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MgS5Zn0.2Ca is a promising alloy for medical tools owing to its excellent biocompatibility and
biodegradability. This study presents the impact of surface mechanical attrition treatment (SMAT)
parameters, explicitly colliding balls velocity (1, 5, and 10 m/s), and surface coverages (500, 1000, and
2000%), on the microstructure, hardness, and residual stress. SMAT forms a layer with a gradient in
hardness, crystallite size, and twins. The surface hardness, which ranges between 68 and 118 HV, s,
increases with increased ball velocity and surface coverage. High ball velocity (10 m/s) and surface coverage
(2000%) induce high compressive residual stress of about —175.5 MPa at ~600 ym depth. The specimens
SMATed with a ball velocity of 5 m/s exhibit the higher surface compressive residual stress for all surface
coverages. The maximum compressive residual stress of about —153.5 MPa is observed at the surface for
the specimens SMATed at 5 m/s ball velocity and 500% coverage. The overall analysis reveals that the
specimen treated at 10 m/s ball velocity and 2000% surface coverage exhibits the most refined grain
structure, finely and densely distributed twins, maximum SMAT-induced thickness (~3000 xm), highest
surface hardness (~2.1 times the non-SMATed specimen’s hardness), and maximum compressive residual

stress.

Keywords ball velocity, Mg5Zn0.2Ca magnesium alloy, residual
stress, surface coverage, surface mechanical attrition

treatment, surface modification

1. Introduction

MgZnCa magnesium alloy is a promising material for
medical devices such as orthopedic implants, cardiovascular
stents, and surgical instruments due to its excellent biocom-
patibility and biodegradability (Ref 1, 2). Most studies focused
on optimizing the chemistry of this alloy to tune the properties.
Adding a small quantity of Ca to magnesium alloys enhances
ductility (Ref 3). However, a higher amount of Ca
(> 0.2 wt.%) increases the likelihood of Mg,Ca, formation
at grain boundaries, decreasing their strength (Ref 3). Adding
Zn enhances the grain boundary resilience of Ca-containing
alloys, increasing cohesion between grains and reducing the
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formation of such Ca-rich clusters at grain boundaries (Ref 4).
Incorporating Zn up to 6 wt.% enhances mechanical properties
and increases the degradation resistance of the alloy; however,
when Zn content exceeds 6 wt.%, the emergence of the
MgsZny, phase triggers a faster degradation rate (Ref 5).
Hence, Mg5Zn0.2Ca alloy (having an appropriate composition
of elements) is chosen in the current study and recognized the
need for further enhancement in its properties to meet the
application requirements.

Most of the recent literature on MgZnCa magnesium alloy
was devoted to enhancing mechanical properties (like fatigue
resistance) and corrosion resistance by controlling the chem-
istry and microstructure of the alloy (Ref 6-10). However, the
current knowledge of this alloy is limited, and its wider use is
constrained by relatively low mechanical properties and high
susceptibility to environmental factors (Ref 8, 11). Nanocrys-
talline materials can enhance these aspects (Ref 12-14).
Predominantly, material failures due to wear, fretting fatigue,
and fatigue fractures originate at the surface; therefore, making
the surface nanocrystalline via severe plastic deformation
(SPD) processes is a topic of substantial interest (Ref 15-17).
Surface mechanical attrition treatment (SMAT) stands out
across various SPD techniques due to its process capabilities,
cost-efficient approach, and ability to control microstructure
and properties. The influence of severe plastic deformation on
the MgZnCa alloy surface has only been addressed in limited
research articles.

Furthermore, fatigue behavior, one of the crucial properties,
depends on the residual stress induced by the surface-treat-
ments. Therefore, investigating the residual stresses generated
by severe surface deformations has become a significant area of
interest from an application standpoint. This study investigates
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the impact of SMAT process parameters on the microstructure,
hardness, and residual stress in MgZnCa alloy.

2. Methodology and Experimentation

2.1 Sample Preparation and SMAT Operation

For this study, Mg5Zn0.2Ca alloy, consisting of 5 wt.% Zn,
0.2 wt.% Ca, and the remaining Mg, was selected. Specimens
with dimensions of 50 x 50 x 5 mm were initially polished
with silicon carbide (SiC) emery papers and subsequently with
navigated alumina and diamond suspensions to prepare them
for the SMAT operation. The SMAT operation was carried out
using a specially constructed mechanical vibration-assisted
setup. This setup, including a SMAT cabin, facilitated high-
velocity impacts of hardened steel balls on the specimen
surface, resulting in intense surface deformation. Table 1 shows
the selected SMAT process parameters and the designations of
specimens considered in this study.

The influence of ball velocity and surface coverage in the
SMAT process on the Mg5Zn0.2Ca alloy was analyzed while
keeping other factors like ball size (6 mm diameter) and the
number of balls (32 nos.) constant for all specimens. During the
SMAT process, achieving 100% surface coverage took
~12 min at 1 m/s, ~70 s at 5 m/s and ~30 s at 10 m/s of
ball velocity. For example, the SMAT process took ~30 s
(i.e., ~0.5 min) at ~10 m/s for 100% surface coverage (which
corresponds to 1 peening intensity (PI)). However, to achieve
500% surface coverage, PI=35 is considered (i.c.,
30s x 5=150s (2.5 min) SMAT duration). Similarly, 10
and 20 PI correspond to 1000% (i.e., 5 min SMAT duration)
and 2000% (i.e., 10 min SMAT duration) surface coverage,
respectively. Therefore, different attrition durations were set to
maintain an identical surface coverage percentage (500, 1000,
and 2000%) for the three sets of specimens (Table 1).

2.2 Gharacterization of Samples

The specimens were initially polished with SiC papers,
navigated alumina, and diamond suspensions of varying sizes
(up to ~0.1 um) and then finally with ~0.04 um colloidal
silica suspensions for microstructural examinations. Subse-
quently, these samples were chemically etched using a solution
of 5 ml acetic acid, 5 ml distilled water, 2.3 g picric acid, and
35 ml ethanol. The etched specimens’ microstructure was
studied using optical and scanning electron microscopy (SEM).

Table 1 Specimen designations and SMAT process parameters

The specimen’s surface was further tested using x-ray diffrac-
tion (XRD), which used Cu-K,, radiation. The crystallite size of
the SMATed specimens was determined through the Wil-
liamson—Hall method (Ref 18). To measure residual stress
across the layer affected by SMAT, the thickness of the material
was systematically reduced using mechanical polishing. The
(203),,.hcp peak (20 = 90.46°) was chosen for measurement. To
quantify the residual stresses generated within the deformed
layers at varying depths, the sin*(y/) method was employed.
The Vickers microhardness measurements employed a 50 g
load with a 10 s dwell time. Approximately, ten indents were
randomly taken at each depth in the SMATed layer to evaluate
microhardness distribution. Further, the surface roughness (R,)
values of the SMATed specimens were measured using a 2D
profilometer.

3. Results

3.1 Microstructure Analysis

SEM micrograph and EDS spectra shown in Fig. 1(a), (b),
(d) and (e) represent microstructural features of Mg5Zn0.2Ca
alloy. Its microstructure consists of an «-Mg matrix, and
secondary phase particles (Ca,MggZn3) are dispersed through-
out the grain interior and boundary. A similar microstructure
was reported in the literature (Ref 7, 19). The grain size of the
as-cast Mg57n0.2Ca alloy is about 108 = 5 um. The literature
has also reported an almost similar grain size of 114 & 5 um
for as-cast Mg4Zn0.7Ca alloy (Ref 7).

The micrographs obtained using optical microscopy (Fig. 2
and 3) help reveal various microstructural features because of
the different responses by these features to the etching solution.
Figure 2 shows optical micrographs of Mg5Zn0.2Ca alloy,
which is SMATed with different ball velocities and surface
coverages. For specimens SMATed at 10 m/s ball velocity
(SA7, SA8 and SA9), fine and densely distributed twins are
observed compared to the other specimens. Such microstruc-
tural features cause darker contrast in the micrographs (due to
the higher response to the etching solution) (Fig. 2g—i) versus
(Fig. 2a—c). The darker spots in the optical micrographs
indicate the presence of f-phase, especially at grain boundaries.
Figure 3(a), (b) and (c) shows the twins’ distribution from the
treated surface to the core for SA3, SA6 and SA9. Other
specimens also exhibit similar behavior in terms of the
distribution of twins. SA9 (Fig. 3¢) exhibits a dense distribution
of fine twins near the treated surface (darker contrast is visible

Sample condition Ball velocity, m/s

Total coverage, % SMAT duration, min

SAl 1
SA2

SA3

SA4 5
SAS

SA6

SA7 10
SAS8

SA9

500 60
1000 120
2000 240
500 6
1000 12
2000 23
500 2.5
1000 5
2000 10
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Fig. 1 (a) SEM micrograph and (b—e) corresponding EDS maps for non-SMATed Mg5Zn0.2Ca alloy

in the micrographs). The darker appearance of the near-surface
region increases in the optical micrographs with an increase in
ball velocity, which occurs due to a transition from a coarser
twin morphology to finer twins when comparing SA3 to SA9.
The thickness of the SMAT-affected layer influenced by the ball
velocity and surface coverage is shown in Fig. 4. In SA9, the
presence of twins is evident up to a maximum depth of around
3000 + 500 um (Fig. 4). Conversely, the lowest depth up to
which twins are observed is around 400 £ 100 um for SAI.

Figure 5(a) shows XRD patterns of SMATed and non-
SMATed specimens. They evidence the domination of a-Mg. A
minute peak of Ca,Mg¢Zn; phase (which has a minor quantity
compared to o-Mg: see Fig. 1) is evident in the non-SMATed
specimen (amplified view of the relevant region of XRD is
shown in the insert of Fig. 4). Peak broadening is observed in
all SMATed specimens.

As shown in Fig. 5(b) and (c), crystallite size is determined
by assessing the broadening of the XRD peaks and utilizing the
Williamson—Hall method (Ref 18). Figure 5(b) shows the
crystallite size near the specimens’ treated surface. However,
the variation of crystallite size across the cross section of SA3,
SA6, and SA9 (for 2000% coverage) is displayed in Fig. 5(c).
Crystallite size is influenced by surface coverage and colliding
ball velocity (Fig. 5b). The higher the surface coverage and ball
velocity, the better the microstructural refinement. The SA9
shows the smallest crystallites of ~25 nm, indicating maxi-
mum grain refinement. On the other hand, SA1 exhibits the
largest crystallite size of ~31 nm for 2000% coverage, reflect-
ing the lowest degree of grain refinement.

3.2 Microhardness Distribution

Figure 6(a) depicts the surface microhardness variation of
the SMATed specimens. The highest microhardness value of

3748—Volume 33(8) April 2024

~118 HV 5 is observed at the SA9 specimen’s surface, while
the SA1 specimen reports the lowest surface hardness value
of ~68 HVO0.05. There is a ~109% (~2.1 times) increase in
the microhardness of SA9 compared to the microhardness of
non-SMATed specimens (~56 HVgs). The microhardness
distribution across the cross section of SMATed specimens
(SA3, SA6 and SA9) is demonstrated in Fig. 6(b). The
microhardness gradient is observed in all the cases. As the
distance from the SMATed surface increases, the microhardness
value decreases, eventually reaching a plateaued trend. Fig-
ure 6(c) depicts a 3D plot generated using MATLAB illustrat-
ing the variation of surface microhardness concerning ball
velocity and surface coverage. This plot depicts elevated
microhardness values attributed to higher colliding ball veloc-
ities and surface coverages.

3.3 Residual Stress Distribution

To measure the residual stress in the SMAT-affected region,
an XRD peak of (203),.h¢p (20 = 90.46°) is selected. Figure 7(a)
shows an example of such peaks corresponding to the 50 um
distance from the SMATed surface. The d-spacing versus
sin’() method is employed to estimate the distribution of
residual stress within the SMATed layer (representative plots
are shown in Fig. 7b). Data points of the graphical presentation
confirm the negative slope (m) through fitted lines, which are
used to calculate the residual stress (Ref 20). The peak position
is also influenced by grain size, micro-texture, and the gradient
structure resulting from SMAT.

Surface roughness has also been identified as a contributing
factor to the formation of residual stress (Ref 21). The surface
roughness (R,) values measured using a 2D profilometer
indicate that the ball velocity considerably alters the surface
roughness. It  increases from  0.290 + 0.012  to
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10 m/s

Fig. 2 (a—i) Microstructure of SMATed Mg5Zn0.2Ca alloy obtained using an optical microscope for different SMAT velocities and surface

coverages

1.522 + 0.043 um with an increase in ball velocity from 1 to
10 m/s (at a 2000% coverage). However, surface coverage
moderately alters the roughness, where a slight decrease in R,
value is observed from 1.783 + 0.072 to 1.522 &+ 0.043 um
with an increase in surface coverage from 500 to 2000% (at a
10 m/s ball velocity). Even though surface roughness influ-
ences the local stress concentration and subsequent relaxation
behavior within a material, quantifying the effect of surface
roughness on the residual stresses developed within the
material is intricate. Numerous parameters within the stress
relaxation mechanism (Section 4.3) add to this complexity.

The following expression is used to calculate the residual
stress (Ref 22, 23):
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E
OR = M-——

T+ (Fa 1)

where o is residual stress, v is Poisson’s ratio, and £ is Young’s
modulus for magnesium alloy. In this study, the considered
elastic constants are a Poisson’s ratio of 0.35 and an elastic
modulus of 46 GPa (Ref 24). The SMATed specimens show
compressive residual stresses generated at the surfaces (Fig. 7)
and within the SMAT-affected layer (Fig. 8).

Figure 7(c) and (d) and a 3D plot (Fig. 7e) generated using
MATLAB show the surface residual stress variation at different
ball velocities and surface coverages. In a 3D plot (Fig. 7e), the
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R? value of ~0.96 ensures the closeness of fit. Hence, this
profile illustrates a continuous and smooth transition without
undulations across various surface coverages and ball veloci-
ties. This plot also highlights that higher surface coverage leads
to a reduction in compressive residual stress values. However,
there is an initial increase in residual stress magnitude with
higher ball velocity, followed by a subsequent decrease as ball
velocity continues to rise.

Notably, the specimens SMATed with a ball velocity of
5 m/s exhibit the highest (among the different ball velocities)
amount of surface compressive residual stress for all surface
coverages. Maximum compressive residual stress values at the
surface are observed at 500% coverage for all ball velocities.
The highest surface compressive residual stress of
—153.5 £ 4.2 MPa is observed for SA4 (5 m/s ball velocity
and 500% coverage). For a given ball velocity, residual stress
becomes less compressive with an increased surface coverage
(Fig. 7d), suggesting an increased resistance to the accumula-
tion decrease in locked-in stress at the specimen surface with an
increase in the SMATed layer thickness (Fig. 4) or an increase
in the SMAT duration.
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Figure 8(a), (b) and (c) demonstrates the residual stress
distribution across the cross section for SA3, SA6, and SA9 at
2000% surface coverage. At some distance from the SMATed
surface, the maximum compressive residual stress is observed.
As the distance increases away from such depth toward the
surface and core (i.e., non-SMATed region of the cross section),
compressive residual stress decreases. The extent to which this
decrement occurs toward the surface depends on the depth
corresponding to the maximum compressive stress and the
magnitude of this stress. SA3 and SA6 show the highest
compressive stress almost at a similar distance from the surface
(i.e., ~100 pm). However, SA6 has a higher magnitude of
compressive  stress  (—163.3 & 4.7 MPa) than SA3
(=73.1 £ 5.1 MPa) due to the higher kinetic energy of
colliding balls (which is linked to the higher velocity of the
balls). In other words, about the same volume of material (due
to the similar depth of ~100 um) closer to the SMATed surface
experiences more accumulation of compressive stress for the
SA6 than SA3. However, as the depth corresponding to the
maximum compressive stress increases considerably, a near-
surface region experiences lower compressive stress (even if
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coverages

the maximum compressive stress is somewhat higher). The
SA9 specimen shows the highest magnitude of compressive
residual stress (—175.5 £ 7.6 MPa) at ~600 um depth. This
magnitude of maximum stress is close to that of SA6
(—136.3 £ 4.7 MPa); however, the residual surface stress of
SA9 is lower than SA6 (due to the substantially higher relevant
depth: ~600 versus ~100 um).

Mg5Zn0.2Ca alloy subjected to SMAT with a ball velocity
of 5 m/s (SA6, SAS, and SA4) exhibits a thinner SMATed layer
(Fig. 4) but notably higher surface compressive residual stress
(Fig. 7) and optimal surface hardness (Fig. 6). However, the
specimen treated at 10 m/s ball velocity exhibits the thicker
SMAT-induced layer, high surface hardness, and maximum
compressive residual stress in the layer. Consequently, SMAT
processing of this alloy holds promise for further exploration
and potential utilization in commercial applications.

4. Discussion

4.1 Microstructure Analysis

An intermetallic compound Ca,MggZn; is evidenced in the
microstructure of non-SMATed Mg5Zn0.2Ca alloy that is the
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primary form of Zn in the o-Mg matrix (Fig. 1a). As shown in
EDS maps (Fig. 1b—e), the distribution of Zn and Ca spans
across the a-Mg phase. Notably, Zn and Ca exhibit a higher
concentration along the grain boundaries. During the solidifi-
cation of the MgZnCa alloy, the formation of o-Mg grains is
followed by the enrichment of the boundaries with Zn and Ca
(as the solubility of these elements is limited in «-Mg (Ref 25)
leading to the precipitation of Ca,MgeZn; particles. Such
microstructure evolution results in a higher concentration of Zn
and Ca in the grain boundary regions. The phase proportion of
Ca,MgeZn; in the microstructure is ~2.2%. The precipitation
of Ca,Mg¢Zn; significantly influences the properties of the o-
Mg alloy. These secondary phase particles act as obstacles to
dislocation movement, especially at the grain boundaries,
enhancing the alloy’s overall strength (Ref 26).

The influence of increased ball velocities during SMAT on
the microstructure is observed for constant surface coverage
(Fig. 2a—i). For example, with a surface coverage of 2000%,
SA9 demonstrates a higher twin density than SA6 and SA3,
suggesting a higher degree of deformation of the specimens’
surface due to the increased strains and strain rates generated by
the higher velocity of colliding balls. Under constant ball
velocity conditions, such as 1 m/s (Fig. 2a—), SA3 (2000%
coverage) exhibits denser twins compared to SA2 (1000%

Journal of Materials Engineering and Performance



(a) SA9 (10 mis) (203),pep ——w=0 (b) Coverage: 2000% A SA3(1mls)
; —— v =12.247 e SA6 (5 mis)
—— = 17.458 1.0857 1 = SA9 (10 m/s)
A
—— y = 21.557 vy =-0.00
—_ — -0018x
S ——v=25.104 T | oo -u\“\”'of
S y=28317| o
> —— v =31.308|| S
] T 1.0843
c =
8 : @
£ ; k-] L
; 1.0836
d =550 ”’m e |d - 50 urr: T T T T
s 0 o5 o o5 g3 0.00 0.05 0.10 02.15 0.20 0.25
20 (degree) Sin“(y)
(c) - : ; (d)
i |—=— 500% —e— 1000% —A— 2000% | 5 —A—1m/s —8—5m/s —8—10m/s
© ©
o o
s S
» —90- » —90-
] 7}
o g
T L=
7] 77}
© ©
S -120 - S -120 -
g} 5=
(7] 0
Q O
(14 (14
-150 - -150 -
1 5 10 500 1000 2000
Ball Velocity (m/s) Surface Coverage (%)
(e) Residual Stress (MPa)
-60
ey =70
©
o -80
E =50 —
3 \ .
o -100
S -100 — ;
» 110
©
'g -120
= 150 —
é -130
2000 | 140
15 1000 4 5 6 1 8 ’ .
Coverage /o 500 1 2 3 )
ge (%) Ball Velocity (m/s)

Fig. 7 (a) (203),.ncp XRD peaks of SA9 recorded at 50 um depth. (b) d-spacing vs. sin’(y) plot at 50 um depth for SA3, SA6 and SA9. (c)
(d) Surface residual stresses for the SMATed specimens. (¢) A 3D plot representing residual surface stress distribution at different ball velocities

and surface coverages

coverage) and SA1 (500% coverage). These consequences are
attributed to an increased dislocation activity due to higher ball
velocities and an increased percentage coverage.

Since magnesium alloy is an hcp material, dislocation slip
and twinning are the predominant deformation mechanisms.
This behavior can be further attributed to its low stacking fault
energy. Initially, the impact of colliding balls during SMAT
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significantly enhances the strain and strain rate in the region
near the specimens’ surface. Prolonged SMAT duration enables
the colliding balls to penetrate deeper into the material, leading
to an increased thickness of the SMAT-affected layer and even
greater strains and strain rates in those regions. As a result of
increased strain in the material, the movement of the disloca-
tions occurs, leading to plastic deformation (Ref 27-30). When
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a material deforms, strain and stress are not uniformly
distributed across the cross section, and variations can occur
in areas where they concentrate/localize. Consequently, non-
uniformly distributed dislocations and twins can readily be
observed.

The density of fine twins progressively reduces with an
increased distance from the SMATed surface (Fig. 3a—), and
eventually, coarser twins form in the deeper regions. Strain
variations and underlying microstructural changes across the
material during deformation are the probable reasons for twin
gradients (Ref 31, 32). However, the higher thickness of the
SMAT-affected region as in the case of the SA9 specimen
(Fig. 4) can be attributed to the higher impact energies and the
increased deformation rate.

As shown in Fig. 5(a), a peak broadening is observed for the
XRD peaks after SMAT and lattice defects, strain accumulation,
and grain refinement are the major reasons for that. The smaller
crystallite size (Fig. 5b) often reflects the broader diffraction
peaks; hence, peak broadening indicates the nanocrystalline
nature of materials (Ref 33, 34). Conversely, the crystallite size
gradually increases from the SMATed surface to the core
(Fig. 5¢). In other words, the SMAT-affected regions of all the
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SMATed specimens exhibit gradient structure concerning the
crystallite size. It indicates that the variations in crystallite size
can be attributed to the complex interaction among dislocations
and twins and their density gradients (Fig. 2 and 3).

Due to the low shear stress requirements, the basal plane
(0001) is the primary slip plane in magnesium alloys.
Dislocations can serve as nucleation sites for twin formation,
and the stress concentrations around them can facilitate the
initiation and propagation of twinning deformations (Ref 31).
As stain and strain rate increase (due to the increased ball
velocity, percentage coverage, or SMAT duration), the density
of dislocations increases, which interacts with twins and twin
boundaries. These interactions between dislocations and twins
influence the overall deformation behavior of the alloy.
Dislocations can either pile up at twin boundaries (leading to
their pinning) or glide through twin boundaries (causing their
motion) (Ref 35). A higher density of dislocations and their
interaction with twin boundaries further promotes twin forma-
tion, leading to dislocation-twin and twin-twin interactions.
Consequently, the larger grains undergo fragmentation/division,
leading to a refinement in grain size. Hence, due to compar-
atively higher strain and strain rates caused by a ball velocity of
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10 m/s, SMATed specimens (SA7, SA8, and SA9) experience
better grain refinement.

4.2 Microhardness Distribution

The gradient in microhardness (Fig. 6a and b) and
fluctuations in the microhardness profiles could be linked to
the variation in the density of crystal defects (like twins and
dislocations) in the specimen cross section (Fig. 3). From a 3D
plot (Fig. 6¢), an empirical relationship is established for
surface microhardness by fitting the profile as a function of ball
velocity and surface coverage. The R* value of ~0.91 ensures
the closeness of fit. Therefore, this profile demonstrates a
smooth transition without any fluctuations across various
surface coverages and ball velocities. The following equation
expresses the established empirical relationship:

Hs=Hy+ V'3¢¥* (Eq 2)

where Hg is the surface microhardness, H, is the initial
microhardness, V' is the ball velocity (m/s), and C is the surface
coverage (%). This equation indicates an increased microhard-
ness value with an increased colliding ball velocity and surface
coverage. However, from Eq 2, it is clear that surface coverage
is a more dominating parameter than the colliding ball velocity.
The presence of lattice defects, strain hardening, and grain
refinement are the most probable reasons for increased hardness
value after deformation.

Increasing dislocation activity (due to SMAT) allows more
significant strain hardening and better grain refinement (Ref
27). The effect of grain size on hardness could be linked to the
Hall-Petch relation (Ref 36). Due to the hep crystal structure,
magnesium alloys have inadequate slip systems and a larger
Taylor factor (Ref 37), influencing the material constant (k) in
the Hall-Petch equation and increasing the sensitivity of
hardness value on grain size.

4.3 Residual Stress Distribution

The main cause of residual stress generation (Fig. 7a and 8)
and variation (Fig. 7e) is the resistance encountered by the
material during plastic deformation. Further, this behavior can
be attributed to dislocation generation/accumulation, twin
density, strain gradients, and grain refinement (Ref 38).
Scattered data points observed in Fig. 7(b), which can be
attributed to the x-ray penetration depth (Ref 20). Variations in
ball velocities and surface coverages during SMAT notably
impact several critical aspects of the material’s behavior.
Specifically, they influence the degree of grain refinement
(Fig. 5), twins’ distribution and density (Fig. 2 and 3),
dislocation loops’ formation, and the non-uniform strain
distribution. This collective influence subsequently extends to
the fluctuations in the magnitude of compressive residual stress
that develops within the material and the intricate mechanism
through which this stress relaxes over time (Ref 39-41). In the
case of increased surface coverage for a given ball velocity, an
increase in the SMATed layer thickness (Fig. 4) or an increase
in the SMAT duration could relax the locked-in surface stress
(Fig. 7d). Such relaxation in surface stress is possible at a
constant surface coverage if ball velocity increases beyond a
certain limit (Fig. 7c).

The material attempts to relax and reach equilibrium after
the complete deformation process. The material, however, is in
a metastable state due to the non-uniform distribution of strain
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and defects (Ref 39, 42). This response results in the generation
of residual stress. Stress accumulation and defects near the
deformed surface prevent the material from relaxing and
increase residual stresses. In the presence of dislocations, twins,
and grain boundaries, the stress is locked in the material and
hinders it from completely relaxing (Ref 39-41). Hence, due to
the non-uniform distribution and accumulation of strain during
the deformation process, residual stress is often higher beneath
the deformed surface (Ref 44).

The dependency of the residual surface stress on the ball
velocity (which governs the kinetic energy of colliding balls)
for a given surface coverage indicates the role of the amount of
strain accumulation in the SMATed layer. When the value of
maximum compressive residual stress is higher, but it occurs at
a similar depth, about the same volume of material (due to the
similar depth) closer to the SMATed surface experiences more
accumulation of compressive stress due to the higher ball
velocity (Fig. 8a versus b). Nevertheless, if the depth corre-
sponding to the maximum compressive stress increases con-
siderably, a near-surface region experiences lower compressive
stress (Fig. 8b versus c¢). Moreover, the surface stress variation
depends on the residual stress distribution across SMATed
specimens and the stress relaxation phenomenon (Ref 39, 40,
42, 43). Therefore, the residual surface stress is a complex
function of the cross-sectional width of the SMAT-affected
region, surface coverage (which is also linked to the SMAT
duration), the amount of maximum residual stress in the
SMATed layer, and the depth at which the maximum residual
stress accumulates.

Compressive residual stress typically enhances the resis-
tance to deformation and failure of materials (Ref 44). It
increases fatigue resistance and extends the material’s service
life by counteracting tensile stresses, which otherwise can
initiate and propagate cracks (Ref 45). Especially in high-stress
environments, compressive residual stress helps prevent pre-
mature failure and prolongs component durability.

5. Conclusions

This study investigates the impact of SMAT process
parameters on the microstructure, microhardness, and residual
stress of Mg5Zn0.2Ca magnesium alloy. Specimens SMATed
with different ball velocities (1, 5, and 10 m/s) and surface
coverages (500, 100, and 2000%) are examined to comprehen-
sively explore the relationships between the SMAT parameters
and their influence on the final material properties. The
following are some major concluding remarks:

1. SMAT forms a layer with a gradient in hardness, crystal-
lite size, and twins. The microhardness increases with an
increased colliding ball velocity and surface coverage.
Here, surface coverage is a more influencing parameter
than the colliding ball velocity. The surface hardness va-
lue ranges between 68 and 118 HV, o5, which is higher
than the hardness of non-SMATed specimens (~56
HV 05).

2. SMAT induces compressive residual stress in the alloy’s
surface layer. The highest compressive residual is ob-
served at some distance from the SMATed surface. As
the distance increases from such depth toward the surface
and core, the compressive residual stress decreases. High
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ball velocity (10 m/s) and surface coverage (2000%) in-
duce high compressive residual stress of about
—175.5 MPa at ~600 um depth. It is observed that the
residual surface stress depends on the magnitude of maxi-
mum residual stress in the SMATed region and the depth
at which maximum residual stress accumulates. Among
the different ball velocities, the specimens SMATed with
a ball velocity of 5 m/s exhibit the highest compressive
residual stress at the surface for all surface coverages.
The maximum surface compressive residual stress of
about —153.5 MPa is observed for the specimens SMA-
Ted at 5 m/s ball velocity and 500% coverage.

3. The overall analysis reveals that the specimen treated at
10 m/s ball velocity and 2000% surface coverage exhibits
the most refined grain structure, finely and densely dis-
tributed twins, maximum SMAT-induced thickness
(~3000 um), highest surface hardness (~2.1 times the
hardness of non-SMATed specimen), and highest com-
pressive residual stress at a certain distance away from
the surface.
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