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Abstract 
As a promising surface modification method, nanosecond pulsed laser nitriding has been widely employed in enhancing 
the surface hardness and chemical corrosion of Zr-based metallic glass (MG). However, laser nitriding generally leads to 
poor finished surface quality, limiting its potential applications. For flattening the laser-nitrided surface, the most common 
methods, i.e., mechanical polishing (MP) and a novel proposed flattening approach, laser polishing (LP), were compara-
tively studied. A systematical comparison between MP and LP on three types of laser-nitrided surfaces was performed to 
evaluate the surface roughness, surface hardness, and plastic deformation. The experimental results indicate that the surface 
roughness of these three laser-nitrided surfaces is reduced by 56.4%, 58.1%, and 44.6% by MP. In contrast, a remarkable 
improvement in the surface quality is achieved with a maximum reduction in surface roughness by 80.4%, 81.5%, and 74.2% 
by LP, respectively. While in terms of the surface mechanical properties, the LP surfaces exhibit slightly lower hardness 
than the corresponding MP surfaces, which are both enhanced in hardness compared with as-cast MG. Additionally, no 
matter on the MP or LP surfaces, the shear bands and serrated flows have been significantly suppressed compared with as-
cast MG, demonstrating that the micro-scale plastic deformation of as-cast MG has been modified. Although the obtained 
results indicate that the surface roughness of the laser-nitrided surface could be improved by both MP and LP, in terms of 
environmental friendliness, flexibility, and controllability, the LP shows dominant advantages and enormous potential in 
industry and consumer products.
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1 � Introduction 

Due to their excellent properties, such as relatively high 
strength, hardness, and superior resistance to mechanical 
wear and chemical corrosion [1–3], metallic glasses (MGs) 
are expected to open up new application opportunities in 
the fields of aerospace, precision machinery, military weap-
ons, and so on [4–6]. However, the poor tensile plasticity of 
most MGs at room temperature restricts their applications 
as structural and engineering materials [7–9]. Despite this, 
the high surface hardness of MGs, compared with their crys-
talline alloy counterparts, provides several potential appli-
cations as surface functional materials. Thus, employing 
appropriate machining approaches to improve surface hard-
ness is meaningful for further extending the functional appli-
cations of MGs in the fields of biomedicine and tribology.

Laser nitriding is commonly recognized as one of the 
most promising approaches to improving the surface prop-
erties of materials, such as surface hardness and wear 
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resistance [10–14]. As reported in the previous research 
[15], the surface hardness of Zr-based MG could be signifi-
cantly improved by laser nitriding due to the formation of 
ZrN. However, accompanied by this process, some surface 
defects, such as surface fluctuations, peaks, and valleys, are 
generated on the laser-nitrided MG surface simultaneously, 
resulting in poor surface quality and significantly hindering 
its practical applications. Therefore, high-quality polishing 
treatment is urgently required for flattening the laser-nitrided 
MG surface.

Traditional flattening approaches generally include elec-
trochemical, chemical, and mechanical polishing treatments 
[16–18] as well as the vibration or electromagnetic-assisted 
polishing methods [19–22], among which mechanical polish-
ing (MP) is the most commonly used due to the optical-level 
smoothness and excellent flatness of the polished surface with 
easy operation and simple apparatus. Although MP is still dom-
inant, a novel flattening approach, i.e., laser polishing (LP), 
has been proposed recently. Compared with the conventional 
methods, this approach ensures the possibility of less machining 
time, focusing on the selected localized region, and no tool wear 
and chemical pollution [23–27]. However, despite these ben-
efits, some challenges still exist for those mentioned above two 
flattening approaches. For MP, low processing efficiency and 
unsuitability for complex shapes hinder its application, while 
for LP, the thermal shock introduced might alter the proper-
ties of the sample subsurface, affecting material structures and 
surface properties. The above analysis indicates that both MP 
and LP have their own advantages and disadvantages, and their 
applicability for flatting the laser-nitrided MG surface should be 
further explored. In this manuscript, both MP and LP on three 
types of laser-nitrided Zr-based MG surfaces were performed. 
The resultant surface characteristics were comparatively ana-
lyzed in terms of surface morphology, roughness, hardness, and 
plastic deformation. Finally, the mechanism in LP was intro-
duced based on the above experiments, which might provide 
some reference for further studies on LP.

2 � Materials and experiments

2.1 � Materials

A typical metallic glass block (Zr41.2Ti13.8Cu12.5Ni10Be22.5) 
with the dimension of 20 mm × 20 mm × 2 mm was used. 
Prior to laser irradiation, the Zr-based MG was mechanically 
ground with 400, 800, 1200, and 2000 grit sandpapers, fol-
lowed by mechanical polishing with the diamond abrasive 
paste by a commercial polishing machine (UNIPOL-802, 
MTI Corporation, China). Finally, the sample was cleaned 
with alcohol to remove the residual chips and abrasives on 
the surface.

2.2 � Preparation of laser‑nitrided MG surfaces

For preparing the laser-nitrided MG surfaces, laser irradia-
tion of the smooth MG surface was performed in a nitrogen 
atmosphere by a fiber nanosecond pulsed laser system (SP-
050P-A-EP-Z-F-Y, SPI Lasers, UK) with a pulse duration of 
10 ns and a repetition frequency of 600 kHz. This laser sys-
tem produces near-infrared light with a central wavelength of 
1064 nm. According to some preliminary experiments [14], 
the laser power and overlap rate were selected as 3.8 W and 
70%, respectively. To obtain different laser-nitrided surfaces 
with variable surface micro-structures, two kinds of scanning 
speeds were employed (10 mm/s and 20 mm/s), and the num-
ber of irradiation cycles was determined as 1 and 4 for the case 
of 10 mm/s. Under these experimental conditions, three types 
of laser-nitrided surfaces with the dimension of 2 mm × 2 mm 
were obtained, which were defined as surfaces A, B, and C. 
For comparison, surfaces A, B, and C were prepared on the 
same sample. The laser irradiation parameters in laser nitrid-
ing are listed in Table 1.

2.3 � Surface flattening treatments

2.3.1 � MP process

After laser nitriding, MP was performed on the three laser-
nitrided surfaces, and the schematic diagram is shown in 
Fig. 1. First of all, the nitrided sample is placed on a polishing 
cloth, which is attached to a polishing plate with a thickness 
of 50 mm and diameter of 300 mm. Then, the polishing plate 
rotates with the angular speed of 80 r/min for 3600 s, and the 
protruding defects from the surface are gradually removed by 
the dispersed diamond abrasives with the size of 0.5 μm under 
a normal load of 0.5 kg. Notably, in the process of mechanical 
polishing, it is necessary to observe the polishing effect of the 
laser-nitrided surfaces every 5 mins and reapply the diamond 
abrasives to the laser-nitrided surfaces.

2.3.2 � LP process

For LP of the laser-nitrided surfaces, the same nanosecond 
pulsed laser was employed. In order to prevent the sample 

Table 1   Laser irradiation parameters for preparing three laser-
nitrided surfaces A, B, and C

Laser
power (W)

Scanning
speed (mm/s)

Number of 
irradiation 
cycle

Overlap 
rate (%)

Surface A 3.8 20 1 70
Surface B 3.8 10 1 70
Surface C 3.8 10 4 70
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surface from oxidization, LP was performed in the chamber 
filled with nitrogen gas. The schematic diagram of the LP 
process on laser-nitrided surfaces is illustrated in Fig. 2. The 
laser beam is focused on the laser-nitrided surface with an 
F-theta lens and scans at the speed of 300 mm/s. After sin-
gle-line irradiation, the laser beam is shifted by 9.2 μm con-
cerning the previous scanning track (overlap rate of 80%). 
To investigate the influence of laser power on LP, various 
laser powers (5.4, 7.1, and 8.8 W) were selected, as listed 
in Table 2. The processing time of LP with different laser 
parameters is approximately 0.01 s.

2.4 � Characterization

The SEM morphologies of the laser-nitrided surfaces before 
and after flattening treatments (MP and LP) were captured 
via the tungsten filament scanning electron microscope 
(SEM, JSM-IT500A, JEOL, Japan). The acceleration volt-
age and working distance (WD) were set as 10.0 kV and 
11.5 mm, respectively. The three-dimensional (3D) mor-
phologies and surface roughness corresponding to SEM 
morphologies were measured by the laser scanning confo-
cal microscope (LSCM, OLS4100, Olympus, Japan). The 

surface hardness of the laser-nitrided surfaces after flatten-
ing treatments (MP and LP) was characterized by a nanoin-
dentation instrument (DUH-211, SHIMADZU, Japan) with 
a pyramidal indenter (pyramidal indenter with an angle of 
115° between the ridge and face, Tokyo Diamond Tools 
MFG. Co., Ltd., Japan). During the nanoindentation tests, 
the indentation load and the loading rate were set as 120 
mN and 10 mN/s, respectively. The crystalline phases of 
the local regions on the laser-nitrided surfaces before and 
after flattening treatments (MP and LP) were obtained via an 
X-ray diffractometer (XRD, D8 Discover, Bruker, Germany) 
with a two-dimensional (2D) detector. Phase identification 
was performed with the 2θ angle between 20° and 80° with 
rocking detection mode.

Fig. 1   Schematic diagram of 
MP process on laser-nitrided 
surfaces

Fig. 2   Schematic diagram of 
LP process on laser-nitrided 
surfaces

Table 2   Laser irradiation parameters for LP on laser-nitrided surfaces 
A, B, and C

LP parameter Value

Laser power (W) 5.4, 7.1, 8.8
Scanning speed (mm/s) 300
Overlap rate (%) 80
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3 � Results and discussion

3.1 � Morphologies of laser‑nitrided surfaces

Figure 3 illustrates the SEM morphologies of surfaces 
A, B, and C. To further evaluate the surface quality, the 
corresponding 3D morphologies are obtained and the 
corresponding 2D profiles perpendicular to the scanning 
direction are extracted as insets. From the results, it is 
observed that all three laser-nitrided surfaces are covered 
by numerous protruding peaks and deep valleys, and their 
spatial fluctuations together with the height difference 
between peaks and valleys (PV value) are increased in the 
order of surfaces A, B, and C, which should be attributed 
to the stronger interaction between laser and MG with the 
increased irradiation energy and scanning cycles. Further-
more, the crystalline phases of surfaces A, B, and C were 
characterized by XRD. For comparison, the as-cast MG 
was also included. As illustrated in Fig. 4, the diffraction 
peaks of the ZrN phase are clearly observed in the XRD 
patterns of surfaces A, B, and C, which are remarkably dif-
ferent from the amorphous characteristics of as-cast MG. 
Furthermore, the peak intensity of the ZrN phase tends to 
gradually increase in the order of surfaces A, B, and C, 
which indicates that the amount of ZrN phase generated 
during laser nitriding is enhanced with the increased irra-
diation energy and scanning cycles. Nevertheless, these 
three laser-nitrided surfaces exhibit irregular and rough 

morphologies. Therefore, post-processing is required to 
flatten the laser-nitrided surfaces.

3.2 � Surface morphologies after MP and LP

3.2.1 � Surface morphologies after MP

Figure 5 illustrates the SEM morphologies of surfaces A, B, 
and C after the MP process (named MPA, MPB, and MPC). 

Fig. 3   SEM morphologies, 3D morphologies, as well as 2D cross-section profiles of laser-nitrided a surface A, b surface B, and c surface C

Fig. 4   XRD patterns obtained for the as-cast MG and laser-nitrided 
surfaces A, B, and C
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Compared with the initial laser-nitrided surfaces shown in 
Fig. 3, most protruding peaks are removed from the surfaces 
after MP, and some smooth regions are formed between the 
valleys (as shown in Fig. 5b, e, h). However, some micro-
holes still remain on the polished surfaces, including MPA, 
MPB, and MPC. This is owing to the fact that the thickness 
of the material removal layer in MP is less than the partial 
PV values of the laser-nitrided surfaces. In addition, the 
distribution and dimension of the residual micro-holes on 
the MPA, MPB, and MPC surfaces possess variable appear-
ances. For further understanding of the characteristics of the 
residual micro-holes, the surface porosity of MPA, MPB, 
and MPC surfaces is analyzed through image processing, 
and the corresponding results are shown in Fig. 5c, f, i, 
respectively. On the MPA and MPB surfaces, the micro-
holes are uniformly dispersed on the polished surface with 

the surface porosity of 16.55% and 14.73%. For the MPC 
surface, although the surface porosity is further reduced 
to 14.31%, the micro-holes are mainly concentrated in the 
local regions of the polished surfaces, accompanied by the 
increase in the size of some local micro-holes. This may be 
due to the increased number of irradiation cycles leading 
to severe ablation of the materials in some local regions. 
Nevertheless, the surface smoothness of surfaces A, B, and 
C has been significantly improved by MP compared with the 
initial laser-nitrided surfaces.

3.2.2 � Surface morphologies after LP

Figure 6 illustrates the SEM morphologies of surfaces A, 
B, and C treated by the LP process (named LPA, LPB, and 

Fig. 5   SEM morphologies of the laser-nitrided surfaces after MP: a, b MPA, d, e MPB, and g, h MPC. Figure 5c, f, and i are the processed 
binary images of Fig. 5b, e, and h, respectively
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LPC). From the results, the smoothness of the LP surfaces 
is much better than that of the MP surfaces, and some dif-
ferent surface characteristics occur on the LP surfaces. For 
instance, the surface defects, including the peaks and valleys 
on surfaces A, B, and C, could be completely removed with 
the laser powers of 5.4, 7.1, and 8.8 W, and some nano-scale 
surface ripples exist between the adjacent scanning tracks. 
Being similar to the MP surfaces, the LPA, LPB, and LPC 
surfaces obtained at the laser power of 5.4 W are given as an 
example to analyze the surface porosity, and the processed 
images are shown in Fig. 6d, h, and l. Accordingly, the sur-
face porosity of the LPA, LPB, and LPC surfaces is 7.55%, 
5.85%, and 1.74%, respectively, which is less than that of the 
corresponding MP surfaces. In general, the obtained results 
indicate the advantages of LP over MP in improving the 
surface quality of laser-nitrided surfaces.

3.3 � Surface roughness after MP and LP

3.3.1 � Three‑dimensional morphologies and surface 
roughness

In order to quantitatively evaluate the effect of MP and 
LP, the surface roughness of the MP and LP surfaces was 

measured, and the areal topography surface roughness (Sa) 
was determined as the evaluation index, and its formula is 
defined as [28],

where z stands for the surface height at different spatial 
locations of 3D surface morphology, and Nx and Ny are 
the numbers of spatial locations in the x- and y-direction, 
respectively.

Figure 7 illustrates the 3D surface morphologies and 
roughness (Sa) of MPA, MPB, and MPC surfaces. It is 
observed that after MP, the surface roughness of surfaces 
A, B, and C is reduced from 0.250, 0.265, and 0.267 μm 
to 0.109, 0.111, and 0.148 μm, and the reduction in sur-
face roughness is 56.4%, 58.1%, and 44.6%, respectively. 
Figure 8 illustrates the 3D surface morphologies and cor-
responding roughness (Sa) of LPA, LPB, and LPC surfaces 
obtained at the laser powers of 5.4, 7.1, and 8.8 W. For 
the LPA, LPB, and LPC surfaces, the maximum reduction 
in surface roughness is 80.4% (from 0.250 to 0.049 μm), 
81.5% (from 0.265 to 0.049 μm), and 74.2% (from 0.267 
to 0.069 μm), respectively.

(1)Sa =

1

NxNy

Ny∑

j−1

Nx∑

i−l

||
|
z
(
xi, yj

)|
|
|

Fig. 6   SEM morphologies of the laser-nitrided surfaces after LP with three laser powers: a–c LPA, e–g LPB, and i–k LPC. Figure 6d, h, and l 
are the processed binary images of Fig. 6a, e, and i, respectively
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3.3.2 � Potential mechanism of MP and LP

Although both MP and LP could improve the surface rough-
ness of the laser-nitrided surfaces, the residual morphologies 
of the corresponding polished surfaces are completely differ-
ent, which might be related to the mechanism of these two 
polishing treatments. The mechanism of MP only contains 
the mechanical interaction between the laser-nitrided surfaces 

and the diamond abrasives, as illustrated in Fig. 9. When the 
polishing plate rotates relative to the laser-nitrided surfaces, 
the shear force and normal load drive numerous diamond 
abrasives scratching on the laser-nitrided surfaces, as shown 
in Fig. 9b. Accordingly, the protruding peaks from the laser-
nitrided surfaces are removed at the nano/micro-scale, lead-
ing to the flattening of the nitrided surfaces. Although this 
method could reduce the surface roughness, the deep valleys 
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on the laser-nitrided surfaces are hardly uniformly removed, 
considering the micro-meter thickness of the laser-nitrided 
layer. Therefore, some micro-holes are observed on the MP 
surface, as shown in Figs. 5 and 7. In addition, some potential 
influence factors in MP, such as sample tilt or uneven pres-
sure, may result in manufacturing defects.

In comparison, the interaction between laser and MG 
during LP involves complex physical processes, which 
mainly include heat transfer, re-melting, and solidifica-
tion of surface materials [29, 30], and the schematic dia-
gram of the mechanism of LP is shown in Fig. 10. Firstly, 
laser-nitrided surface undergoes heat transfer when 
irradiated by the laser beam, which causes temperature 
increment in the irradiated region, as shown in Fig. 10 
(b1). Accordingly, when the temperature of the irradiated 
region is further increased, the materials in the irradi-
ated region are melted, leading to a molten pool. The 
liquid materials tend to re-distribute to a smooth surface 
under the gravity, surface tension, and recoil pressure, 
as shown in Fig. 10 (b2) [31], in which the deep valleys 
left on the initial laser-nitrided surfaces are filled with 
re-melted material. As the laser beam moves along the 

laser scanning direction, the temperature in the irradiated 
region drops sharply, forming a flat surface, as illustrated 
in Fig. 10 (b3).

Based on the mechanism of LP, most of the defects on the 
initial laser-nitrided surfaces, especially the peaks and valleys, 
could be re-melted or filled up during LP under the selected laser 
parameters. But the removal of the spatial fluctuations strongly 
depends on the laser power. For instance, after performing LP 
on surface C at the laser power of 5.4 W, the fluctuations are 
visible, as shown in Fig. 8g. This may be due to the sectional 
re-melting of the initial traces on the nitrided surface caused by 
insufficient heat accumulation. With the increase in laser power, 
the fluctuations turn out to be mild, as shown in Fig. 8h. The 
further increase in the laser power leads to the elimination of the 
fluctuations, as shown in Fig. 8i, which indicates the heat accu-
mulation obtained at the laser power of 8.8 W is beneficial for 
improving the surface quality of surface C. In general, the above 
analysis demonstrates that surfaces A, B, and C could be flat-
tened through both MP and LP, but LP performs better in terms 
of the reduction in surface roughness and machining defects, 
which should be attributed to the differences in the mechanism 
of LP and MP.

Fig. 9   Schematic diagram of 
mechanism of MP on laser-
nitrided surface: a initial laser 
nitrided surface, b diamond 
abrasives scratching, and c final 
finished surface

Fig. 10   Schematic diagram of 
mechanism of LP on laser-
nitrided surface: a initial laser 
nitrided surface, b laser irra-
diation on the surface, c final 
finished surface, and b1–b3 the 
detailed processes in LP
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3.4 � Surface hardness

For further evaluation of the mechanical property of the 
laser-nitrided surfaces after MP and LP, the corresponding 
surface hardness is investigated. Nanoindentation tests were 
performed to characterize the surface hardness of the MP 
and LP surfaces, and the indentation load and loading rate 
are 120 mN and 10 mN/s, respectively. To eliminate the 
random error, ten nanoindentation tests were performed on 
each polished surface.

Figure 11 shows the average hardness and correspond-
ing XRD results of the MPA, MPB, and MPC surfaces. As 
observed in Fig. 11a, the average hardness of MPA, MPB, 
and MPC surfaces is remarkably higher than that of the 
as-cast MG surface. Additionally, the surface hardness is 
increased in the order of MPA, MPB, and MPC, matching 
well with the variation trend of the peak intensity of the 
ZrN phase in Fig. 11b. It indicates that the ZrN phase plays 
a significant role in improving the surface hardness [15, 32]. 
Furthermore, according to the XRD patterns in Figs. 4 and 
11b, it can be found that although the partial laser-nitrided 
layer was removed by MP, the ZrN phase still exists on the 
MP surfaces. Therefore, it can be concluded that compared 
to as-cast MG, the high surface hardness of the MP surfaces 
compared to the as-cast MG should be due to the ZrN phase 

generated in laser nitriding, and the more vigorous intensity 
of the ZrN phase leads to higher surface hardness.

In comparison, the average hardness of the laser-nitrided 
surfaces after LP with the laser powers of 5.4, 7.1, and 8.8 W 
is shown in Fig. 12a. In addition, the corresponding XRD 
patterns obtained under the laser power of 5.4 W are illus-
trated in Fig. 12b. As observed in Figs. 11a and 12a, the sur-
face hardness of LP surfaces is always less than that of MP 
surfaces, regardless of the laser power. However, the peak 
intensity of the ZrN phase for the LP surfaces is stronger 
than that of the corresponding MP surfaces, as shown in 
Figs. 11b and 12b. This phenomenon might be associated 
with the laser shock and ZrN phase accumulation in LP. 
Since the characteristics of laser polishing are rapid heating 
and rapid cooling of the materials, a relatively high cool-
ing rate can typically be achieved during the laser shock 
process, which may result in the generation of more free 
volume [33–35] and thus trigger surface softening behavior. 
In addition, the residual stress redistributions induced by the 
rapid melting and cooling procedure possibly contribute to 
surface softening as well [35].

On the other hand, LP was conducted in a nitrogen 
atmosphere, which would further cause the generation and 
accumulation of the ZrN phase, thereby contributing to the 
enhancement of surface hardness and the intensity of ZrN 

Fig. 11   a Surface hardness and 
b XRD results of the as-cast 
MG surface as well as MPA, 
MPB, and MPC surfaces

Fig. 12   a Surface hardness 
of the LPA, LPB, and LPC 
surfaces obtained at the laser 
powers of 5.4, 7.1, and 8.8 W. b 
XRD patterns obtained for the 
LPA, LPB, and LPC surfaces 
under the laser power of 5.4 W
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peaks of XRD curves. Combined with the obtained results 
regarding surface hardness and XRD patterns, it can be 
concluded that during LP, the laser thermal shock shows 
a dominant role compared with the generation of the ZrN 
phase. Therefore, the LP surfaces possess a lower hardness 
than the MP surfaces.

3.5 � Shear band and serrated flow

In addition to hardness testing, nanoindentation can also be 
used to evaluate the plastic deformation of surface materials. It 
is commonly accepted that micro-scale plastic deformation of 
MG could be illustrated through the occurrence of shear bands 

Fig. 13   SEM morphologies of residual indentations of a–c laser-nitrided surfaces after MP: a MPA, b MPB, c MPC, and d–f laser-nitrided sur-
faces after LP: d LPA, e LPB, f LPC, and g as-cast MG surface

Fig. 14   Load-depth curves and 
serrated flows of a, b laser-
nitrided surfaces after MP and 
c, d laser-nitrided surfaces after 
LP

0 200 400 600 800 1000
0

20

40

60

80

100

120

L
o
ad

(m
N
)

Depth (nm)

0 200 400 600 800 1000
0

20

40

60

80

100

120

L
o
ad

(m
N
)

Depth (nm)

(a) (b)

(c) (d)

Serrated

flow

Serrated

flow

600 640 680 720 760 800 840 880 920 960
90

95

100

105

110

115

120

100

105

110

115

120

560 600640680720760800840 880920960
90

95

MPA

MPB

MPC

As-cast

LPA

LPB

LPC

As-cast

968 The International Journal of Advanced Manufacturing Technology (2023) 124:959–971



1 3

around the residual indentation [36, 37]. The SEM morpholo-
gies of residual indentations obtained on the MP and LP sur-
faces are shown in Figs. 13a–c and Figs. 13 d–f, respectively. 
For comparison, the morphology of residual indentation on 
the as-cast MG surface is shown in Fig. 13g, where the shear 
bands can be clearly observed around the residual indenta-
tion. While for the MP and LP surfaces, no shear bands are 
observed. The above results prove that the shear bands on both 
MP and LP surfaces have been significantly suppressed, which 
indicates that micro-scale plastic deformation of MP and LP 
surfaces has been altered from the initial state.

As reported in previous researches [36, 38], serrated 
flows are closely associated with the initiation and prop-
agation of shear bands. The evolution of shear bands 
obtained above indicates that the serrated flows should 
have different characteristics from before. Accordingly, 
the load-depth curves obtained for the MP and LP sur-
faces under the indentation load of 120 mN and load-
ing rate of 2 mN/s are illustrated in Fig. 14a, c, respec-
tively. To clearly capture the characteristics of serrated 
flows, the locally enlarged images of the load-depth 
curves obtained for the MP and LP surfaces are shown 
in Fig. 14b, d, respectively. As illustrated in Fig. 14, 
for as-cast MG, the serrated flows are clearly observed. 
However, for the MP and LP surfaces, the serrated flows 
have been significantly suppressed, which shows a high 
consistency with the elimination of shear bands. This phe-
nomenon is attributed to the kinetic limitation of shear 
bands [39]. On the as-cast MG surface, a single shear 
band can accommodate the imposed plastic deformation, 
resulting in the formation of serrated flows. In contrast, 
on the MP and LP surfaces, the introduction of the sec-
ondary phase (ZrN) could hinder the propagation of a 
single shear band and promote the operation of multi-
ple shear bands, thereby resulting in smooth load-depth 

curves. The above analysis about shear bands and ser-
rated flows indicates that the variation of the micro-scale 
plastic deformation of the MP and LP surfaces should 
be related to the introduction of the ZrN phase [40, 41].

3.6 � Comparison of MP and LP

Combined with the above analysis, the performance of the 
laser-nitrided surfaces treated by MP and LP in terms of sur-
face roughness, surface porosity, and surface hardness as well 
as plastic deformation is systematically investigated, and the 
corresponding quantitative results are listed in Table 3. It is 
observed that LP can achieve lower surface roughness, higher 
processing efficiency, and similar surface hardness compared 
with MP, which indicates the advantages of LP over MP from 
the perspective of the surface quality and efficiency. In addition, 
LP as an environmentally friendly technique shows the potential 
to be the next-generation method for surface treatment.

4 � Conclusions

In this paper, both MP and LP were performed for flatten-
ing the laser-nitrided Zr-based MG surfaces, and the surface 
hardness, together with plastic deformation of MP and LP 
surfaces, was analyzed as well. The obtained conclusions 
are as follows:

(1)	 For surfaces A, B, and C treated by MP, the surface 
roughness is reduced to 0.109, 0.111, and 0.148 μm, 
and the reduction in surface roughness is 56.4%, 58.1%, 
and 44.6%, respectively. While for those processed by 
LP, the homogeneous surface morphologies are achieved 
with a remarkable reduction in surface roughness by 
80.4% (from 0.250 to 0.049 μm), 81.5% (from 0.265 to 
0.049 μm), and 74.2% (from 0.267 to 0.069 μm), respec-
tively. This indicates that both MP and LP could effec-
tively flatten the laser-nitrided surfaces, but LP performs 
better in terms of the reduction in surface roughness and 
improvement in surface quality.

(2)	 The LP surfaces possess the slightly lower hardness 
than that of the MP surfaces, which should be owing to 
the dominant role of the laser thermal shock compared 
with the generation of the ZrN phase during LP.

(3)	 The shear bands and serrated flows of the MP and LP 
surfaces have been significantly suppressed compared 
to as-cast MG, which demonstrates that the mechanism 
of micro-scale plastic deformation of the MP and LP 
surfaces has been changed.
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