg-5Ta.

Pores were observed for all CC Mg-5M alloys except for
Mg-5Mo (Figure 4[d]) and Mg-5Y (Figure 4[h]). The pores
are indicated with arrows in BSE images of CC samples
(Figures 4[a] through [c], [e] through [i]). Qualitatively, a relatively
higher number of pores were observed for Mg-5Mn, Mg-5V,
Mg-5Zn, and Mg (Figures 4[c], [g], [il, and [j]). Smaller pores were
noticed for Mg in CC condition (Figure 4[il). Exact quantification
of pores is avoided because of the presence of oxides and Mg
lean regions appearing darker in some cases such as Mg-5V
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FIGURE 3. Grain size measured using Scherrer’s equation for as-milled
and spark plasma sintered Mg-5M (M- Cr, Mn, Ti, Mo, Ge, Ta, V, Y, and
Zn) alloys.

(Figure 4[g]). On the other hand, the pores were significantly
suppressed by SPS.

3.3 | Density

Figure 6 shows the comparison of the experimentally
measured density with that calculated using the rule of mixture
(ROM) for SPS Mg-5M alloys. Experimental density for all of the
alloys was significantly lower than that calculated using the ROM.
This suggests the presence of porosity in the SPS alloys. The
difference in the ROM density and measured density was much
higher for Mg-5Ta and Mg-5Mo as compared to other binary
alloy compositions (Figure 6).

3.4 [Hardness

A comparative bar chart for the hardness data of ball-
milled Mg-5M alloys in CC and SPS consolidation state has been
shown in Figure 7. High-temperature exposure during pro-
cessing such as SPS is expected to decrease the hardness.
However, the average Vickers' hardness of all of the binary
alloys either remained similar (as in the case of Mg-5Ti and Mg-
5Ge) or improved with SPS as compared to CC samples. The
fact that the grain size of the alloys increased due to SPS
(Figure 3) and the hardness did not decrease that suggests
some additional strengthening factor, such as solid solution
strengthening and precipitation strengthening, apart from the
strengthening due to grain refinement (following Hall-Petch re-
lation). Moreover, it is interesting to observe that the hardness
for Mg-5Cr and Mg-5V was lower than that of the milled Mg
(Figure 7). These lower hardness values could be correlated to
the lesser grain refinement (Figure 3) and insoluble clusters
present in their microstructure after HEBM. The highest
hardness was obtained for Mg-5Zn alloy in both CC and SPS
conditions (Figure 7).

3.5 [ Potentiodynamic Polarization

As the microstructural study for the Mg-5M alloys in-
dicated improvement in the consolidation in terms of porosity,
the corrosion studies would be most representative for SPS
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samples. Hence, corrosion data for only SPS samples are being
presented here. The OCP of the Mg and Mg-5M alloys in SPS
condition is included in the Supplemental Material (Figure S3).
Figure 8 shows the potentiodynamic polarization curves for
SPS Mg-5M alloy samples tested in 0.1 M NaCl. The lowest
cathodic kinetics were observed for Mg-5Ge and then for
Mg-5Zn, whereas all other alloys showed higher cathodic
kinetics than SPS Mg. Specifically, the highest cathodic
kinetics were observed in the case of Mg-5Mo after SPS.

The highest anodic kinetics were observed for Mg-5Ge. The
lowest anodic kinetics were observed for Mg-5Zn from its
corrosion potential (Ecorr) up to —1,260 mVsce in comparison
to other alloys (Figure 8), after which at higher anodic potentials
Mg-5Mo showed the lowest anodic kinetics. Such behavior is
seen because the anodic Tafel slope for Mg-5Mo increases
faster than that for Mg-5Zn on increasing the potential in the
anodic region.

The electrochemical parameters (Ecor) and corrosion
current density (icorr) have been shown in Figure 9. All of the alloys
showed higher E.,, compared to Mg except Mg-5Ge, which
showed E.,, similar to that of as-received SPS Mg. The most
noble Ecor is evident for Mg-5Mo (Figure 9). Furthermore, the
icorr trend was different, exhibiting the lowest i.o, value for Mg-
5Zn followed by that for Mg-5Ge, both under 100 pA/cm?. This
suggests that the cathodic reaction was severely depressed by
the addition of these two elements. As expected, ico for the
milled Mg was the largest. Surprisingly enough, Mg-5Zn had a
high E.., next to Mg-5Mo, along with exhibiting the lowest icoy;.

DISCUSSION

4.1 Corrosion Behavior

Most of the spark plasma sintered Mg-5M alloys pre-
sented herein showed a noticeable change in both anodic and
cathodic current densities, as seen in Figure 8. Anincrease in
the cathodic kinetics with concomitant ennoblement of cor-
rosion potential for all of the alloys, except for Mg-5Ge and
Mg-5Zn, was clearly visible (Figure 8). Another reason for a
positive shift in the corrosion potential could be ennoble-
ment owing to some alloying during HEBM. Alloying is indicated
from the XRD peak (011) shift of the Mg by alloying with Zn, Y,
V, Mo, Ti, and Ta (Figures 1[d] and 2[d]). Also, a minor shift is
evident for Mn, Ge, and Cr additions. Such shifts are small,
but the majority of Mg alloys (reported recently including many
commercial alloys'®) have not shown such a change in
corrosion potential along with lower anodic kinetics. Most of
the alloys reported by Cain, et al., have E.., values under
-1.4 Vgce,'© whereas the Eq,, values for few alloys here such as
Mg-5Zn, Mg-5Mo, and Mg-5V are above —=1.4 Vgcg. The
ennoblement in the case of Mg-Zn is because of the significant
alloying, as seen in previous studies.®3 However, for the Mg-
5Mo and Mg-5V, the increase in the potential is due to in-
creased cathodic kinetics.

The overall i¢o, for the SPS alloys was lower than that of
SPS Mg. Contrastingly, the review by Esmaily, et al.,” suggested
an overall increase of the ¢ because the increment in the
cathodic kinetics overpowered the decrease in anodic kinetics
for comparison of Mg alloys, with Mn and Zn being the
common alloying additions.” The cathodic kinetics for Mg-5Y
was similar to that of pure milled Mg. The cathodic kinetics
for other alloys shifted right in the following sequence-
Mg-5Mn < Mg-5Ta < Mg-5Cr < Mg-5Ti < Mg-5V < Mg-5Mo.
Table 1 lists the key comparison between the study of relevant
alloys of individual alloying elements with Mg and the kinetics
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FIGURE 4. BSE images of Mg-5M alloys in (a) through (i) for cold compacted samples having the addition of Cr, Ge, Mn, Mo, Ta, Ti, V, Y, and Zn,
respectively, along with cold-compacted Mg without any addition in (j).

response of alloys from this work, which will be discussed here.
The extent to which the kinetics changed for individual
alloying elements has significant scope for unraveling the sci-
entific understanding of elemental influence to Mg. However,
at this instant, alloying elements can be grouped based on their
general tendency to influence the cathodic reaction kinetics
of Mg.

4.2 [Unchanged Cathodic Kinetics

The SPS Mg-5Y alloy showed cathodic kinetics very
similar to pure Mg in the milled state; however, the anodic kinetics
showed lower anodic current densities on increasing the
anodic potential (Figure 8). Previous work showed that the ad-
dition of Y as an alloying element by casting increased the
cathodic kinetics resulting in overall higher icorr.'> Whereas the
ball-milled Mg-5Y following SPS showed a reduction in the iz
(Table 1). The unchanged cathodic kinetics can be ascribed to the
uniform distribution of Mg,Yy (Mg,Y/Mg»,Ys), intermetallic as
well as elemental Y (Figure 5[il), in the microstructure.

+— Interparticle —"

boundaries
o N

A
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4.3 | Lower Cathodic Kinetics

The addition of Ge and Zn were the only elements that
showed a decrease in the cathodic kinetics, although to different
extents (Figure 8). The two elements can be discussed indi-
vidually. First, the effect of Ge has been explained as cathodic
poisoning’'?” and is suggested to be because of Ge influ-
encing the rate of water dissociation®® and hydrogen recombi-
nation.” 2”5 These benefits from cathodic poisoning affected
the cathodic reaction rate. However, the anodic kinetics are much
higher for ball-milled Mg-5Ge alloy. Such behavior is different
as the anodic kinetics was suggested to decrease with Ge
addition in a recent review." Another study indicates an in-
crease in the anodic current density and interestingly showed an
apparent passive window in the range of 0.3 wt% to 1.5 wt%
Ge addition but not at 2 wt%.84 In that work, Ge up to 2 wt% was
present as Mg,Ge intermetallic in rod form between the grain
boundaries®* (Table 1). In this work, a more homogenized mi-
crostructure was obtained (Figure 5[a]) and was expected to
have decreased anodic kinetics. Instead, high anodic kinetics
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FIGURE 5. BSE images of Mg-5M alloys in (a) through (i) after SPS (300°C/200 MPa/5 min) with the addition of Cr, Ge, Mn, Mo, Ta, Ti, V, Y, and Zn,

respectively, along with SPS Mg without any addition in (j).

was observed. The absence could be due to a large volume
fraction of the Mg,Ge intermetallic formation for 5 wt% addition
of Ge, which is cathodic to the Mg matrix. Thus, at anodic
potentials, the current densities are much higher than milled Mg
in SPS condition (Figure 8) because of the galvanic effect with
nobler Ge and Mg,Ge intermetallic.’’

Second, the reduction in the cathodic kinetics in the case
of Mg-5Zn is interesting as it has been reported that Zn addition
increases the cathodic kinetics for Mg®®” (Table 1). A possible
factor in the system is the size of the intermetallics. Intermetallic
peaks were observed after the SPS of the alloy (Figure 2[b]).
However, they were submicrometer-sized particles, as shown in
the SEM (Figure 5[i]). Also, 1 wt% Zn addition did not show
much difference in the cathodic kinetics but showed ennoble-
ment of E.o.2® Previous work on ZE41 alloys reported im-
provement in the corrosion behavior due to grain refinement with
a concomitant homogeneous distribution of second phase
particles.>”®® These two features enhanced in the present case
due to HEBM. The grain size for Mg-5Zn after SPS is 200 nm
(Figure 3). Decreased anodic kinetics of the Mg-5Zn alloy is

expected, as has been shown before,®”-88 although for low

concentrations of up to 2 wt% and with the weakly polarizing
system showing less ennoblement. The electrochemical ho-
mogenization has reduced the galvanic effect in anodic kinetics.
The ennoblement here (Figure 8) is excellent and could be
partly ascribed to significant solid solubility, as indicated from the
largest peak shift to higher 26 values among all alloys pre-
sented here (Figure 2[d]).

4.4 [ Higher Cathodic Kinetics
4.4.1[Mn, Cr, and Ta

All three elements, Mn, Cr, and Ta, showed ennoblement
of the E¢or about 55 mV to 65 mV above Mg along with very
similar cathodic and anodic kinetics compared to Mg as shown
in Figure 8. Out of these three elements, only Mn has a solubility
of 2 wt% in Mg, whereas Cr and Ta have negligible solid
solubility. For the ennoblement in all three cases, it could be
reasoned that these elements have electrode potential nobler
than Mg, and due to uniform distribution through HEBM. The
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FIGURE 6. Comparison of experimental and rule of mixture (ROM)
densities for SPS samples.

microstructure was homogenized electrochemically by de-
creasing the galvanic effect for small particles.

Although Ta (Eg = -0.2 Vgye) has standard electrode potential
close to Mo (Eg = -0.6 Vgpg). compared to others, it did not
ennoble the E.or of Mg as much as Mo or Zn addition but was
close to the E¢o,r of Mg-5Mn and Mg-5Cr with similar cathodic
and anodic kinetics (Figure 8). This difference in ennoblement
could be attributed to the difference in the influence on cathodic
kinetics of Mg and not due to a lower corrosion rate.?

The contrast of the present results with previous studies
can be mentioned individually (Table 1). A previous study reports
that for the alloys produced through casting, Mn showed
decreased cathodic kinetics up to 2 wt% along with an increase
in the anodic kinetics.?® In another study with vapor-deposited
Mg-Mn alloy, the corrosion rates were less than Mg for up to
14 wt% addition;®° however, there were no comments about
the reaction kinetics individually. Here, the ball-milled Mg-5Mn
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FIGURE 7. Vickers hardness for cold compacted (CC) and spark
plasma sintered (SPS) Mg-5M (M- Cr, Ge, Mn, Mo, Ta, Ti, V, Y, and
Zn) alloys.
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FIGURE 8. Potentiodynamic polarization data for Mg-5M alloys tested
in 0.1 M NaCl solution after spark plasma sintering at 200 MPa/300°C/
5 min.

alloy following SPS showed higher cathodic kinetics but with
decreased anodic kinetics and overall lesser icor than Mg
(Figures 8 and 9). With regard to the Cr addition, magnetically
sputtered Mg-xCr alloys were studied in 0.1 M (NH,4)3BO3+NH,OH
(pH 9.9) using voltammetric curves with a sweep rate of 5 mV/s,
suggesting good corrosion resistance when alloying addition
reaches one third in composition.®° If Cr were present in a solid
solution, the galvanic effect would be minimized significantly.®®
However, here in 0.1 M NaCl, Mg-5Cr alloy showed lower icor
than Mg in SPS condition (Figure 8). Moreover, Ta sputter de-
posited on Mg showed improvement in the degradation of Mg
resistance in simulated body fluid.®""°2 Here, the ball-milled Mg-
5Ta alloy after SPS also showed decreased anodic kinetics and
overall lower icorr than SPS Mg (Figures 8 and 9). Overall, in the
three cases, a decrease in the i Was observed because of a
significant contribution from decreased anodic kinetics. These
results support the controlled dissolution of Mg by the ele-
ments, which may be acting as either dissolution moderators (Ta)
or passivity promotors (Cr, Mn).%7-%8

lMgSZn
—1,350 1 Mg5Mo
v
—1,400 - Mg5V
= >
8 Mg5Mn +- Mg5Ti
T —1,450 ~ e>n
~ Mg5Cr 4
‘8' Mg5Ta
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FIGURE 9. Corrosion current density (ico,) vS. corrosion potential
(Ecorr) plot for Mg-5M alloys after spark plasma sintering (300°C/
200 MPa/5 min).
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Table 1. Key Comparison Between the Work Present in Literature and the Current Work for the Influence of Alloying

Additions in Mg on Corrosion Kinetics

Alloying

Element Examples from Literature Current Work (5 wt% additions) Suggested Reasoning

Y Addition by casting—overall high icorr- 2 Unchanged potential and cathodic Uniform distribution and minor alloying.

kinetics but overall lower icorr.

Ge Addition above 2 wt% is deleterious.®* | Higher anodic kinetics but drastically Uniform distribution of Ge and

decreased corrosion kinetics, overall intermetallic, reduced water
lower igorr. dissociation,®® and hydrogen
recombination,’’27 8%

Zn Addition increases the cathodic Excellent ennoblement as well as High solid solubility and homogenous
kinetics, ZE41 showed minor homogeneity, and significantly microstructure.
ennoblement,®® and homogenous decreased anodic kinetics.
phase distribution.””®® Decreased
anodic kinetics.®” 88

Mn Negligible solubility at room Minor alloying, uniform distribution in Uniform fine distribution in the
temperature, maximum solubility 2 wt%, | the matrix, and showed decreased . | microstructure, dissolution moderator.
require 14% to have corrosion rate
lower than Mg.8®

Cr Negligible solubility at room temp, Minor alloying, uniform distribution of Uniform distribution but bigger
magnetically sputtered with Cr >33 wt% | coarse particles but lower ico, than Mg. | unalloyed particles.
showed good corrosion resistance.®®

Ta No solid solubility; sputtered Ta showed | Minor alloying, uniform distribution, Uniform fine distribution in the
decreased degradation in SBF.%"92 decreased anodic kinetics with overall | microstructure, dissolution moderator.

lower igorr than Mg.

Ti Added to AZ series alloys,? increase Minor alloying, uniform distribution. Uniform fine distribution in the
anodic and decreased cathodic activity [ Ennobled E.q,r with decreased icorr microstructure, dissolution moderator.
with overall minor effect.®® increased cathodic kinetics, and

decreased anodic kinetics.

\% Negligible solid solubility, alloy surface | Minor alloying, peak shift suggest Uniform fine distribution in the
prepared by PVD but reaction kinetics | solubility. Ennobled E.,, and lower i | microstructure, dissolution moderator.
not considered.®* with higher cathodic kinetics.

Mo Negligible solid solubility, addition as Minor alloying, uniform distribution, Uniform fine distribution in the
composite enhanced cathodic kinetics, | peak shift suggest solubility. Ennobled | microstructure, dissolution moderator.
and minor effect on anodic kinetics.®® | Ecorr and lower icorr With higher cathodic
Addition of 0.1 wt% to AZ91E drastically | kinetics.
increase icorr. >

4.4.2|Ti, V, and Mo

Like Mn, Cr, and Ta, the other three elements Mo, V, and
Ti, also showed increased cathodic kinetics and ennobled
corrosion potential but with a higher degree. The sequence of
the increase can be written as Mg-5Ti < Mg-5V < Mg-5Mo. All
three elements have shown a contrasting effect as compared
to the previous studies of addition to Mg (Table 1). Previously,
Mg and Ti have been mixed using HEBM for making alloys®*
and composites;®>°® however, such works have not tested their
corrosion behavior. Ti has always been added to AZ series
alloys, specifically AZ91, for improving the corrosion perfor-
mance? as it helps in modifying the morphology and distri-
bution of the beta phase.®® For example, in a 0.1 M NaCl, AZ91E
with 0.1 wt% Ti addition showed that the anodic activity
increased slightly with a concomitant decrease in the cathodic
activity; however, the overall reaction rate did not decrease
much.®® In contrast, here, the 5 wt% Ti addition to Mg ennobled
the Eqorr (Figure 9) with a significant decrease in the icorr
increased the cathodic kinetics, and some reduction in anodic
kinetics (Figure 8).

V and Mo have scarcely been added as the main alloying
elements as they have negligible solid solubility.""°° For V, there
has been a recent work presenting immersion test data in
3 wt% NaCl for Mg-V alloys developed by physical vapor de-
position studying the films formed on the alloy surface;
however, reaction kinetics was not considered.>* Exploration of
Mo as an addition to Mg is also scarce. When Mo was added as
a composite up to 0.6 wt%, it significantly enhanced the cathodic
current kinetics with a minor effect on anodic kinetics in
3.5 wt% NaCl.°® Also, the low addition of Mo (0.1 wt%) to AZ91E
has been indicated to have a drastic increase in the igor
values."® However, in the present work, for both the elements, the
icorr Was lower than the milled Mg (Figure 9). Moreover, the
minor alloying for V and Mo addition suggested due to Mg peak
shift to lower 20 values (Figures 1[d] and 2[d]) supports the
idea of the contribution of alloying in the ennoblement besides
due to an increase in cathodic kinetics. Hence, even though
the cathodic kinetics were much higher for V and Mo addition, the
corresponding icor Was lower than Mg, which suggests that
these elements partially blocked the dissolution of Mg.
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These combinations of corrosion behavior as an influ-
ence of alloying elements provide support for the conceptual
premise that the corrosion rate of Mg is predominantly under
kinetic control. From the overall behavior observed, the alloys
can be categorized based on the way they are minimizing
corrosion: (i) act as cathodic poisoning with tremendously de-
creased cathodic kinetics—Ge; (ii) significant ennoblement
due to alloying with decreased cathodic kinetics, e.g., Zn; (iii)
ennoblement due to a combination of some alloying and
increase in cathodic kinetics but an attenuated galvanic effect,
e.g.. Mn, Cr, Ta, Ti, V, Mo; and (iv) negligible ennoblement but
decreased anodic kinetics, e.g., Y.

The results could be readily explained considering con-
cepts suggested in literature such as dissolution blockers (or
dissolution moderator)®® and percolation theory.’®’"'%* Both
concepts require surface enrichment of added elements to
minimize dissolution. However, the percolation theory neces-
sitates the formation of a connected network,'?'"% whereas the
dissolution moderator helps in controlled dissolution without
the necessity of a network.®® Such enrichment was recently
investigated for the impurities in Mg."°¢"%7 For the six ele-
ments from the third category and Y from the fourth category, the
lowered anodic current kinetics and an indication of solid
solubility suggest that they played the role of a dissolution
moderator, allowing the controlled dissolution of Mg. The
addition of elements with a concentration higher than the
solubility limit at room temperature using HEBM and objec-
tively lowered current densities support the percolation
theory101-104108-109 ayen though the decrease in the anodic
kinetics was not significant. One of the reasons for a limited
decrease in the overall icor values is because of higher
cathodic kinetics. It is difficult to comment on the dominance of
any one theory based on available information at this point.
Overall, the majority of the alloys here showed a uniformly
distributed microstructure maintaining electrochemical
homogeneity leading to icor lower than milled Mg after SPS.

4.5 [ General Discussion

Many elements have been studied in the last two decades
for alloying in Mg.? However, there are elements with very
negligible (Ge, Mn, and Cr) or no solid solubility (V, Mo, and Ta).
Insoluble elements have rarely been studied as an addition in Mg
for their effect in corrosion response.? Nonequilibrium tech-
niques are useful in creating the solubility. In the present study,
even the insoluble elements such as Ta and V come closer to
the corrosion kinetics behavior akin to Mn addition into Mg in
terms of corrosion current densities. Similarly, Mo addition
showed corrosion kinetics close to Ti addition. These new alloys
open a significant avenue to explore the possibilities with
improved properties for various applications.

Although there are improvements in the corrosion re-
sistance compared to the unalloyed Mg, there is significant
scope for process improvement for better alloying and con-
solidation of the material produced to achieve the best prop-
erties. Notwithstanding, the produced alloys are novel as these
have not been produced using HEBM. They have been sug-
gested?93%110 to enhance the corrosion behavior as well as
mechanical properties greatly.

With regard to the mechanical properties, the hardness
of Mg improved to varying degrees due to strengthening
depending upon the alloying with an individual element and
grain refinement. Figure 10 shows the Vicker's hardness with
corresponding reciprocal grain size for all of the Mg-5M
alloys in cold compacted and SPS conditions. Solid symbols

180 / Open symbols- Spark plasma sintered Mg52n
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1604 g P s
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= 100 - Mg5Mo
>
<
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FIGURE 10. Hardness and grain size (Hall-Petch) for CC (solid sym-
bols) and SPS (open symbols) Mg-5M alloys produced by HEBM.

denote the data for CC samples, and the open symbols of the
same shape indicate the data for SPS samples for respective
compositions. Overall, the SPS Mg-5M alloys exhibited higher
hardness even though their grain size increased. This infor-
mation suggests that strengthening is not limited to Hall-
Petch strengthening due to grain refinement. There are a couple
of other possible factors that might have contributed to
strengthening. First, there is an indication of a decrease in the
porosity after SPS for most of the alloys, as evident from BSE
images, specifically in the case of Mg-Ge, Mg-Mn, Mg-Cr, Mg-V,
Mg-Ta, and Mg-Zn. Second, from XRD, it is clear that in SPS
samples the second phase peaks evolved more than that of the
CC alloys. Thus, there is a possibility of contribution from the
precipitates causing Orowan strengthening.”"" Third, there will
be a varied contribution of solid solution strengthening. The
solid solubility of the alloying elements could not be calculated
using XRD data. It should be noted that the Hall-Petch co-
efficient and therefore strengthening due to grain refinement
largely depends on the alloying element in Mg alloys. Hall-
Petch coefficients of added elements and corresponding misfit
parameters for Mg are summarized in Table S4 of the Sup-
plemental Material. Ti and Zn have lower Hall-Petch coefficients,
a higher solid solution contribution could be expected if an
increase in the strength is observed. There is an outstanding
increase in the hardness for Zn addition with clear evidence
of a significant decrease in lattice parameter, there is a pos-
sibility of significant solid solution strengthening apart from
grain refinement.

Correlating the mechanical strength in terms of hardness
with their respective dissolution tendency would give a good idea
for the selection of these alloys for specific applications.
Figure 11 shows icorr Vs Vickers' hardness plot for all of the SPS
Mg-5M alloys synthesized by HEBM. In this plot, the favorable
alloys would lie toward the bottom right, indicating lower dis-
solution rates while offering high strength. In this respect, two
good candidates are Mg-5Zn with the highest hardness and
lowest icor, followed by Mg-5Ge (Figure 11). On the other hand,
Mg-5Cr and Mg-5V are not the best options in terms of strength,
although they offer lower dissolution tendencies than
milled Mg.
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FIGURE 11. Corrosion current density vs. hardness plot for SPS
(300°C/200 MPa/5 min) Mg-5M alloys produced by HEBM.
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FIGURE 12. Hardness as a function of density for SPS Mg-5M alloys
produced by HEBM in comparison with commercial alloys.

For comparing the industrial applicability of SPS HEBM-Mg
alloys with commercial alloys, the hardness vs. density data are
presented in Figure 12. The hardness of most of the binary Mg-
5M alloys produced by HEBM is higher than many commercial
alloys such as AS42, AZ91D, AM60B, and AZ31 with comparable
density (Figure 12). Just a binary Mg-5Ge alloy has hardness close
to WEA43 alloy, which is the highest among commercial Mg alloys,
but with a lower density. The highest Vickers hardness, although
with little higher density, was exhibited for Mg-5Zn alloy.

CONCLUSIONS

The study presents various synthesized binary Mg-5M
alloys and investigated the microstructure, hardness, density,
and corrosion behavior. The results direct several findings
from this work.
> Nanocrystalline (grain size < 100 nm) Mg-5M (M- Ge, Mn, Ti,
Mo, Cr, V, Ta, Y, and Zn) alloys have been synthesized using high-
energy ball milling.

SCIENCE SECTION

> Homogeneous microstructure and some alloying in terms
of the XRD peak shift were observed. Most of the alloys showed
a homogenous microstructure with submicrometer-sized
second phases such as Mg-5Ge, Mg-5Ti, Mg-5Mo, Mg-5V,
Mg-5Ta, and Mg-5Zn.

> Spark plasma sintering improved the consolidation of the
alloys with less porous microstructure for most of the alloys.
> The study observed improvement in the corrosion behavior
of all selected alloys, especially in the case of Mg-5Ge and
Mg-5Zn for a kinetically controlled system of Mg.

> Considering the kinetics of the cathodic reactions the
HEBM Mg-5M SPS alloys can be categorized into three cate-
gories: (i) unchanged cathodic kinetics, where a negligible shift
in cathodic current densities was seen, e.g., Y addition;

(ii) high cathodic kinetics involving elements which greatly
influence the cathodic current densities such as Ti, V, and Mo,
as well as those with lesser influence in increasing the cathodic
kinetics such as Cr, Mn, and Ta; and (jii) low cathodic kinetics,
including both cathodic poisoning effect of Ge and tremen-
dous effect of the solid solution by Zn addition.

> Considering the anodic kinetics, besides Ge and Zn, all
other alloying elements decreased the anodic kinetics of Mg
as a potential indication for blocking or moderating the
dissolution of Mg.

> Many of the binary alloys showed hardness comparable to
commercially available Mg alloys. The hardness of all of the
Mg-5M alloys was improved even after SPS, which in general
led to an increase in the grain size, indicating the presence of
strengthening mechanisms other than the grain refinement.
> The produced binary alloys herein are comparable in
density and corrosion resistance to commercial alloys but with
improved hardness, especially in the case of Mg-5Zn followed
by Mg-5Ge.
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