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Abstract: The use of the magnesium alloy AZ31 is common in aviation and biomedicine; however,
this alloy has poor friction and corrosion resistance. Here, mechanical grinding, ultrasonic rolling,
and ultrasonic rolling + ion implantation were performed on the magnesium alloy surface to study
the effect of the treatment process on the friction and corrosion resistance of the magnesium alloy
surface. The results show that the surface roughness of the magnesium alloy treated by ultrasonic
rolling + ion injection is reduced more than mechanical grinding and ultrasonic rolling. The friction
coefficient is the lowest, the wear resistance is the best, and new phase nitrogen compounds appear
on the surface. The results of SBF (simulated body fluid) solution immersion showed that the sample
treated via this composite process had the lowest corrosion rate, which was 62.45% and 58.47%
lower than that of the mechanically ground samples. The surface was relatively intact after the
corrosion test, and the corrosion resistance was the best. These results can provide a new strategy for
magnesium alloy surface protection.

Keywords: magnesium alloy; ultrasonic rolling; ion implantation; friction and wear; corrosion

1. Introduction

Magnesium alloys are a green and lightweight material and have a high specific
strength, high specific stiffness, and low density. They can be used in new energy vehicles,
biomedicine, aviation, and other fields [1,2], but their wear and corrosion resistance are
severely restricted. Alloy composition deployment, alloy-processing technology, and
alloy surface-coating technologies have all been proposed [3-7] and have enhanced the
development of magnesium, its alloys, and alloy applications. However, these traditional
protective-layer methods can only effectively protect the surface of the magnesium alloy
when the protective layer exists. The magnesium alloy will still quickly corrode in a
corrosive medium when the protective layer on the surface is damaged by corrosion. Thus,
a protective coating is used. It is important to study whether the corrosion products are
harmful to the body. The wear of ultra-high-molecular-weight polyethylene (UHMWPE)
releases polyethylene wear particles, which can trigger a negative reaction of the body and
promote osteolysis [8]. The biocompatibility of the protective layer needs to be considered.

Surface nanoscale treatment processes are a common and effective method. Re-
searchers have performed different treatment processes such as surface mechanical grind-
ing [9,10], shot peening [11,12], and laser treatment [13]. Although these have improved
the mechanical properties, the surface quality of the material is reduced, which affects
the friction and corrosion resistance. Liu et al. [14] found that the surface nanostructured
layer of GW63K magnesium alloy after SMAT treatment had poor plasticity and toughness,
thus resulting in worse wear resistance versus untreated alloys. Liu Mengen et al. [15]
found that the corrosion resistance of high-energy shot peening on AZ31 magnesium alloy
in 5% (mass fraction) NaCl solution is lower than that of untreated samples due to the
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formation of a large number of cracks on the surface during shot peening. As a result,
the corrosion contact surface increases, thus resulting in a significantly higher corrosion
rate of the shot-peened sample than the unpeened sample. The ultrasonic surface-rolling
process (USRP) combines traditional rolling processes and ultrasonic technology to refine
grains and improve performance. The surface quality of the workpiece is significantly
improved [16]. Zhang Haiquan et al. [17] strengthened ZK60 magnesium alloys via a
surface-rolling strengthening process. The results showed that rolling strengthening can
significantly reduce the surface roughness of the material and introduce residual com-
pressive stress to the surface of the material. Yang et al. [18] treated the magnesium alloy
AZ31 via ultrasonic rolling and found that the surface grains of magnesium alloys were
refined after rolling strengthening; the roughness was reduced and the friction properties
were improved.

High-energy ion implantation technology (HEII) utilizes high-speed ion bombardment
of pre-infiltrated elements from the target to achieve metallurgical bonding with the plated
metal, thus improving the friction and corrosion resistance of the material. The material
itself does not deform [19]. Lei et al. implanted Al ions into the surface of AZ31 magnesium
alloy, and the friction and wear results showed that the wear rate of magnesium alloy was
reduced by 30% [20]. Zhou et al. [21] used Zr to implant magnesium alloy ZK60 and found
that the friction and corrosion resistance of magnesium alloy was effectively improved
after implantation. Other studies [22,23] reported that N/Ti ion implantation improved the
friction and corrosion resistance of magnesium alloy AZ31.

Dingshun [24] carried out USRP + PN (plasma nitriding) composite treatment on
pure titanium TA2, and the infiltrated layer showed the best wear resistance and friction
reduction performance. Dawen et al. [25] used USRP + HEII for composite treatment of 316
L. The surface hardness was increased by 57.8% versus single-HEII-treated samples; the
thickness of the infiltration layer was nearly double that of a single-HEII-treated sample.
In conclusion, ultrasonic rolling and ion implantation are effective means of improving
the surface properties of magnesium alloys. Surprisingly, the influence of the composite
treatment technology on the properties of the magnesium alloys is rarely reported.

Therefore, the effects of mechanical grinding, ultrasonic rolling, and USRP + HEII
on the surface structure, friction resistance, and corrosion resistance of magnesium alloys
are reported in this study. The results offer a reference for the development of treatment
technologies for magnesium alloy surface protection.

2. Materials and Methods
2.1. Material and Sample Preparation

The test material was rolled AZ31 magnesium alloy purchased from a domestic
factory; the chemical composition is shown in Table 1. Magnesium alloy sheets were
rolled and strengthened using ultrasonic-rolling equipment (customized). The size was
15 x 15 x 5 mm as cut by a wire electric discharge machine. High-energy N ion implanta-
tion was performed using ion implantation equipment (Southwestern Institute of Physics,
Chengdu, China). The magnesium alloy was polished with 1000# and 2000# water-grinding
sandpaper and then polished; this sample was marked as S1. The sample after ultrasonic
rolling was designated as S2. The static pressure was 0.15 MPa, the feed speed was
4000 mm/min, and the rolling treatment was 1 pass. The ion implantation sample after
rolling was marked as S3. It had an implantation energy of 40 keV. The implantation dose
was 1x10' icons/cm? and the vacuum was 3.9 x 1073 Pa.

Table 1. Chemical composition of AZ31 magnesium alloy (wt%).

Al

Mn Si Ca Cu Fe Ni Mg

2.5-35

0.6-1.4

0.2-1.0 0.08 0.04 0.04 0.003 0.001 Remainder
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2.2. Microstructure and Performance Characterization

Magnesium alloy samples with different treatments were analyzed with an X-ray
diffractometer (PANalytical X Pert PRO, Almelo, Holland). The detection angle was
20-80°, the speed was 2°/min, and the step size was 0.013/s. The three-dimensional
topography and surface roughness of the treated magnesium alloy surfaces were measured
by atomic force microscopy (Bruker Dimension Icon AFM, Karlsruhe, Germany). The
surface mechanical and friction properties were investigated using a microhardness tester
(HMV-G, Kyoto, Japan) and a friction and wear-testing machine (Bruker UMT-2, Karlsruhe,
Germany). A Phase Shift MicroXAM-3D (MicroXAM-3D, Milpitas, USA) measured the
wear volume of the samples after wear to judge the extent of wear. The hardness test
selected five points to obtain the average value. The load was 0.98 N and the duration
was 10 s. The room-temperature dry-friction test was performed with 10 mm Al,O3 balls
(HRC95). The circumferential speed was 100 rpm/min, the load was 10 N, and the duration
was 20 min. The wear-scar radius was 12 mm.

The AZ31 magnesium alloy samples were ultrasonically cleaned in ethanol before
soaking, and then dried in cold air. The samples with different treatments were encapsu-
lated with oxidized resin with an exposed area of 1 cm?. They were then weighed with
an electronic balance. The encapsulated samples were soaked in SBF at 37 £ 0.5 °C for
48 h, and 55% of the solution was renewed every 24 h to simulate natural human body-
fluid renewal. The sample was soaked in a 5% NaCl solution for 72 h. Specimens were
cleaned according to ASTM Standard G31-72 and then weighed. Each sample was placed
in concentrated nitric acid for 5 min to remove corrosive products. The degradation perfor-
mance of the samples under different treatment processes in SBF (simulated body fluid)
and NaCl solution was evaluated via the weight-loss method. The corrosion rate V was
calculated by the weight-loss method (G31-72 standard) using the following formula [26]:
v = (K x Am)/(A x t), where K is the constant pole, Am is the mass loss of the sample
before and after soaking, A is the exposed area of the sample, and t is the soaking time.
Scanning electron microscopy (VEGA3, Brno, Czech Republic) was used to observe the
surface morphology of the magnesium alloy samples after immersion to remove corrosive
products. Before observing the corrosion morphology, anhydrous ethanol was used for
ultrasonic cleaning for 5 min and dried with cold air.

3. Results
3.1. Phase Analysis

Figure 1 shows XRD patterns of the AZ31 magnesium alloys treated under different
processes. The XRD peaks of the compounds were found by comparing PDF cards (#35-
0821, #45-0946, #01-1289). No new diffraction peaks appeared in the XRD patterns after
ultrasonic-rolling treatment versus untreated samples. The untreated samples and the
ultrasonic-rolling test show only Mg phases and MgO phases in the samples, thus indicating
that the ultrasonic-rolling process did not lead to the formation of new phases in the
samples. There were no obvious changes in the diffraction spectrum due to the low
content of Mgj7Alj, phase in the original material [27]. The XRD pattern of the ultrasonic-
rolling sample after ion implantation had Mg phases and MgO phases. There was also
an MgsN, phase formed after N ion implantation, thus indicating that the ions and the
inherent elements in the matrix would combine with each other during the implantation
process to form a new phase. The diffraction peak position and intensity of the surface
phase of the sample changed before and after implantation due to the deformation of the
surface-lattice structure caused by the internal stress generated upon bombardment of
the ion implantation. Holes formed on the surface and generated dislocations and many
defects. The formation of an amorphous structure affected the preferred orientation of
the same phase in the grains, thus resulting in changes in the position and intensity of its
diffraction peaks.



Coatings 2022, 12, 899

40f12

A(002) A-Mg
A-MgO
'-MgaNz

Adon A(102) A(103)
I . A USRP+HELL specimen|
A(100) A(l10) % a(112)

USRP specimen

Intensity (a.u.)
NS

—

A
PN
S U
——— A

A
A A A . .
A ZaS primal specimen
Y o I X
| ' ] ' 1 v | M | v 1 ' 1 ' ] ' ] '

20 25 30 35 40 45 50 55 60 65 70 75 80
20 (°)
Figure 1. XRD patterns of magnesium alloy samples treated by different processes.

3.2. Surface Roughness and Microhardness

Surface roughness is an important indicator to measure the surface quality of materials
and is an important factor affecting the performance of its mechanical parts. Figure 2 shows
the three-dimensional surface morphologies of the magnesium alloy samples after different
treatments. Surface roughness and microhardness information is shown in Table 2. The
roughness of the AZ31 magnesium alloy after ultrasonic rolling was greatly reduced, and
the surface quality was greatly improved. The surface quality of the magnesium alloy after
ion implantation was further improved, and the average roughness value was reduced by
60% compared to the polished AZ31 magnesium alloy. The surface hardness increased by
23% after ultrasonic-rolling treatment, and the surface hardness was further improved after
composite processing.

Table 2. Roughness and microhardness information.

Sample (#) Primal Specimen USRP Specimen USRP * HELL
Specimen
RMS roughness (nm) 87.4 42.7 35.0
Average roughness 64.2 343 26.0
(nm)
Microhardness (HV) 60.2 733 81.6

Plastic flow occurred on the surface of the USRP specimen under the action of multi-
directional force during ultrasonic rolling; thus, the “peaks” on the material surface flowed
into the “valleys,” significantly reducing the mechanical defects (scratches) of the original
specimen. The addition of lubricating oil on the surface of the sample further reduced
the friction between the ball of the processing head and the surface of the sample, and
thus the ultrasonic surface-rolling treatment significantly reduced the surface roughness of
the sample [28]. Further reduction of surface roughness after ion implantation may have
been due to sputtering, etching, and diffusion processes under this implantation dose. The
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results of the microhardness showed an increase in microhardness and the formation of
a hardened layer after ultrasonic surface-rolling treatment. These results are due to the
fact that ultrasonic-rolling treatment can produce better deformation hardening effects and
fineness in the surface layer within a certain depth of the material. The grain-strengthening
effect is caused by grain refinement, strain strengthening, and residual compressive stress.
Studies have shown [29,30] that a smaller grain leads to greater microhardness. Hard
phases such as MgsNj in the modified layer after N ion implantation are the main reasons
for the increased microhardness.

356.5 nm

-316.6 nm

Height Sensor 2.0 pm

-142.0 nm

Height Sensor m

Figure 2. Three—dimensional AFM images of the samples: (S1) primal specimen, (S2) USRP speci-
men, (S3) USRP + HELL specimen.

3.3. Friction and Wear Performance

The coefficient of friction is the ratio of the frictional force between two surfaces to
the vertical force acting on one surface. A smaller coefficient of friction leads to more wear
resistance. The coefficient of friction is related to such factors as the surface roughness,
hardness, and strength. The friction coefficient curves of AZ31 magnesium alloy samples
treated with different processes are shown in Figure 3: At the beginning of friction, the
friction coefficient of magnesium alloy samples treated with different processes increased
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with almost the same slope and then fluctuated within a certain interval. In the initial
running-in wear stage, the softer substrate was first worn away by the harder surface
of the friction pair, thus resulting in furrows, fractures, or chips; the friction factor was
larger. The friction coefficient then stabilized. The average friction coefficient of the original
AZ31 magnesium alloy was about 0.321 in the 1200 s test period. The friction coefficient
of the samples in the ultrasonic rolling place were improved due to the improved surface
quality. The average friction coefficient was about 0.29, and the friction coefficient of the
USRP specimen was smaller than the ground specimen throughout the entire friction
process. The friction coefficient of the samples after N ion implantation was further
reduced, and the average friction coefficient was about 0.276 due to the combined effect of
the emergence of hardened phase nitrides, hardness enhancement, and surface roughness
after ion implantation.
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Figure 3. Variation curve of the friction coefficient of different samples.

The amount of wear directly reflects the wear resistance of the material. Thickness,
mass, and volume are three ways to characterize the wear amount. The wear resistance was
evaluated by measuring the volume wear of the samples treated with different processes.
The volume wear of the samples with the three treatments is shown in Figure 4. The figure
shows that the volume wear of the samples treated by ultrasonic rolling was significantly
smaller than the original magnesium alloy under the same experimental conditions. The
volume wear of the composite-treated samples was the smallest and was related to the
friction coefficient. The performance was consistent, thus indicating that the ultrasonic-
rolling process can significantly improve the wear resistance of magnesium alloy materials.
The wear resistance of the materials treated by the USRP + HELL composite process was
further improved, which proves that ion-implantation technology based on prefabricated
nanostructured layers is an effective method to improve the friction and wear properties of
magnesium alloys. Figure 5 shows the SEM morphology of the wear track. The morphology
of sample S1 showed obvious grooves and pits, the plastic deformation was serious, and a
large amount of wear-scar debris appeared on the surface of the wear scar, indicating that
the polished magnesium alloy sample had adhesive wear and abrasive particles, which is
the main wear mechanism of magnesium alloys. Compared with sample S1, the furrows
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caused by micro-cutting in the rolled samples were still more obvious, but the grooves were
shallow and narrow, the plastic deformation was reduced, and the abrasive wear condition
was improved. The surface of the sample S3 treated by the composite process was relatively
flat, the plastic deformation was greatly improved, the adhesion of debris was greatly
improved compared to the former two, and the wear debris was granular. The shape of the
wear debris was proportional to the degree of wear [31], indicating that the load-bearing
capacity of the specimen was improved after the composite treatment process, which is
consistent with the performance of the irradiation strengthening study [32], and the results
of the wear volume loss also illustrate this point. The improvement in friction and wear
performance was due to the substantial reduction of surface roughness and the increased
surface hardness; it may also be that high residual compressive stress was introduced
into the surface layer, forming a gradient nanostructure that inhibited the initiation and

expansion of microcracks in the surface layer and improved the friction and wear properties
of the material.

35

—
<
PR R

Wear volume loss (%10 pm?)
[
1

5
(-
Primal specimen USRP specimen USRP+HELL specimen
Sample

Figure 4. Wear volume loss of samples with different treatment processes.

Figure 5. SEM images of worn morphologies of the (S1) primal sample; (S2) USRP sample;
(S3) USRP + HELL sample.

3.4. Corrosion Performance

The corrosion morphology of the sample in Figure 6 shows that the surface of sample
S1 (Figure 6a) had a large and deep corrosion area after corrosion in the SBF solution;
there were corrosion impurities after the corrosion reaction. The residue covered most of
the surface with obvious corrosion pits. The report by [33] pointed out that the corrosion
of AZ31 after immersion in SBF solution appeared as voids, and the corrosion products
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included MgO/Mg(OH); and Ca;o(PO4)s(OH), phases. The corrosion pits of sample S2
(Figure 6b) were much smaller, and most of them were pitting pits. The surface of sample S3
(Figure 6¢) was corroded in a semi-uniform way. The fine corrosion cracks were distributed
along the grain boundaries in a network shape. After the immersion test in NaCl solution,
the corrosion products were dominated by Mg(OH); phase [34,35]. It can be seen that the
corrosion conditions were greatly improved after different treatments (versus Figure 6¢,d),
and the surface of the sample treated via the composite process was much smoother than
sample (S1) in terms of corrosion resistance.

Figure 6. Typical SEM images of samples with different treatments immersed in SBF solution and
5 wt% NaCl aqueous solution: (a,d) primal sample; (b,e) USRP sample; (c,f) USRP + HELL sample.

Figure 7 shows the corrosion information of the magnesium alloy samples obtained
after the immersion experiment. The performance was relatively consistent in the two
corrosion solutions. Ref. [33] pointed out that magnesium alloy AZ31 had the highest
degradation rate of Mg in SBF solution compared with other solutions, which is also the
reason why AZ31 magnesium alloy degrades the fastest in SBF solution. The ultrasonic-
rolling treatment reduced the corrosion rate of the surface of the magnesium alloy sample
due to the ultrasonic-rolling process. The surface of the magnesium alloy then formed a
high-density plastic deformation layer. The crystal size was refined versus the original
magnesium alloy sample, and the grain boundary was significantly increased. Many grain
boundaries blocked the continuous erosion of the sample and prevented the development
trend of tiny cracks and the widening of the etched holes in the substrate [36]. Refs. [37-39]
pointed out that the surface roughness and grain size of the alloy significantly affect
the corrosion resistance, and the nanostructured surface grains enhance the formation of
the surface passivation layer, thereby improving the corrosion resistance of the material.
Therefore, the surface roughness and grain refinement of the samples after ultrasonic
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rolling improved the corrosion resistance of the samples. The ion-implantation process
after ultrasonic rolling further delayed the corrosion reaction on the surface of the sample,
and the degradation rates of the samples in SBF and NaCl solutions were 62.45% and
58.47% lower, respectively, than those of the mechanically ground samples. In addition to
grain refinement and compressive stress after ultrasonic rolling, N ions, as an interstitial
element, formed an interstitial solid solution after implantation, which made it easy to form
an amorphous surface and improve the resistance to pitting corrosion. After ionization and
acceleration of ion implantation, high-energy ions were implanted into the surface of the
workpiece, and a series of collisions occurred with atoms and electrons near the surface,
generating strong energy and resulting in changes in the structure and organization of
the effective processing layer. The modified layer was composed of the compounds MgO
and Mg3N; with very good corrosion resistance. When the implantation dose reached
a certain critical value, the implanted layer became disordered, and the structure had
good anti-oxidation and anti-corrosion ability [40,41]. The residual pressure increased the
strength of the Mg(OH), protective film due to the large residual stress generated after
rolling and ion implantation; thus, it improved the corrosion resistance [42].

2.7

= SBF Solution

bt 5%NaCl

2.4 -

2.1+

1.8 1

1.5 1

V(g-m™h)

1.2 1

0.9 4

| | |
Primal specimen USRP specimen USRP+HELL specimen

Sample

Figure 7. Corrosion information of magnesium alloy specimens after immersion experiments in
two solutions.

In summary, the comprehensive effects of surface roughness, grain refinement, and
residual compressive stress after USRP + HELL composite process further improved the
corrosion resistance of magnesium alloy surfaces, thus indicating that the USRP + HELL
composite is the best way to improve the friction and corrosion resistance of magnesium
alloys. This is an effective method, and it is worth further studying the effect of composite
treatment process parameters on the microstructure and properties of magnesium alloys.

4. Conclusions

In this study, magnesium alloys were processed via different treatment processes.
The results showed that compared with mechanical grinding and ultrasonic rolling, the
magnesium alloy treated by the USRP + HELL composite process had the lowest surface
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roughness, the highest hardness, the lowest friction coefficient, and the best wear resistance,
and the adhesion wear on the surface was greatly improved. The reason for the improved
friction and wear performance was due to the combined effect of the appearance of the
hardened phase nitride after ion implantation, the surface roughness, and the residual
compressive stress. The immersion experiment showed that the USRP treatment process
could improve its corrosion resistance, but the corrosion rate was further reduced after
the composite treatment process, which was 62.45% and 58.47% lower than that of the
mechanically ground samples, and the larger residual stress further improved the corrosion
resistance of magnesium alloys. The effects of three different treatment processes on the
wear resistance and corrosion resistance of magnesium alloys are discussed, but the effects
of USRP process and ion implantation process parameters on the microstructure and
properties of magnesium alloys are not discussed. The effects of USRP + HELL process
parameters on the surface structure and friction and corrosion resistance of magnesium
alloys need to be further studied, and the research results can provide new references and
ideas for surface-protection technology.
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