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Abstract: Surface modifications, including laser surface melting (LSM) and micro-shot
peening (MSP), were applied to improve the fatigue performance of the Ni-Al bronze
(NAB) alloy. LSM could homogenize the NAB into a uniform microstructure with refined
columnar grains in the laser-melted zone but introduced residual tensile stress (RTS).
The bombardment and generated heat induced by MSP could not entirely remove the
granular κII precipitates and lamellar κIII phase in the peened zone of the shot-peened
sample (NSP sample) but introduced residual compressive stress (RCS) into the NSP sample
under the peening intensity of this work. The results of fatigue tests revealed that the
LSM sample had the poorest fatigue performance, but the NSP sample showed the best
fatigue performance among the tested samples. The fatigue limit of the NAB alloy was
about 325 MPa; meanwhile, the fatigue performance of the LSP (LSM + MSP) sample was
equivalent to or a little better than that of the NAB alloy (NBM sample). The RTS and
aligned columnar grains accounted for the degraded fatigue resistance of the LSM sample.
By contrast, the high RCS and the refined structure were responsible for the improved
fatigue strength/life of the NSP sample relative to that of the other samples. The fatigue
limit of the NSP sample was as high as 450 MPa. However, the increase in fatigue strength
of the NSP sample occurred in service life regions above 3 × 105 cycles.

Keywords: Ni-Al bronze; laser surface melting; micro-shot peening; rotating bending
fatigue; residual stress

1. Introduction
Ni-Al bronze (NAB) is a Cu-based alloy with Al, Fe, and Ni as the major strengthening

elements. The typical microstructure of the NAB includes α-Cu, β′ (martensite), and several
forms of κ phases (κI, κII, κIII, and κIV) [1–4]. The NAB’s high strength and corrosion
resistance in seawater make it widely used in marine applications, including propellers,
pumps, and valves. However, the NAB is sensitive to selective corrosion [5] and stress
corrosion cracking [6,7] while running in seawater. Preferential attack of the lamellar α

occurs in α + κIII eutectoid structure of the NAB [8]. The results of cavitation erosion tests
of the NAB show that the cumulative mass loss in seawater increases by 50% compared
to the results in distilled water [9]. Furthermore, adding sulfide in 3.5% NaCl solution
increases the cavitation erosion rate of the NAB [10].

The high-cycle fatigue life of the cast NAB is very sensitive to the size and location
of the defects and often shows a considerable scatter in the S-N curve [11]. A noticeable
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decrease in the high-cycle fatigue life of the NAB occurs with increasing the defect size
and surface proximity [12]. The κII, κIII, and β′ (martensite) present in the cast NAB are
reported to deflect the fatigue crack growth direction, thus slowing down the fatigue crack
growth rate (FCGR) [13]. In seawater, the FCGR of the NAB accelerates obviously, and the
threshold stress intensity factor range decreases compared with those tested in air [14].

Distinct surface modifications are applied to change the microstructure and improve
the mechanical properties of the NAB. The low surface roughness and high residual
compressive stress (RCS) induced by laser shock peening account for enhancing the NAB’s
high-cycle fatigue life [15]. Laser surface heat treatment (LSHT) is carried out to dissolve
the lamellar κIII phase in the NAB alloy, which improves its corrosion resistance [16]. After
laser surface melting (LSM), the cavitation erosion resistance of the treated NAB [17] and
Mn-Ni-Al bronze [18] in 3.5% NaCl solution can be enhanced relative to the as-received
one. In addition, the increased corrosion and erosion resistance of the Mn-Ni-Al bronze is
attributed to the formation of a single, homogeneous microstructure [19]. With the LSM
or LSHT treatments, the NAB alloy had equivalent cavitation performance [20]. However,
higher surface hardness and high residual tensile stress (RTS) are obtained in the former
rather than in the latter [20]. Moreover, the corrosion resistance of moderately peened NAB
is superior to that of the un-peened one, owing to the induced nano-sized grains and high
RCS [21] in the former. In addition, the cavitation resistance of the shot-peened NAB in a
3.5% NaCl solution is much better than that of the un-peened one [22].

The fatigue resistance of a structural component under cyclic loading can be increased
by introducing the RCS, refining the surface microstructure, and decreasing the surface
roughness. In this work, LSM [17–20], micro-shot peening (MSP) [23–29], and the combina-
tion of LSM + MSP are applied to modify the surface microstructure and residual stress
distribution of the NAB alloy. The fatigue performance of the treated NAB was evaluated
by rotating bending fatigue tests in laboratory air and compared with the as-received
one. The surface metrology of the treated NAB was detected with a 3D contour profiler.
The fracture feature of the fatigue-tested samples was examined with a scanning electron
microscope (SEM). The re-melted microstructure after LSM and refined microstructure
after MSP were identified by electron backscatter diffraction (EBSD).

2. Materials and Experimental Procedures
This work employed a UNS C95500 NAB bar with the chemical composition (in wt.%)

of 9.56 Al, 4.92 Fe, 4.02 Ni, 0.09 Mn, 0.22 Zn, and balanced Cu. It was melted in the air, then
hot-worked and drawn into a 15 mm diameter bar named the base metal (NBM sample).
The as-received NBM sample was ground by sandpapers from 320 to 1000. Some of the
NBM samples were subjected to MSP with fine amorphous powders [25–28] under 200%
surface coverage and designated as the NSP sample. The MSP intensity measured by
the height of the N-type Almen specimen was 0.18 mm. In the case of the NBM sample
subjected to laser surface melting (LSM), the as-melted sample was called the LSM sample.
The LSM treatment was carried out using a fiber laser with a single pulse energy of 45 joules
at 16 Hz and a travel speed of 312 cm/min. A single nugget size was about 650 µm in
diameter and maintained a 50% bead overlap during laser melting. MSP was applied to
reverse the RTS present in the laser-melted zone of the LSM sample and named the LSP
sample. The nomenclature of the samples used in this study is listed in Table 1.

An MVK-G1500 Vickers hardness tester (Mitutoyo, Kawasaki, Japan) was applied to
determine the hardness of various samples under the load of 100 gf for 15 s. Moreover, a
Hysitron TI 980 TriboIndenter (Bruker, Billerica, MA, USA) loaded at 2000 µN was applied
to measure the hardness of the shot-peened and laser-melted zones. The surface metrology
of the samples was investigated with a Contour GT-K 3D optical profiler (Bruker, Billerica,
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MA, USA), which provided non-contact surface investigation. Rotary bending fatigue
tests were conducted on the dog-bone samples at room temperature and at a frequency of
33.3 Hz at R = −1 (fully reversed). The tested samples’ fatigue stress (S) vs. number of cycles
(N) curves were presented after repeated tests. The tested samples’ microstructure and
fatigue-fractured appearance were examined with a S-3400N SEM (Hitachi, Tokyo, Japan).
Detailed microstructures of the tested samples were observed by a transmission electron
microscope (TEM). Quantitative chemical compositions of different phases in the examined
specimens were analyzed with a JXA-8200 electron probe micro-analyzer (EPMA, JEOL,
Tokyo, Japan) equipped with a wavelength-dispersive spectroscope (WDS). Moreover,
distinct samples were also examined with an SEM equipped with a NordlysMax2 electron
backscatter diffraction (EBSD, Oxford Instruments, Abingdon, UK) detector to distinguish
the grain orientations and distinct phases in the inspected samples. A µ-X360s residual
stress analyzer (Pulstec, Hamamatsu, Japan) was applied to determine the distribution of
residual stress in the thickness direction in the NSP, LSM, and LSP samples. The standard
settings of the X-ray source used Mn target Kα radiation (wavelength 2.10306 Å) at an
X-ray tube voltage of 30 kV with a 1.5 mA current. The device for measuring residual
stress is based on the cos α method. The distorted lattice is related to the full width at
half maximum (311)α peak. The Poisson’s ratio and modulus of elasticity of Cu used for
calculating the residual stress were 0.33 and 110 GPa, respectively. The distribution of
residual stress in the thickness direction was obtained by removing the surface layer of the
sample using an EP-3 electrochemical polisher (Pulstec, Hamamatsu, Japan).

Table 1. The nomenclature of the samples used in the current study.

Specimen Condition

NBM Base metal

NSP NBM + Micro shot peening

LSM NBM + Laser surface melting

LSP NBM + Laser surface melting + Micro shot peening

3. Results
3.1. Microstructural Observations

Figure 1 shows the microstructure of the LSM samples in a cross-sectional direction
with indicated sites, of which the chemical compositions were subsequently determined by
EPMA. The NAB consisted of granular κII with a size of less than 3 µm, the lamellar κIII,
and un-resolved κIV in the α matrix. The results of EPMA analysis on distinct phases in the
examined samples are listed in Table 2. Because the diameter of the yielded volume of the
electron beam was about 1 µm, the composition of the examined phases with size less than
1 µm would be hard to determine accurately. According to the atomic ratio listed in Table 2,
the κII (Site 1 to Site 3) could be the Fe3Al intermetallics. By contrast, the α-Cu (Site 4) was
the Cu matrix alloyed with Cu-8Al-1.6Fe-1.7Ni (in approximate wt.%). As pointed out
in prior studies [5–8], the complex or non-homogeneous microstructures present in the
NAB alloy are reported to degrade its mechanical and corrosion properties. After LSM,
the chemical composition of the laser-melted zone (Site 5) comprised Cu-10Al-5.5Fe-4.4Ni
(in approximate wt.%). The dissolution of intermetallics after LSM resulted in a more
homogeneous structure in composition and an increase in Fe and Ni contents in the melted
zone, as compared with those in the α-Cu.
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Figure 1. SEM micrograph showing the microstructure of the LSM sample in cross-sectional direction
with the indicated sites analyzed by EPMA; the dashed line revealing the melting boundary.

Table 2. The chemical composition of distinct phases determined by EPMA.

Site

Element Cu Si Al Fe Ni Mn

at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.%

1 (κII) 6.3 8.2 1.9 1.1 23.5 12.9 63.6 72.3 4.4 5.3 0.3 0.3

2 (κII) 5.8 7.4 2.3 1.3 21.5 11.7 66.8 75.3 3.4 4.1 0.2 0.2

3 (κII) 7.0 9.0 3.4 1.9 21.7 11.9 63.0 71.4 4.7 5.6 0.2 0.2

4 (α) 79.8 88.7 0.1 0.0 16.8 7.9 1.6 1.6 1.7 1.7 0.1 0.1

LMZ 69.8 80.1 0.2 0.1 20.3 9.9 5.4 5.5 4.2 4.4 0.1 0.1
Note: LMZ: laser-melted zone.

The top surface appearance and the cross-sectional view of the LSM sample examined
by SEM are displayed in Figure 2. The single nugget was about 650 µm in diameter. As
shown in Figure 2a, the imposed pulse laser energy caused melting and formed regu-
larly overlapped nuggets after LSM treatments. It was expected that the surface ripples
related to the overlapped nuggets would increase the LSM sample’s surface roughness.
Figure 2b shows the microstructure of the LSM sample in a cross-sectional view. The
results indicated that the melted zone displayed a fine needle-like structure without ob-
servable precipitates or second phase. It seemed that LSM could homogenize the NAB into
a uniform microstructure, which was expected to improve the cavitation resistance of the
alloy [17–19].

The phase constituents of the NBM, LSM, and LSP samples identified by XRD are
shown in Figure 3. It was revealed that the XRD spectrum of the NBM sample comprised
mainly α-Cu and (Fe, Ni)Al intermetallics, which were also inspected and shown in Figure 1.
In addition, several sharp peaks were present in the XRD spectrum of the LSM sample
within 2θ = 40–50◦, which were similar to those of the selective-laser-melted NAB alloy
in the as-built condition [30]. It is reported that complex phases, including β′, β1

′, and
γ1

′, might present in the laser-melted zone of the LSM sample [30]. By contrast, those fine
peaks present in the LSM sample became hard to distinguish in the LSP sample. It seemed
that the MSP caused the partial transformation of β1

′ to α-Cu.
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Figure 2. (a) The top surface appearance showing the laser-melted zone of the LSM sample at
(left) lower and at higher magnification (right, enlarged from the dashed zone); (b) the cross-sectional
view of the LSM sample.

Metals 2025, 15, x FOR PEER REVIEW  5  of  18 
 

 

Figure 2. (a) The top surface appearance showing the laser-melted zone of the LSM sample at (left) 

lower and at higher magnification (right, enlarged from the dashed zone); (b) the cross-sectional 

view of the LSM sample. 

Table 2. The chemical composition of distinct phases determined by EPMA. 

Element

Site 

Cu  Si  Al  Fe  Ni  Mn 

at.%  wt.%  at.%  wt.%  at.%  wt.%  at.%  wt.%  at.%  wt.%  at.%  wt.% 

1 (κII)  6.3  8.2  1.9  1.1  23.5  12.9  63.6  72.3  4.4  5.3  0.3  0.3 

2 (κII)  5.8  7.4  2.3  1.3  21.5  11.7  66.8  75.3  3.4  4.1  0.2  0.2 

3 (κII)  7.0  9.0  3.4  1.9  21.7  11.9  63.0  71.4  4.7  5.6  0.2  0.2 

4 (α)  79.8  88.7  0.1  0.0  16.8  7.9  1.6  1.6  1.7  1.7  0.1  0.1 

LMZ  69.8  80.1  0.2  0.1  20.3  9.9  5.4  5.5  4.2  4.4  0.1  0.1 

Note: LMZ: laser-melted zone. 

The phase constituents of the NBM, LSM, and LSP samples  identified by XRD are 

shown in Figure 3. It was revealed that the XRD spectrum of the NBM sample comprised 

mainly α-Cu and (Fe, Ni)Al intermetallics, which were also inspected and shown in Figure 

1. In addition, several sharp peaks were present in the XRD spectrum of the LSM sample 

within 2θ = 40–50°, which were similar to those of the selective-laser-melted NAB alloy in 

the as-built condition [30]. It  is reported that complex phases, including β′, β1′, and γ1′, 

might present  in  the  laser-melted zone of  the LSM sample  [30]. By contrast,  those fine 

peaks present in the LSM sample became hard to distinguish in the LSP sample. It seemed 

that the MSP caused the partial transformation of β1′ to α-Cu. 

 

Figure 3. XRD spectrums showing the constituents of the NBM, LSM, and LSP samples detected 

from the top surface of the investigated samples. 

The detailed mechanism causing such a phase transformation was not known at this 

moment. The detailed microstructure of the NSP, LSM, and LSP samples examined by a 

TEM is shown in Figure 4, and the diffraction pattern of the inspected sample is attached 

below  the figure. The result displayed  that MSP caused  the  formation of a nanocrystal 

structure in the severely shot-peened zone, which was confirmed by the ring pattern of 

Figure 3. XRD spectrums showing the constituents of the NBM, LSM, and LSP samples detected
from the top surface of the investigated samples.



Metals 2025, 15, 19 6 of 18

The detailed mechanism causing such a phase transformation was not known at this
moment. The detailed microstructure of the NSP, LSM, and LSP samples examined by a
TEM is shown in Figure 4, and the diffraction pattern of the inspected sample is attached
below the figure. The result displayed that MSP caused the formation of a nanocrystal
structure in the severely shot-peened zone, which was confirmed by the ring pattern of
electron diffraction (Figure 4a). The fine-grained structure was expected to enhance the
rapid formation of the protective passive film and reduced the occurrence of selective
dissolution [31]. In addition, refined needle-like martensite with high dislocation densities
and twins was formed in the laser-melted zone (Figure 4b). The exact crystal structure
of the laser-melted zone was not able to be identified by diffraction pattern in this work.
Moreover, the heavily peened zone of the LSP sample also consisted of a nano-grained
structure (Figure 4c). Thus, the needle-like structure in the laser-melted zone transferred to
a nanocrystal structure after MSP.
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samples with the diffraction pattern of the inspected sites.

3.2. Surface Feature

The surface morphology of the NSP and LSP samples is displayed in Figure 5. The
peened surface of the NSP sample revealed small and shallow dents in different sizes
(Figure 5a). It was noticed that micro-cracks were not formed on the surface of the peened
sample. However, the remnant of the lamellar structure could still be seen under the
applied peening intensity (Figure 5b). It was deduced that the intensity of MSP applied
in this work was not high enough to completely remove or disperse the coarse lamellar
structure. Moreover, the surface appearance of the LSP sample still exhibited the regular
traces of solidified ripples (Figure 5c). At a higher magnification, the bombarded dents
covered all the impacted surfaces of the LSP sample (Figure 5d).
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and (b) residual lamellar structure of the NSP sample; (c) vague ripple traces and (d) the dents
of the LSP sample.

The surface texture of various samples determined by a 3D contour profiler is shown
in Figure 6. In addition, the surface roughness (Sa, Sp, and Sv) of the examined samples is
listed in Table 3. The Sa values of the NSP, LSM, and LSP samples were about 0.90, 1.80,
and 1.66 µm, respectively. This meant that the surface roughness of the LSM sample was
higher than that of the others. With the MSP, the surface roughness (Sa) of the LSM sample
could be slightly mitigated (LSP sample). The surface feature of the NSP sample showed
high red spots (high peak) more or less evenly distributed in the matrix (Figure 6a). It was
noticed that the uneven distribution of high peaks could be related to the original ripples in
the nuggets of the LSM sample (Figure 6b). It seemed that the bombardment introduced by
MSP could slightly lower the peak of the nugget ripples of the LSM sample but could not
completely eliminate the ripple profiles (Figure 6c). As listed in Table 3, the LSM sample
had the highest Sp and Sv among the three samples, whereas the NSP sample had the
lowest ones. The high surface roughness of the LSM sample was expected to deteriorate its
fatigue performance.

Table 3. Surface roughness of different samples determined by 3D profiler.

Specimen
Surface Roughness Parameter (µm)

Sa Sp Sv

NBM 0.265 1.031 −2.194

NSP 0.896 6.045 −8.318

LSM 1.807 7.830 −9.487

LSP 1.664 7.167 −7.648
Note: Sa: arithmetical mean height of the surface; Sp: maximum peak height of the surface; Sv: maximum pit
depth of the surface.
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3.3. Hardness Measurements

The Vickers hardness tester and triboindenter were applied to measure the hardness
of the laser-melted zone of the LSM sample and the shot-peened zone of the NSP one. As
shown in Figure 2b, the Vickers hardness of the laser-melted zone of the LSM sample was
about 320 HV0.1, in contrast to about 185 HV0.1 of the substrate (NBM sample). Figure 7
shows the nano-hardness in the shot-peened zone of the NSP sample (Figure 7a) and in the
shot-peened laser-melted zone of the LSP sample (Figure 7b). In the shot-peened zone of
the NSP sample (Figure 7a), the nano-hardness fell in the range of 3.45–3.99 GPa, which
was about 340–390 HV. The nano-hardness of the shot-peened laser-melted zone could
be as high as 4.82 GPa, which was about 470 HV (Figure 7b). After MSP, the hardness of
the shot-peened and shot-peened laser-melted zones was much higher than that of the
substrate (NBM sample, about 185 HV0.1). Besides, the inherently higher hardness of
the laser-melted zone also demonstrated greater hardness than the bombarded substrate
after MSP.
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3.4. EBSD Analysis

Figure 8 shows the results of the EBSD analysis, displaying the outermost microstruc-
tures of the NSP and LSP specimens in a cross-sectional view. The band contrast (BC) map
displayed the shot-peened microstructures, which showed granular precipitates dispersed
in the substrate with a deformed surface layer (Figure 8a). The inverse pole figure (IPF)
showed the refined grains in the severely peened zone near the outmost surface, which
were too fine to be revealed clearly by EBSD (Figure 8c). As shown in Figure 8c, the heat
introduced by MSP could not dissolve those granular precipitates into the α-Cu matrix to
form a homogeneous microstructure, but MSP caused dynamic recrystallization to form
refined grains in the severely peened layer. The refined grains and deformed microstructure
accounted for the higher hardness of the shot-peened layer (Figure 7) compared to the
substrate. The phase map (Figure 8e) confirmed that those granular precipitates were
mainly Fe3Al dispersed in the α-Cu matrix.
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The LSP microstructure analyzed by EBSD is shown in Figure 8. The BC map revealed
that the laser-melted zone of nearly 40 µm in thickness consisted of refined columnar grains.
Due to the epitaxial growth from the un-melt substrate, the aligned columnar grains were
formed in the laser-melted zone after solidification (Figure 8b). Furthermore, the external
surface of the LSP also exhibited a thin layer of fine-grained structure, similar to that of the
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NSP sample therein (Figure 8a). As shown in Figure 8d, the IPF of the LSP sample revealed
finer columnar grains in the laser-melted zone. It was seen that those columnar grains with
different orientations predominantly aligned in a normal direction to the external surface
(Figure 8d). Similar to the NSP sample, the refined structure in the external surface of the
LSP sample was also hard for EBSD to reveal. The phase map (Figure 8f) confirmed that
a single phase (Cu3Al) was formed in the laser-melted zone, whereas observable Fe3Al
precipitates were distributed in the α-Cu matrix.

3.5. Residual Stress Measurements

Figure 9 shows the variation in residual stress with the depth from the top surface
to the interior of the NSP, LSM, and LSP samples. For the NSP sample, the RCS field was
present on the outmost surface, and the peak value could reach −640 MPa, followed by
a gradual change to a low stress state. A marked RCS field appeared in the NSP sample
around the peened surface. Thus, intense surface plastic deformation introduced by MSP
caused a marked strain-hardening of the peened zone, resulting in showing high RCS but a
narrow affected depth. With the LSM treatment, the solidification of the laser-melted zone
was expected to induce high RTS in the laser-melted zone. However, no reliable stress state
could be obtained around the surface of the laser-melted zone, owing to the characteristics
of X-ray spectrums. The reasons for the unsolved stress state in the laser-melted zone of
the LSM sample will be given in the discussion section. At a depth above 30 µm from the
surface, the RTS was obtained in the LSM sample (+318 MPa). It was deduced that the
RTS field would enhance the fatigue-crack initiation and growth of the LSM sample. With
the application of MSP on the LSM sample (LSP sample), the RCS field was introduced
around its outmost surface. The peak RCS near −800 MPa appeared in the subsurface
zone of the LSP sample. It was noticed that the laser-melted zone of the LSM sample was
much harder than the substrate in the as-treated condition, as shown in Figure 2. Therefore,
it was expected that the strength of the laser-melted zone would be much greater than
that of the substrate. Such a high RCS of the LSP sample could be attributed to the high
hardness/strength of the laser-melted zone relative to the soft substrate after MSP. Thus,
the presence of the RCS field on the external surface of the LSP sample was helpful to retard
the fatigue crack initiation, as compared with the LSM sample.
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3.6. Fatigue Tests

Figure 10 displays the stress (S) vs. cycle life (N) curves of various samples. The
test would be terminated at the cycle number above 2 × 106, and an arrow was attached
to indicate the non-failure of the test sample. In the as-received condition, the tensile
properties of the NAB bar were as follows: yield strength of 392 MPa, tensile strength of
763 MPa, and elongation of 19%. As shown in Figure 10, the LSM sample had the poorest
fatigue property, but the NSP sample showed the best fatigue property among the tested
samples. The NBM sample showed a gradual decrease in fatigue life with increasing fatigue
stress. The results revealed that the fatigue limit of the NBM was about 300 MPa after
duplicate tests. It was noticed that the fatigue performance of the LSM samples was heavily
degraded compared to that of the NBM sample. Interestingly, the increase in surface
hardness and homogenized surface microstructure of the LSM sample did not increase its
fatigue resistance. The results indicated that the NSP sample exhibited a higher fatigue
strength/life than the NBM, particularly under loading at low stress. As compared with the
NBM sample, the increase in fatigue strength of the NSP sample was only demonstrated in
service life regions above 3 × 105 cycles. The fatigue limit of the NSP sample could be 50%
greater than that of the NBM. Moreover, the fatigue performance of the LSP sample was
equivalent to or a little better than that of the NBM. Undoubtedly, the application of MSP
could increase the fatigue resistance of the NAB alloy, regardless of its original state.
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3.7. Fractured Surface Examinations

The fatigue-fractured morphologies of the NBM and LSM samples are shown in
Figure 11. Because the high peak stress resulted on the external surface of the fatigued
samples, the fatigue crack always initiated on the external surface. Macroscopically, the
fracture appearance of the NBM and LSM samples was similar. The fatigue crack initiated
at the external surface and propagated into the interior, as shown in Figure 11a,b. The
periphery of the fatigue-fractured NBM and LSM samples was decorated with a thin flat
layer, which indicated the multiple fatigue crack initiation around the external surface of
the tested samples (Figure 11a,b). The area profiled by a dashed line (Figure 11a,b) was
examined at higher magnification. Mainly, quasi-cleavage fracture was seen at the crack
initiation site of the fatigue-fractured NBM (Figure 11c) and LSM (Figure 11d) samples.
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Around the outmost region, the fatigue-fractured laser-melted zone of the LSM sample was
more likely to display the traces of solidified columnar grains (Figure 11d). In addition,
a lamellar feature, which was associated with the α + κIII microstructure, was found at
the crack initiation site of the NBM sample (Figure 11e). It was deduced that the α + κIII

lamellar structure was the weak point that initiated fatigue cracks in the NAB alloy. In
the fast fracture zone, a predominant dimple fracture was observed (Figure 11f), revealing
the NAB alloy’s ductile nature. The fatigue-fractured morphologies of the NSP and LSP
samples are shown in Figure 12. With the MSP, the occurrence of subsurface crack initiation
of the NSP sample was more often seen (Figure 12a,b). In addition, the external profile
was decorated with a thin layer of the rubbed zone (Figure 12c). Fatigue cracks tended to
initiate on the outermost surface of the LSP sample (Figure 12d). A thin, flat fractured layer
was found on the outer profile of the LSP sample (Figure 12d-left). Under examination at
higher magnification, MSP did impose a fine-grained layer on the external surface of the
fatigue-fractured LSP sample (Figure 12d-right). Overall, MSP introduced refined structure
and high RCS in the shot-peened zone, thus improving the fatigue strength/life of the NAB
alloy, regardless of the original state.
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Figure 11. The macroscopic fatigue-fractured morphologies of the (a) NBM and (b) LSM samples;
(c) quasi-cleavage of the NBM sample (enlarged from the dashed zone in Figure 11a) and (d) quasi-
cleavage in the laser-melted zone of the LSM sample (enlarged from the dashed zone in Figure 11b);
(e) fatigue crack initiation at the lamellar structure of the NBM sample; (f) dimple fracture at the final
fracture zone.
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Figure 12. SEM micrographs showing (a) the macro-fractured appearance, (b) sub-surface crack
initiation, (c) rubbed and squeezed feature around the outer profile of the NSP sample; (d) the
macroscopic fatigue-fractured appearance (left) and microscopic fatigue-fractured feature around the
external surface of the LSP sample (right, enlarged from the dashed zone in Figure 12d).

4. Discussion
As mentioned previously, the microstructure played an essential role in the NAB

alloy’s mechanical and corrosion properties. Thus, refining and homogenizing the NAB
alloy’s microstructure via various processes have attracted much attention. With the
application of LSM on the NBM sample, the homogenized microstructure caused an
increase in its surface hardness, as shown in Figure 2. The XRD spectrum (Figure 3) and
microstructural observation (Figure 4) showed that the formation of complex phases in the
refined columnar grains of the LSM sample was responsible for the increased hardness
of the laser-melted zone relative to the substrate. A 3D contour profile showed that
MSP could create marked deformation on the impacted zone but only caused a minor
increase in surface roughness (Figure 6). By contrast, the LSM sample showed a coarse
surface roughness relative to the other samples, which was expected to degrade its fatigue
performance. Moreover, the EBSD analysis revealed that the bombarded surface comprised
a deformed structure with about 10 µm in thickness after MSP (Figure 8). Unlike the
substrate’s microstructure, the peened layer showed refined grains and was confirmed by
TEM observation (Figure 4). Therefore, MSP effectively refined the surface microstructure
of the NAB alloy.

Shot-peening is reported to refine the α-Cu grain through the dislocation activities
in precipitate-free α-Cu and mechanical twins in high-stress concentration areas around
κ phases [32]. In addition, different κ phases are also deformed during shot-peening [32].
The lamellar κIII is fragmented and may dissolve into the matrix under high peening
intensity at 0.25 mmA [32]. Moreover, plastic deformation also introduces high dislocation
densities into the κII phase [32]. In this work, residual lamellar κIII was fragmented but still
could be found on the peened surface after MSP, which meant that the applied peening



Metals 2025, 15, 19 14 of 18

intensity of this work was not high enough to remove all the κIII phases. The existence of
fragmented κIII was expected to play a reverse effect on the fatigue resistance of the peened
NAB alloy.

As mentioned previously, the full width at a half maximum (311)α peak of the XRD
spectrum was used to measure the residual stress of the investigated sample. A plane
detector installed in µ-X360s stress analyzer (Pulstec USA, Inc., Torrance, CA, USA) was
applied to collect all the diffracted beams from the irradiated surface of the inspected
sample with numerous grains in distinct orientations. With the internal stress, Debye ring
related with the specific lattice plane of the examined sample can be distorted. With the
aid of the developed software, the Debye ring was cut into 500 segments. The diffraction
curves associated with distinct segments were superimposed after the diffraction test. The
cumulative results would display the intensity distribution of the Debye ring. The strength
of the intensity was shown in color, i.e., the highest in red and the lowest in blue. Figure 13
shows the XRD spectrum around a 2θ angle of 146.2◦ at different depths from the outmost
surface to the interior of the LSM sample. It was seen that continuous peaks, which were
hard to separate into individual peaks, appeared in the XRD spectrum of the LSM sample
within the laser-melted zone (Figure 13a–c). By contrast, a single and distinguishable peak
was obtained at a 2θ angle of 146.2◦ at a depth of about 40 µm from the surface, which
could be used to calculate the residual stress value (Figure 13d). The measurement of
near-surface residual stress of the LSM sample was not achieved by using the XRD. As
shown in Figure 8, aligned columnar grains were present in the laser-melted zone. The
continuous peaks present in the XRD pattern of the LSM sample (Figure 13a–c) could be
partly attributed to the texture or epitaxial growth of refined columnar grains in distinct
orientations in the laser-melted zone.
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Figure 13. XRD spectrum of the LSM sample around a 2θ angle of 146.2◦ at distinct depths of (a) 0,
(b) 10, (c) 20, and (d) 40 µm from the outmost surface.

Figure 14 shows the XRD patterns around a 2θ angle of 146.2◦ at distinct depths from
the external surface of the LSP sample. After MSP, a distinguishable single but broad peak
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was obtained in the XRD pattern of the LSP sample around the surface zone (Figure 14a,b).
At a depth of about 20 µm (Figure 14c), another peak attached to the central peak was found.
At a depth of about 40 µm, a sharp single (311)α peak related to the α-Cu was present in
the XRD spectrum of the LSP sample (Figure 14d), which was associated with the NAB
substrate. As mentioned previously, β′ martensite was formed in the laser-melted zone of
the LSM sample. It seemed that MSP caused the phase transformation of β′ martensite to
α-Cu. The exact reasons for this peening-induced phase transformation were not known.
However, using the (311)α peak, the residual stress field of the LSP sample was determined
and confirmed the introduction of the RCS field around the surface of the LSP sample.
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The results of the fatigue tests (Figure 10) showed that the LSM treatment would
degrade its fatigue performance compared to that of the NBM sample. As shown in
Figure 10, the LSM sample had the worst fatigue performance among the tested samples.
Thus, the homogeneous microstructure in the laser-melted zone did not improve its fatigue
resistance. It was deduced that the RTS, oriented columnar grains, and high surface
roughness were responsible for the degraded fatigue characteristics of the LSM sample.
Such a deteriorated effect of LSM on the fatigue performance of the NAB alloy was not
mentioned in open literature. Moreover, the NSP sample showed a much higher fatigue
strength/life than the NBM sample. The surface-hardening, refined surface microstructure
and the induced RCS in the severely peened zone after MSP accounted for the improved
fatigue resistance of the NSP sample. The results indicated that the fatigue performance
of the LSP sample was equivalent to or a little better than that of the NBM sample. As
shown in Figure 9, the sample’s RCS field was limited to 40 µm near the surface region. It
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was deduced that the positive effect of the RCS field was limited to impeding the surface
crack initiation. It is seen in Figure 12d that the aligned fibrous feature, which was found
to incline to the outer surface of the fatigue-fractured LSP sample, was observed. Based
on the fracture feature of the LSP sample shown in Figure 12d (right), it was deduced that
the fatigue crack would initiate on the outer surface and propagate inward. A significant
improvement in fatigue performance of the LSP sample did not occur, which could be
partly attributed to several causes. It could be that the outermost residual stress of the LSP
sample was not high enough to suppress or overcome the high peak stress during cyclic
loading. In addition, the aligned columnar grains and brittle nature of the laser-melted
zone of the LSP sample were more likely to nucleate surface cracks. Therefore, the LSP
sample had a similar fatigue resistance to the NBM sample. Therefore, the application of
MSP could increase the fatigue resistance of the NAB alloy.

In a prior study, the fracture feature changes from an intergranular fracture for the
cast NAB alloy to a transgranular fracture for the laser-shock-peened NAB alloy in the
fatigue crack initiation zone [15]. The fatigue fractured appearance displayed mainly quasi-
cleavage fracture at the crack initiation site of the NBM (Figure 11c) and LSM (Figure 11d)
samples. Moreover, the lamellar feature, which was associated with the α + κIII microstruc-
ture, was more likely to be the crack initiation site of the NBM sample. By contrast, the
LSM sample showed a trace of solidified columnar grains (Figure 11d). With the MSP,
the fatigue-fractured appearance of the NSP sample showed a rubbed and squeezed sur-
face feature (Figure 12c), which could be attributed to the act of RCS. Moreover, a thin,
fine-grained layer was present on the external surface of the fatigue-fractured LSP sample
(Figure 12d), which was introduced by MSP. Therefore, the fatigue-fractured feature of
the NAB alloy at the crack initiation site was sensitive to its inherent microstructures and
distribution of residual stress.

5. Conclusions
1. Micro-shot peening (MSP) and laser surface melting (LSM) were applied to improve

the fatigue performance of the Ni-Al bronze (NAB) alloy. The homogenized mi-
crostructure could be achieved in the laser-melted zone of the LSM sample, which con-
sisted of refined columnar grains. However, the laser-melted zone was accompanied
by residual tensile stress (RTS) after LSM treatment. MSP caused surface-hardening,
refined the surface microstructure, and introduced residual compressive stress (RCS)
into the severely peened zone of the treated samples. However, MSP could not com-
pletely remove the granular κII precipitates and lamellar κIII phase in the peened zone
under the applied peening intensity.

2. Rotating bending fatigue tests revealed that the LSM sample had the poorest fatigue
property, whereas the shot-peened sample (NSP sample) showed the best fatigue
property among the tested samples. The RTS and aligned columnar grains accounted
for the degraded fatigue resistance of the LSM sample. Moreover, the fatigue per-
formance of the LSP (LSM + MSP) sample was equivalent to or a little better than
that of the substrate (NBM sample). The surface-refined structure and high RCS were
responsible for the improved fatigue strength/life of the NSP sample relative to the
other samples. The NSP sample exhibited a higher fatigue strength/life than the NBM,
particularly under loading at low stress. As compared with the NBM sample, the
increase in the fatigue strength of the NSP sample was only demonstrated in service
life regions above 3 × 105 cycles.

3. Fatigue fractured features showed mainly quasi-cleavage fractures at the crack initi-
ation sites of the NBM and LSM samples. The lamellar α + κIII microstructure was
found to initiate the fatigue cracks of the NBM sample, whereas the solidified colum-



Metals 2025, 15, 19 17 of 18

nar grains were for the crack initiation of the LSM sample. With the presence of refined
grains and RCS field, subsurface crack initiation might occur and is more likely to
show a rubbed and squeezed fracture feature in the NSP sample. The fatigue-fractured
morphology of the LSP sample exhibited a thin and fine-grained layer deposited on
the outer surface of the columnar grains, which was generated during MSP. Thus, the
inherent microstructures and distribution of residual stress played an important role
in the fatigue fracture of the NAB alloy.
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