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Abstract: In industrial production, 7075 aluminum alloy (A7075) is prized for its strength and light
weight. However, heat treatment can reduce its hardness and wear resistance. Therefore, proper
surface treatments are often necessary to optimize its mechanical properties. In this work, a ham-
mering tool attached to a robotic arm was employed to impact the surface of A7075 using different
impact energies, and the surface hardness, morphology, roughness, and frictional characteristics of
samples subjected to machine hammer peening (MHP) treatment were analyzed to explore the
strengthening mechanism of MHP. The results indicate that the hardness increased to a maximum
value of 235 HV with rising impact energy, whereas the depth of influence (2 mm) was almost un-
affected by the impact energy. Microstructural analysis revealed significant grain refinement, espe-
cially at 2.7 J. The surface roughness increased significantly to about 7.2 pm, then dropped to around
3.7 um when the impact energy increased to 2.7 J. Finally, the roughness decreased to ~6.8 pum. In
addition, the samples that were strengthened by MHP demonstrated low friction coefficients (about
0.27) and wear volume (minimum value of 7.67/10~* mm?), implying that MHP can effectively im-
prove the wear resistance of A7075. Observation by SEM revealed that the corresponding wear
mechanism is mainly attributable to mild oxidative wear and three-body wear.

Keywords: 7075 Al alloy; machine hammer peening; microhardness; surface morphology;
wear resistance

1. Introduction

Due to its high strength, low density, and good processability, 7xxx series aluminum
(Al) alloys are widely used in aerospace, automotive industry, electronics, and so on.
However, the susceptibility of the alloys to localized corrosion [1] significantly constrains
their broader application.

Heat treatment is commonly used to improve the corrosion resistance of 7xxx series
Al alloys. Previously, it was found that the discontinuously distributed precipitates at
grain boundaries, which are formed during the aging process, could enhance the corro-
sion resistance of Al alloy [2]. The size and distribution of these precipitates are crucial to
corrosion resistance [3]. However, heat treatment often leads to a deterioration in the me-
chanical properties of these alloys.

Alloying is one of the methods employed to enhance the mechanical properties of Al
alloys. Unfortunately, the subsequent improvement in mechanical properties often comes
at the expense of reduced corrosion resistance. In recent decades, various strengthening
technologies have been studied by researchers to address the challenge of balancing me-
chanical properties and corrosion resistance in these alloys [4-6]. Among these, the devel-
opment of gradient materials has emerged as a promising approach, offering
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improvement in strength without altering the elemental composition of alloys. Gradient
materials exhibit a gradual change in microstructure and mechanical properties from the
surface to the interior. Typically, the outer surface might be designed to have fine grains
and high hardness, while the interior retains coarse grains and good ductility, thereby
providing overall better mechanical performance without sacrificing durability.

Surface treatment techniques, such as shot peening [7], cavitation water jet peening
[8], laser shock peening [9], and sliding friction treatment [10], can induce severe plastic
deformation on material surfaces to form a gradient structure. This process results in high
dislocation density [11], significant residual compressive stress [12], and refined surface
structures [13], effectively enhancing the hardness, wear resistance, and fatigue properties
of these components. Shot peening is a traditional and effective surface treatment method.
However, the use of solid balls made of steel, ceramics, or glass beads can introduce con-
tamination to material surfaces [14]. Li et al. revealed that the contaminants from shot
peening, such as Fe and Cr from stainless steel shot or Al from aluminum shot, can lead
to the formation of an oxide layer on the material’s surface, which can degrade the corro-
sion resistance of the treated material [15]. Cavitation water jet peening and laser shock
peening can achieve surface nanocrystallization with minimal or no contamination, as
their shot media are water and lasers, respectively. However, the limited impact depth of
cavitation water jet peening [16] and the complex operation and high costs associated with
laser shock peening have become significant barriers to their widespread application [17].

Machine hammer peening (MHP) is an advanced surface treatment process used to
improve the hardness, wear resistance, and fatigue performance of materials. It involves
the use of a hammering tool, typically attached to a CNC machine or robotic arm, which
repeatedly impacts the surface of the material. This process substantially refines the sur-
face structure [18], introduces beneficial compressive stresses [19], and can significantly
enhance surface quality without introducing any contamination [20,21]. Jin et al. [22]
demonstrated that the precisely controlled impacts of the MHP punching head can signif-
icantly smooth the impacted surface. In comparison, studies have reported that the sur-
face roughness tended to increase after SP treatment [23] and LSP treatment [24]. Mean-
while, the MHP process generates a sub-surface residual stress field with an effective
depth exceeding 1 mm and a maximum compressive stress reaching about 1.5 GPa, along
with an approximate improvement in microhardness of 49%. In contrast, SP treatment
could produce a 75 pm-deep residual stress field [25], while the LSP process could intro-
duce residual stress to a depth of 400 um [24], indicating that MHP technology is capable
of producing a significantly deeper residual stress field.

Recently, the MHP technique has shown great promise as a post-processing method
for improving the surface integrity and mechanical properties of workpieces produced by
wire-based laser metal deposition. Dadgar et al. [26] reported that MHP substantially im-
proved surface properties by reducing roughness and increasing hardness, indicating its
promising application in the field of additive manufacturing.

Currently, most research on the MHP technique focuses on microhardness, rough-
ness, and residual stress. Few studies have been carried out on the wear resistance of ma-
terials subjected to MHP. Bleicher and his colleagues [27] proposed that wear resistance
can be enhanced by MHP technology and found that after MHP treatment, coated tool
steel demonstrated a significant reduction in wear during tribometer tests. Similarly,
Ripoll et al. [28] investigated the feasibility of using machine hammer peening to embed
tungsten carbide particles of various sizes onto engineering substrate materials. The result
demonstrated that this technique effectively enhances wear resistance, offering significant
potential for applications on tribologically loaded surfaces. However, these studies have
not revealed the tribological behavior and wear mechanism of MHP-treated samples.

The 7075 Al alloy (A7075) used herein is one of the most widely used alloys in the
7xxx series. In the present work, A7075 was selected to study the influence of MHP impact
energies on the material’s wear resistance. Microhardness, surface morphology, and tribo-
logical behavior were systematically analyzed using confocal microscopy, scanning
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electron microscopy (SEM), and electron backscatter diffraction (EBSD) to reveal the un-
derlying friction mechanisms.

2. Experimental Materials and Procedures
2.1. Materials and MHP Process

The material selected for this experiment was an A7075 sheet; its chemical composi-
tion is detailed in Table 1. The data source is the manufacturer’s material certificate. Ini-
tially, the sample sheet was cut to dimensions of 30 x 30 x 10 mm?. The specimens were
then heat-treated at 520 °C for 3 h, followed by air cooling.

Subsequently, an electric impact hammer system with a head 5 mm in diameter was
used for the hammering experiment, as illustrated in Figure 1. To ensure uniform treat-
ment of the sample surface, hammering was conducted for 10 min at impact energies of 0,
1.7, 2.7, and 3.5 ], respectively. The specimens were accordingly designated as unMHP,
MHP1.7, MHP2.7, and MHP3.5.

Table 1. Chemical composition of A7075 in wt.%.

Elements (wt.%)  Si Fe Cu Mn Mg Cr Zn Ti Al
A7075 040 050 120 030 210 018 510 020 Bal

Figure 1. Machine hammer peening flow chart.

2.2. Microhardness

To measure the microhardness of the A7075 sheet, samples were cut to dimensions
of 10 x 3 x 10 mm?3. An ultrasonic cleaner with anhydrous ethanol was then used to remove
surface contaminants and residual cutting debris. A digital microhardness tester (HV-
1000, Shidai Yigqi, Beijing, China) was then employed to apply a load of 200 g for 15 s on
the sample surface. As shown in Figure 2, the transverse plane (i.e., the RD-ND plane) of
the sample was used as the measurement plane. The first test point was located 100 um
from the sample’s edge along the normal direction, with subsequent test points spaced
200 pm apart in the same direction. Along the rolling direction, the spacing between test
points was set at 300 pum to prevent interference from the plastic deformation of adjacent
points. To minimize errors from surface irregularities due to hammering, each sample under-
went three sets of measurements, with the average value being recorded and calculated.
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Figure 2. Microhardness test diagram.

2.3. Surface Topography

In order to investigate the effect of MHP treatment on the surface morphology and
roughness of A7075, high-resolution confocal microscopy (psurf mobile, NanoFocus, Ger-
many) was used to observe and measure the surface characteristics of the sample. Two
groups of samples were observed: the untreated (raw) sample and the samples subjected
to MHP treatment at varying energy levels. The three-dimensional morphology, rough-
ness value, and surface height difference of the samples before and after treatment were
compared, and the changes in the different hammer parameters were analyzed. Addition-
ally, a meticulous examination of the coating’s surface morphology and elemental com-
position was carried out using a field-emission SEM (ZEISS Gemini SEM 300, ZEISS, Ober-
kochen, Germany), which was equipped with an EBSD detector (Oxford Instruments, Abing-
don, UK) and an energy-dispersive X-ray spectrometer (EDS). The EBSD scans were under-
taken at a voltage of 20 kV and at a working distance of 15 mm, with a scan step size of 0.4 um.

2.4. Friction and Wear Testing

In this study, a multifunctional friction tester (MFT-5000, RTEC Instruments Inc., San
Jose, CA, USA) was used to conduct friction and wear tests on the samples. The experi-
ment employed a pin-on-flat reciprocating sliding contact method, with a pin composed
of SiC. Before testing, the samples were cleaned, dried, and then secured in the friction
tester’s fixture. The reciprocating friction tests were conducted on A7075 at room temper-
ature, with a frequency of 1 Hz and a load of 50 N for 10 min. Each test was repeated three
times to minimize measurement errors. Subsequently, a high-resolution confocal micro-
scope was used to observe the three-dimensional morphology.

3. Results and Discussion
3.1. The Distribution of Microhardness

As a surface treatment technology, MHP can lead to considerable changes in mechan-
ical properties along the thickness direction of materials. The microhardness distributions
of unMHP and MHP samples are illustrated in Figure 3. Undoubtedly, a substantial in-
crease in hardness can be observed in the surface and sub-surface layers after MHP treat-
ment, indicating that MHP is an effective method for surface strengthening. Specifically,
the surface microhardness ascends with the increase in impact energy, and the maximum
value of approximately 232 HV was achieved at an impact energy of 3.5 J, representing an
increase of around 21%. However, the microhardness values of all MHP-treated speci-
mens decreased with increasing depth, ultimately leveling off at about 193 HV, which
corresponds to the hardness level of the untreated samples.
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Generally speaking, the influence depth of peening techniques is linked to the impact
energy [6,7,29]. Interestingly, all maximum influence depths stabilize at a depth of around
2 mm. Similar phenomena have been observed in other studies [16,30] involving the same
materials. It is well known that the factors affecting hardness are associated with the densities
of dislocation and the grain boundary under the same materials and working conditions
[31,32]. As the impact energy increases, the dislocation density reaches a maximum value, due
to the dynamic balance between dislocation formation and annihilation at a certain depth.

Compared to other peening techniques, MHP exhibits superior surface-strengthen-
ing capabilities. Zhang et al. [16] reported that the maximum influence depth of A7075
treated with cavitation water jet peening is around 0.6 mm, significantly less than the 2
mm depth achieved in our work. Similarly, Abeens et al. [7] compared the strengthening
effect of A7075 subjected to different surface modification processes, including shot peening,
severe surface mechanical treatment, and laser shock peening, and found that the maximal
value of influence depth reached only 0.6 mm. The comparative results highlight that MHP
has a distinct advantage over its counterparts and has a wide application perspective.
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Figure 3. Microhardness distribution of the samples before and after MHP treatment.

3.2. Microstructure Evolution

The inverse pole figure color coding of the orientation maps in Figure 4 shows the
microstructure evolution of MHP-treated samples. High-angle grain boundaries (HAGBs)
(0 210°) are indicated by black lines, while low-angle grain boundaries (LAGBs) (2°<0 <
10°) are shown as grey lines in the figure. The color of each grain in the EBSD map repre-
sents the orientation of the RD of the sample's coordinate system relative to a specific
crystallographic direction.

MHP treatment clearly induces substantial changes in microstructure. Specifically,
the average grain size (using the equivalent circular diameter) is approximately 26.8 pm
in the unMHP sample. In contrast, severe grain fragmentation can be observed after MHP
treatment. The significant increase in the number of grains in the structure and substruc-
ture results in a reduced grain size. As demonstrated in Figure 5a, the mean grain size
drops dramatically to about 14.0 pum in the MHP1.7 sample. With further increases in the
impact energy to 2.7 ] and 3.5 ], the average grain sizes drop and stabilize at around 10.5
and 10.9 um, respectively.
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soa 100 um =

Figure 4. Microstructural characteristics of A7075: EBSD IPF maps of (a) unMHP, (b) MHP1.7, (c)
MHP2.7, and (d) MHP3.5.

As a surface treatment technology, the most pronounced grain refinement occurs at
the surface and sub-surface layers, and the refinement effect diminishes progressively
with increasing depth. Closer inspection reveals that numerous small grains, ranging in
size from 1 to 3 pum, are present in the surface and sub-surface regions. However, such
refined grains are only detected within a depth of about 20 um. Admittedly, neither nano-
grained nor ultrafine-grained structures were observed in the current study. To evaluate
the grain size distribution as a function of depth, the average grain sizes within a depth of
100 um (Top100) are depicted in Figure 5a. Compared to the full-area grain size in the
same sample, the moderate decrease in grain size within the Top100 region indicates that
MHP technology cannot lead to severe grain refinement in 7075 Al alloy.

(a) (b)
30
25+
26.7
a
2518 23.5 Grain Size ME 20 F
" Top100 Grain Size S
g -
St X 15t
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£ 510t
si5r 14.0 a
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105 10.9 Z 5F
10 - 9.1 ]
8.0 7.8 1.4
0r
H B : . A ,
unMHP MHP1.7 MHP2.7 MHP3.5 unMHP MHP1.7 MHP2.7 MHP3.5
Different Impact Energies Different Impact Energies

Figure 5. (a) The average grain size and (b) the GND density of different MHP samples.
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However, the absence of nano-grained or ultrafine-grained structures does not indi-
cate that MHP is an ineffective surface treatment method. MHP can significantly enhance
the geometrically necessary dislocation (GND) density. As shown in Figure 5b, the GND
density in the unMHP sample is about 1.40 x 10'®> m=2, which increases sharply to 17.1 x
1013, 24.8 x 1013, and 18.1 x 10 m2 for MHP1.7, MHP2.7, and MHP3.5, respectively. The
distribution of GND is illustrated in Figure 6. It is noteworthy that the distribution of GND
is uneven, with GND concentrated primarily within a depth of 400 pm. The depth corre-
sponds to the region with the highest hardness values, implying that the sub-structure
plays a significant role in the strengthening of MHP-treated 7075 Al alloy.

According to the data, the smallest grain size and highest GND density are found in
the MHP2.7 sample. This refined grain structure can enhance hardness and wear re-
sistance, demonstrating that the energy level is a potential parameter for MHP surface
strengthening.

Figure 6. GND distribution maps of (a) unMHP, (b) MHP1.7, (c) MHP2.7, and (d) MHP3.5.

Changes in GND density are frequently accompanied by alterations in grain bound-
aries. Specifically, low-angle grain boundaries (LAGBs) (red lines) are barely observable
in the unMHP sample due to annealing, as shown in Figure 7. With increasing energy, the
number and the fraction of LAGBs increase to a high level. As demonstrated in Figure 8a,
the proportion of LAGBs ascends from 2.59% in the unMHP sample to over 75% in the
MHP-treated samples. Despite the decrease in the fraction of high-angle grain boundaries
(HAGBs) (black lines), their absolute number increases simultaneously. Figure 8b illus-
trates the evolution of HAGB length. It should be noted that the grain boundary length
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measured in EBSD is purely two-dimensional information because it represents the
boundary’s projection onto the sample surface. However, the magnitude of the increase
in HAGB length effectively reflects the overall increase trend in HAGB evolution. There-
fore, the concept of the HAGB length ratio, which is defined as the ratio of the HAGB
length of the MPH-treated sample to that of the unMPH sample, is employed in this study.
The increasing trend in HAGB length indicates effective grain fragmentation and refine-
ment during MHP treatment.

Figure 7. The LAGB and HAGB distribution of (a) unMHP, (b) MHP1.7, (c) MHP2.7, and (d)
MHP3.5.
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Figure 8. (a) The fraction of LAGBs and HAGBs and (b) the HAGB length ratio of different MHP
samples.

3.3. The Morphology of Impacted Surfaces

Figure 9 displays the surface morphology of A7075 after peening at four distinct en-
ergy levels. Figure 9a illustrates the untreated control sample, characterized by a smooth
and uniformly colored surface, reflecting the pristine state of the material. The maximum
surface height difference of the untreated sample is about 10 um. Peening induces signif-
icant plastic deformation on the Al alloy’s surface, creating a rugged surface akin to rolling
hills. Theoretically, the size of the depressions correlates directly with the peening head,
while their depth is proportional to the energy applied. As the peening energy increases,
the degree of plastic deformation intensifies, and the height difference between the highest
and lowest surface points also increases. Specifically, when the peening energy rises from
1.7 ] to 2.7 ], the surface height difference increases from 121.8 pm to 126.4 um, accompa-
nied by a reduction in depression diameter. A further increase in energy to 3.5 ] results in
a significant height difference increase to 200.1 um, along with a noticeable enlargement
of the depression diameter. These changes suggest that higher energy levels lead to deeper
plastic deformation.

(a) 58.24

27.79
-2.66
-33.11
L -63.56
115.38
65.34

15.30

-24.56 23475

[um] B _56.16 (] B g4 79

Figure 9. Three-dimensional morphology after MHP treatment: (a) unMHP; (b) MHP1.7; (c)
MHP2.7; (d) MHP3.5.
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It is noteworthy that the depression diameter does not increase linearly with peening
energy. At a peening energy of 2.7 ], the sample exhibits the smallest depression size, and
the height difference between the surface protrusions and depressions increases by only
4.6 um compared to 1.7 J. From a morphological perspective, a peening energy of 2.7 J is
a more suitable choice as it achieves significant plastic deformation while maintaining rel-
atively low surface roughness. This is further validated in Figure 10, where the sample
peened at 2.7 ] has the lowest average surface roughness among the peened samples, with
Ra values of 3.66 um and Rt values of 17.51 um, which is lower than with other surface
strengthening methods such as shot peening and cavitation jet usage. For instance, Xu et
al. [33], through orthogonal experiments, studied the effect of shot peening on workpiece
surface roughness, with the optimal surface roughness in their nine experiments being an
Ra value of ~3.79 um. Liu et al. [34] used cavitation water jet equipment to erode pure
copper for different durations, studying the microstructure, damage morphology, surface
roughness, and cross-sectional hardness of the samples post-erosion, with surface rough-
ness or Ra values ranging from 3.7 to 9 um. Additionally, the surface profile line in Figure
10 reveals that compared to the 1.7 ] and 3.5 ] peened samples, the 2.7 ] peened sample has
relatively smoother depression edges, a dynamic equilibrium achieved after multiple
plastic deformations being the reason for its lower surface roughness. Mechanical hammer
peening (MHP) can achieve both surface strengthening and smoothing effects simultane-
ously; however, the sharp “peak” protrusions on the surfaces of the 1.7 ] and 3.5 ] peened
samples indicate that energy levels that are either too high or too low can lead to surface
unevenness. Excessive energy levels can cause over-deformation in localized areas, while
insufficient energy levels may fail to act effectively on the material’s surface, leading to
uneven surface treatment.

(a) 150 Ea: 11';’5;21}““ (b) 26.0 Ra=7.17 pm
9.0 t=17.51 um 40.0 Rt=60.21 pym

um 30} | i !, pm 24.0 A
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Figure 10. The surface roughness after MHP treatment: (a) unMHP; (b) MHP1.7; (c) MHP2.7; (d)
MHP3.5.

3.4. Wear Resistance

Figure 11 shows the variation in the friction coefficient of A7075 under a 50 N load,
highlighting the frictional behavior and performance of the material during the friction
process. In the initial running-in phase, the coefficient of friction increases rapidly as the
friction pin disrupts the sample’s surface, generating significant heat. This leads to oxida-
tion on the sample’s friction surface, with the resulting oxide film providing some lubri-
cative effect. The friction coefficient curve then enters a stable phase, which aligns with
the findings reported by Ji-dong Zhang et al. [35]. The figure reveals that the unMHP
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sample has a noticeably higher friction coefficient than the hammer-treated samples
(MHP1.7, MHP2.7, and MHP3.5), indicating that mechanical hammering strengthens the
material. The average friction coefficients for unMHP, MHP1.7, MHP2.7, and MHP3.5
were 0.332, 0.270, 0.272, and 0.274, respectively. Analysis of the results shows that ham-
mer-treated samples have a lower friction coefficient and stronger wear resistance. Addi-
tionally, the friction coefficients for the three treated samples are not significantly different
during the stable phase, suggesting that mechanical hammering effectively reduces fric-
tion and enhances wear resistance, producing a smoother surface. Figure 4 illustrates that
the underlying reason for this phenomenon is the introduction of a large number of dis-
locations, as well as a reduction in grain size, during the hammering process [36]. For
A7075 alloy, peening strengthens the material by improving stress distribution, creating
a residual compressive stress field, and somewhat suppressing crack formation. These en-
hancements contribute to increased fatigue life in manufactured components [20].

0.5

U ot
b %%WW

Coefficient of Friction

02} —— 50 _unMHP
———50_MHP1.7

——50_MHP2.7

0.1 ———50 MHP3.5
0.0 ' ' ' ' ' '
0 100 200 300 400 500 600

Time/s

Figure 11. Friction coefficient-time graphs of A7075 after friction and wear under a load of 50 N.

In Figure 12, the wear volume of the material was measured after 600 s of friction and
wear under a 50 N load. Wear volume is a critical indicator of wear resistance and is closely
linked to the material’s service life. Generally, materials with higher hardness exhibit
lower wear volumes. The experimental results indicated that the wear volume of hammer-
treated samples was significantly lower than that of the untreated samples. Notably, the
wear volume of the MHP2.7 sample was only 7.67 x 104 mm?, representing a considerable
reduction compared to the untreated samples. Research by Yuting Hao [37] suggests that
a lower Ra value can enhance wear resistance, helping explain why the MHP2.7 sample
with the lowest Ra value post-treatment exhibits the lowest wear volume. This finding
suggests that the hammering treatment can modify the microstructure and surface mor-
phology, resulting in finer surface particles and increased hardness. These changes help
prevent abrasive particles from penetrating the material’s surface. The plastic deformation
induced by hammering promotes the formation of a large number of dislocations, which
endows the material with higher strain-hardening ability and greater plastic deformation
capacity. According to research by M. Dadgar et al. [36] and the data depicted in Figure 3
and Figure 6, the dislocation generated by mechanical hammering is approximately 400
pm in thickness. Due to the high density of the dislocations, their interaction creates bar-
riers to further dislocation motion, thereby increasing the material’s resistance to
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deformation. Consequently, samples treated with hammering are less prone to crack for-
mation and crack propagation during repetitive sliding processes.
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Figure 12. Abrasion loss of A7075 after friction and wear under a load of 50 N.

Figure 13 displays the three-dimensional surface morphology of the unMHP and
MHP-7075 samples after friction and wear testing under a 50 N load. Distinct friction and
wear grooves are visible on the surface of the unMHP sample, showing typical plowing
characteristics due to the material’s extrusion along the groove sides during friction. In
contrast, the surface of the hammer-treated sample exhibits undulating hammering pits,
indicative of work hardening from plastic deformation, which is a key factor in enhancing
wear resistance. The increase in hardness results from the combined effects of grain re-
finement and work hardening [38-41], yielding a higher hardness and improved wear
resistance compared to the untreated sample. Unlike the unMHP sample, the hammer-
treated sample shows minimal wear marks in the friction and wear test under a 50 N load.
In particular, the MHP2.7 sample shows wear grooves with a reddish-yellow color that
rise above the average surface height, suggesting that friction and wear have caused only
limited damage. Consequently, this sample has the lowest wear volume among all the
tested parameters, demonstrating excellent wear resistance.
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Figure 13. Three-dimensional morphology after treatment: (a) unMHP; (b) MHP1.7; (c¢) MHP2.7; (d)
MHP3.5 of wear scars, tested under a load of 50 N.
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Figure 14 shows the worn surface morphology of A7075 samples treated with differ-
ent hammering energies under a 50 N load, as can be observed in the scanning electron
microscopy (SEM) images. The low-magnification SEM image in Figure 14a reveals sig-
nificant oxidation on the surface of the unMHP sample after reciprocating friction and
wear, with visible delamination, flaking, and the accumulation of wear debris. These char-
acteristics indicate that the sample experienced oxidative wear along with severe adhesive
wear. In the high-magnification SEM image (Figure 14b), delamination is more pro-
nounced, with material flaking off during wear, resulting in an increased surface rough-
ness and further reduction in wear resistance.

The MHP1.7 sample exhibits a relatively smooth friction surface, with only minor
scratches and grooves, and minimal surface damage (Figure 14c). High-magnification
SEM images reveal some oxides on the surface, indicating that the wear mechanism is
primarily mild oxidative wear (Figure 14d). The MHP2.7 sample displays a wave-like lay-
ered structure that is approximately perpendicular to the friction direction, which is likely
due to the rupture and reformation of the oxide film formed during friction under plastic
deformation. This cycle of rupture and reformation leads to the wavy layered pattern vis-
ible on the surface (Figure 14e,f). In contrast, the MHP3.5 sample (Figure 14g,h) shows a
thicker and more pronounced layering effect than the unMHP, MHP1.7, and MHP2.7 sam-
ples, with more visible scratches, possibly indicating mild three-body wear. Comparing
the SEM images of the unMHP and hammered samples provides a clear view of the extent
of surface damage at a microscopic level due to friction and wear. The hammering treat-
ment significantly enhances the wear resistance of A7075. The MHP1.7 sample demon-
strates superior friction resistance compared to MHP2.7 and MHP3.5, suggesting that
while hammering improves the surface strength, increasing the hammering energy cre-
ates larger surface undulations, which may slightly reduce the friction resistance. There-
fore, selecting an optimal hammering energy value is essential for maximizing the mate-
rial’s wear resistance.
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Figure 14. SEM images of: (a,b) unMHP; (c,d) MHP1.7; (e,f) MHP2.7; (g,h) MHP3.5, showing the
wear scars when tested under a load of 50 N.
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Following the tribological testing of A7075 alloy under a load of 50 N, energy-disper-
sive spectroscopy (EDS) analysis was conducted on a specific area within the MHP2.7 re-
gion that encompasses the tribological wear boundary. The results of this analysis are pre-
sented in Figure 15, where the orange dashed line delineates the boundary of tribological
wear. It is evident from the figure that there is a significant disparity in the concentration
of oxygen elements on either side of the wear boundary, which serves as direct evidence
for the ubiquity of oxidative wear during the tribological process. Based on the elemental
distribution from the EDS mapping analysis, Al2Os was identified as the dominant oxida-
tion product in the worn region, which corresponds to the high Al content in the matrix
material. Additionally, a small amount of MgO was detected in the oxide layer.

Figure 15. EDS images of MHP2.7.

4. Conclusions

The enhancement of 7075 aluminum alloy (A7075) through MHP treatment was in-
vestigated, focusing on the material’s microhardness, surface morphology, and tribologi-
cal properties under various peening energy levels. The conclusions are as follows:

1. After MHP, the surface and sub-surface hardness of A7075 were significantly in-
creased, with the peening energy capable of reinforcing to a depth of 2 mm. Com-
pared to the untreated samples, the microhardness of the sample treated with a peen-
ing energy of 3.5 ] (MHP3.5) increased by approximately 21%, indicating that MHP
effectively improves the surface hardness of A7075.

2. MHP treatment induces grain refinement and increases the density of GNDs in
A7075, especially in the near-surface region. At an impact energy of 2.7 J, the grain
size reached its minimum, and GND density was highest, indicating optimal
strengthening.

3. The surface of A7075 without MHP was smooth and uniform. After peening treat-
ment, the surface exhibited a mountainous pattern of pits, with the pit diameter and
surface roughness first decreasing and then increasing with the increase in peening
energy, indicating that 2.7 ] is the optimal peening energy for roughness.

4.  MHP significantly enhanced the wear resistance of A7075. Compared to the control
group, the peened samples exhibited lower coefficients of friction and wear volume,
with the sample peened at 2.7 ] (MHP2.7) having a wear volume of 7.67 x 10~ mm?.
Under a load of 50N, the wear traces on the surface of the peened samples were not
apparent, especially in the case of the MHP2.7 sample, where the wear groove was
above the average height and the damage to the surface from friction and wear was
extremely limited.
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5. Under a load of 50N, the untreated sample (unMHP) exhibited oxidative wear and
severe adhesive wear. In contrast, the sample with an impact energy of 1.7 ] (MHP1.7)
had a relatively smooth friction surface with only a few scratches and pits, indicating
minor surface damage. After MHP treatment, the wear mechanisms of A7075 primar-
ily consisted of oxidative wear and three-body wear. MHP has a significant strength-
ening effect on the wear resistance of A7075, and selecting the appropriate reinforce-
ment energy is crucial for enhancing the wear resistance of the material.
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