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A B S T R A C T

Low power nanosecond laser irradiation has potential applications in surface processing of metallic glasses
(MGs). However, the response of MGs to a relatively low power intensity (1011 W/m2) has not been investigated.
In this study, surface microstructures and characteristics of Zr-based MG after low power nanosecond laser
irradiation were studied. Micro-cracks with depth in nanoscale and width in microscale were observed on the
irradiated MG surface. The effects of laser parameters on the formation and evolution of micro-cracks were
further investigated, and surface characteristics were characterized by using X-ray diffraction (XRD) and energy
dispersive X-ray spectroscopy (EDS). The results showed that under the peak laser power intensity of 2.3 × 1011

W/m2, when increasing the scanning speed from 1 to 5 mm/s, the maximum width of micro-cracks reduced from
3 μm to be less than 1 μm; further increasing to 10 mm/s, no micro-cracks appeared. When increasing the laser
power intensity, the micro-groove structure would be formed with pileup around it and line cracks, open cracks
and laser pulse tracks on it. During multi-line laser scanning, the pulse overlap rate also affected the formation
and distribution of micro-cracks. At last, the formation mechanism of micro-cracks was discussed. These results
would be meaningful for understanding the laser-MG interaction as well as guiding the selection of laser
parameters for various applications.

1. Introduction

In recent years, metallic glasses (MGs) as a kind of emerging ma-
terials have become the focus of research due to their excellent me-
chanical, physical, and chemical properties, such as high strength and
hardness, excellent anti-corrosion, and anti-wear features [1–4]. These
unique properties make MGs become very promising materials for ap-
plications in the fields of defense and aerospace, sport products, con-
sumer electronics, and so on [5]. However, currently, the practical
applications of MGs, especially as the structural materials, still face
some problems such as the very low tensile plasticity, difficulty in
machining by conventional mechanical methods due to the inherent
hard-brittle nature of MGs, and limitation in dimension due to the re-
quirement of fast cooling rate during the preparation process. To solve
these problems, a lot of technologies have been introduced or newly
proposed in the field of MGs in the past years. Among them, laser
technology as a versatile tool has been also employed to process MGs
[6], providing some alternative methods for solving the aforementioned
problems. For example, by laser welding and additive manufacturing,
the size of MGs could be effectively enlarged [7–11]; by laser shock

peening, mechanical properties of MGs could be tuned [12–15]; by
laser machining or laser patterning, micro/nano-structures could be
fabricated on the surface of MGs, enhancing their functional applica-
tions [16–21].

During the above studies, both the continuous laser and pulsed laser
have been used. As MGs are sensitive to temperature, the pulsed laser is
better for avoiding the crystallization. Taking advantages of relatively
short pulse duration, low cost and high efficiency, nanosecond pulsed
laser has been widely employed to process MGs [19,20,22]. For ex-
ample, via nanosecond pulsed laser shock peening, residual compres-
sive stress could be introduced into the MGs, being beneficial to im-
proving the plasticity of MGs [23]. Via nanosecond pulsed laser
patterning, various microstructures such as ripples [24], Saffman-
Taylor fingering [25], porous structure [26], and hierarchical micro/
nano-structures [16,17], have been formed on the surface of MGs,
which could enhance their applications as functional materials. By
nanosecond pulsed laser irradiation in nitrogen gas, Zr-based MG could
be nitrided, and its surface hardness and microscale plastic deformation
behaviors could be tuned [27]. To realize laser surface modification or
laser patterning of MGs, a relatively high peak laser power intensity
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being greater than 1012 W/m2 was commonly employed, and corre-
spondingly, the MG surface would been severely ablated [17,20,24,26].
Therefore, the current understanding of nanosecond laser-MG interac-
tion is obtained under the relatively high laser power intensity; while,
the response of MGs to a relatively low laser power intensity (for ex-
ample 1011 W/m2) has not been investigated. In addition, high power
nanosecond laser processing such as laser shock peening and laser ad-
ditive manufacturing generally results in poor surface quality of MGs,

which restricts the practical applications of processed MGs. As laser
irradiation with a low power intensity has potential applications in
surface polishing/planarization of laser shock peened and additively
manufactured MGs, it is meaningful to investigate the surface char-
acteristics of MGs after low power nanosecond laser irradiation.

Accordingly, in this study, a Zr-based MG surface was irradiated by
using a nanosecond pulsed laser with relatively low laser power in-
tensity (1011 W/m2), being an order of magnitude lower than the

Fig. 1. (a) SEM morphology of the MG surface after single-line scanning under a peak laser power intensity of 2.3 × 1011 W/m2 and scanning speed of 1 mm/s, (b)
local enlarged SEM image around the center of the scanning line, (c) local enlarged SEM image around the end of the scanning line, (d) local enlarged SEM image
showing the primary crack and secondary crack in detail. (e) 3D topography of the irradiated region and (f) the profile of the marked line in Fig. 1(e).
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commonly used one. The results showed that micro-cracks with depth
in nanoscale and width in microscale were induced on the MG surface.
By changing the experimental parameters, the effects of laser power
intensity and scanning speed on the surface characteristics were com-
paratively investigated. After that, multi-line scanning with selected
pulse overlap rate was performed, and large-area micro-cracks being
similar to the dry-land in nature were formed under very low laser
power intensity. Surface characteristics of the irradiated regions were
further characterized by X-ray diffraction (XRD) and energy dispersive
X-ray spectroscopy (EDS), and accordingly, the formation mechanism
of micro-cracks was discussed. These results would not only be helpful
to understand some microstructures observed under the relatively high
laser power intensity, but also be meaningful to guide the selection of
laser parameters for various applications.

2. Materials and experiments

As-cast rod-shaped Zr41.2Ti13.8Cu12.5Ni10Be22.5 MG (commonly
called Vitreloy 1) with a diameter of 10 mm was cut into pieces with
thickness of 2 mm by wire-electrical discharge machining (Wire-EDM).
To remove the EDM-induced surface crystallization layer [28,29], these
pieces were ground by using 400, 800, and 1500 grit sand papers in
sequence, followed by polishing using diamond abrasive paste and
cleaning with acetone.

A Nd:YAG nanosecond pulsed laser system (LR-SHG, MegaOpto Co.,
Ltd., Japan) with a wavelength of 532 nm and pulse width of 15.4 ns
was used to irradiate the MG sample. The laser beam with a Gaussian
energy distribution was focused to a spot with diameter of 85 μm by the
F-theta lens. During laser irradiation, a constant pulse frequency of 1
kHz was employed, and the average laser powers were varied from 0.02
to 0.06 W, corresponding to the peak laser power intensities varying
from 2.3 × 1011 to 6.9 × 1011 W/m2 (being an order of magnitude
lower than the commonly used one). Three kinds of scanning speeds, 1,
5, and 10 mm/s corresponding to 1000, 200, and 100 pulses per 1 mm,
were used to investigate the effects of laser scanning speed on the
surface characteristics of the irradiated regions. Both single-line scan-
ning and multi-line scanning were implemented. During multi-line
scanning, the distances between two adjacent scanning lines were se-
lected to be 43 and 85 μm, corresponding to the pulse overlap rates of
50% and 0%, respectively.

To comprehensively observe the surface characteristics after laser
irradiation, both the scanning electron microscope (Inspect S50 and
F50, FEI, USA) and white light interferometer (Talysurf CCI1000,
AMETEX Taylorhobson Ltd., UK) were employed. For SEM observation
using Inspect S50, the acceleration voltage, spot size, and working
distance (WD) were 5.00 kV, 3.0, and 10.2 mm, respectively; when
using Inspect F50, they were 10.00 kV, 3.0, and 11.1 mm, respectively.

The element distribution in the laser irradiated regions was mea-
sured by the energy dispersive X-ray spectroscopy (EDS, XFlash
Detector 4010, Bruker, Germany), which was integrated with Inspect
F50. During EDS measurement, the employed acceleration voltage and
live time were 15 kV and 93 s, respectively. In addition, an X-ray dif-
fractometer (XRD, D8 Discover, Bruker, Germany) was used to verify
whether the amorphous characteristic had been changed before and
after laser irradiation. The multi-line laser scanned regions obtained
under two different pulse overlap rates as well as the originally polished
surface were characterized. The voltage and current of the X-ray gen-
erator were 40 kV and 40 mA, respectively. The 2θ angle was scanned
from 12.40° to 107.60° with the sampling interval of 0.01°, and the total
scanning time was about 180 s.

3. Results and discussion

3.1. Surface microstructures

Figs. 1 (a) to (d) show the SEM morphologies of the single-line

irradiated region with different magnifications and positions. The em-
ployed peak laser power intensity and scanning speed are 2.3 × 1011

W/m2 and 1 mm/s, respectively. From the overall morphology as
shown in Fig. 1(a), it is seen that many interlaced micro-cracks are
generated in the irradiated region. Furthermore, these micro-cracks
propagate along the laser scanning direction as shown in Fig. 1(b)
where the morphology around the center of the scanning line is pre-
sented. Fig. 1(d) is a local enlarged view of Fig. 1(b), and two kinds of
micro-cracks are clearly observed, the relatively wide one and the re-
latively narrow one. The wider one is named as the primary crack and
its maximum width is about 3 μm; the other one is named as the sec-
ondary crack. The secondary cracks are distributed on both sides of the
primary cracks. Fig. 1(c) shows the morphology around the end of the
scanning line, and these two kinds of micro-cracks also appear. Fig. 1(e)
presents the three-dimensional (3D) topography of the irradiated re-
gion, and Fig. 1(f) shows the profile along the marked line in Fig. 1(e).
It is seen that the depth of the primary crack is over 200 nm. Fur-
thermore, almost the entire irradiated region is slightly higher than the
initially polished surface. The above results indicate that micro-cracks
with depth in nanoscale and width in microscale have been generated
under the current experimental parameters.

Generally, for single-line scanning, the resultant surface micro-
structures are mainly related to the scanning speed and peak laser
power intensity. Therefore, the effects of these two parameters are
further investigated. Fig. 2 presents the results obtained under two in-
creased scanning speeds, 5 and 10 mm/s. For comparison with the re-
sults in Fig. 1, the same peak laser power intensity of 2.3 × 1011 W/m2

is employed during experiments. As shown in Figs. 2(a) to (c), when
increasing the scanning speed to 5 mm/s, the primary cracks become
significantly narrower than those obtained under 1 mm/s, and its
maximum width is less than 1 μm; furthermore, the secondary cracks
disappear. When further increasing the scanning speed to 10 mm/s,
both the primary crack and the secondary crack are not observed, and
only the surface scratches generated during polishing are enhanced due
to their enhanced absorption of laser energy compared to the sur-
rounding non-scratch regions. Via white light interferometer, the depth
of the primary-crack generated under 5 mm/s is measured to be about
40 nm which is much less than that obtained under 1 mm/s. The
comparative results in Figs. 1 and 2 indicate that under the same peak
laser power intensity of 2.3 × 1011 W/m2, when increasing the scan-
ning speed from 1 to 10 mm/s, the micro-cracks become narrower and
shallower, and finally disappear.

Fig. 3 presents the SEM morphologies of single-line irradiated re-
gions when increasing the peak laser power intensity to 4.6 × 1011 W/
m2 (Figs. 3(a)–(c)) and 6.9 × 1011 W/m2 (Figs. 3(d)-(f)). The scanning
speed is kept to be 1 mm/s. In Figs. 3(a)-(c), the laser pulse tracks and
open cracks are clearly observed, and furthermore, some line cracks
appear around the center of the scanning line. It is easy to find that
these line cracks are originated from those open cracks generated on
both sides of the scanning line. When further increasing the peak laser
power intensity to 6.9 × 1011 W/m2, although the open cracks are still
clearly visible on both sides of the scanning line, line cracks have been
significantly weakened around the center when comparing Figs. 3(e)
with 3(b). However, near the two sides of the scanning line, line cracks
are still clearly observed. Figs. 4(a) and (c) show the 3D topographies of
the regions irradiated under the peak laser power intensities of 4.6 ×
1011 W/m2 and 6.9 × 1011 W/m2, respectively, and Figs. 4(b) and (d)
show the profiles along the marked lines in Figs. 4(a) and (c), respec-
tively. The typical micro-groove structure is formed on the MG surface,
instead of the micro-cracks as shown in Fig. 1. In Fig. 4(b), the height of
pileup is about 130 nm and the depth of micro-groove is about 100 nm.
In Fig. 4(d), when increasing the peak laser power intensity to 6.9 ×
1011 W/m2, the height of pileup increases to be about 160 nm and the
depth of micro-groove increases to be about 260 nm. This is easy to
understand that increasing the peak laser power intensity, the recoil
pressure and the molten/vaporized materials will increase, resulting in
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the increase in height of pileup and depth of micro-groove. According
to Figs. 3 and 4, when increasing the peak laser power intensity, the
micro-groove structure would be formed with some line cracks, open
cracks and laser pulse tracks on it.

From the above results obtained by single-line laser scanning, it is
known that under the peak laser power intensities of 4.6 × 1011 W/m2

and 6.9 × 1011 W/m2, the micro-groove structure with pileup around it

and cracks on it is generated on the irradiated region; when decreasing
the peak laser power intensity to 2.3 × 1011 W/m2, micro-cracks are
formed on the laser scanned line. Next, multi-line laser scanning was
performed to investigate the evolution of surface characteristics. As an
example, Fig. 5 presents the SEM morphologies of multi-line laser
scanned surfaces under the relatively low peak laser power intensity of
2.3 × 1011 W/m2 and different pulse overlap rates r, 50% (Figs. 5(a)

Fig. 2. (a)-(f) SEM morphologies obtained by increasing the scanning speed to 5 mm/s ((a)-(c)) and 10 mm/s ((d)-(f)). The peak laser power intensity is kept to be the
same with that of Fig. 1 (2.3 × 1011 W/m2).

Fig. 3. SEM morphologies obtained by increasing the peak laser power intensity to 4.6 × 1011 W/m2 ((a)-(c)) and 6.9 × 1011 W/m2 ((d)-(f)). The scanning speed is
kept to be the same with that in Fig. 1 (1 mm/s).
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and (b)) and 0% (Figs. 5(c) and (d)). Other experimental parameters are
inserted in the figure. In Fig. 5(a), micro-cracks are distributed on the
entire irradiated regions, and in Fig. 5(b), it is seen that some primary
cracks generated around the center of two adjacent scanning lines have
connected to each other. According to the corresponding 3D topo-
graphy as shown in Fig. 6(a), the entire irradiated region is very like a
dry-land in nature. As shown in Fig. 5(c), when reducing the pulse
overlap rate from 50 % to 0%, the primary cracks still exist around the
center of each scanning line, but they are no longer connected to each
other. Instead, they are separated by the narrow interaction area on
both sides of the scanning line. From the corresponding 3D topography
as shown in Fig. 6(b), some micro-cracks with larger length could be
observed. The comparative results in Fig. 5 and indicate that the pulse
overlap rate also significantly affects the formation and distribution of
micro-cracks during multi-line laser scanning of MG.

Fig. 7 shows SEM morphologies of multi-line laser scanned surfaces
under an increased peak laser power intensity of 6.9 × 1011 W/m2 and
different pulse overlap rates r, 50% (Figs. 7(a) and (b)) and 0%
(Figs. 7(c) and (d)). Other experimental parameters are inserted in the
figure. Fig. 8 presents the corresponding 3D topographies. In Fig. 8,
regardless of the pulse overlap rate being 50% or 0%, the irradiated
surface is like a piece of farmland with the pileup as the ridge and the
micro-groove as furrow. In addition, compared to Fig. 8(b), when

increasing the pulse overlap rate from 0% to 50%, the pileup formed in
the preceding scanning line could be effectively combined, making it
more regular as shown in Fig. 8(a).

3.2. Surface characteristics measured by XRD and EDS

As the formation of micro-groove structure has been widely re-
ported and investigated previously, the following emphasis will be on
the formation mechanism of micro-cracks induced by nanosecond
pulsed laser irradiation. Accordingly, the irradiated regions are further
characterized by XRD and EDS. Fig. 9 presents the XRD patterns mea-
sured on the multi-line laser irradiated regions as well as the originally
polished surface. All the XRD patterns display only one broad hump and
no other sharp crystal peaks, demonstrating that under various laser
parameters, the irradiated regions maintain the amorphous character-
istic. This is due to the fast heating and cooling rates during nanosecond
pulsed laser irradiation. The results in Fig. 9 indicate that these micro-
cracks in the laser irradiated regions are not caused by the crystal-
lization of MG.

In Figs. 1(b) to (d), the contrast and brightness between the inside
and outside of the micro-crack are significantly different, which may
suggest the difference in composition. Therefore, by using EDS, the
elements inside and outside of the micro-cracks are measured.

Fig. 4. 3D topographies of the regions irradiated under different peak laser power intensities: (a) 4.6 × 1011 W/m2 and (c) 6.9 × 1011 W/m2. (b) and (d) show the
profiles of the marked lines in Figs. 4(a) and (c), respectively.
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Figs. 10(a) and (b) show the positions for single spot measurement, one
inside the micro-crack and another outside the micro-crack. The sta-
tistic results of the element content are listed in Table 1. Although the
MG sample contains Be element, it is difficult to be detected by EDS
because it is a light chemical element. The statistical results listed in
Table 1 indicate that the element content inside and outside of the

micro-crack is not changed. The above results demonstrate that the
employed laser parameters do not lead to element enrichment, and it is
not the reason for the formation of micro-cracks.

Fig. 5. SEM morphologies of multi-line laser scanned regions under the relatively low peak laser power intensity of 2.3 × 1011 W/m2 and different pulse overlap
rates: (a) and (b) r = 50%, (c) and (d) r = 0%. Other experimental parameters are inserted in the figure.

Fig. 6. 3D topographies of multi-line laser scanned regions under the relatively low peak laser power intensity of 2.3 × 1011 W/m2 and different pulse overlap rates:
(a) r = 50% and (b) r = 0%. Other experimental parameters are the same to those in Fig. 5.
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3.3. Formation mechanism of the micro-cracks

The XRD and EDS results indicate that under the current experi-
mental parameters, no crystallization and element enrichment occur
during nanosecond pulsed laser irradiation. Therefore, the micro-cracks
may be caused by some other reasons. By further analyzing the mor-
phology and distribution of micro-cracks as well as the irradiation

process, the formation of micro-cracks could be mainly due to the
tensile stress generated during the re-solidification process. Taking the
single-line scanning of MG as an example, Fig. 11 shows a schematic
diagram, illustrating the formation mechanism of micro-cracks. When
the nanosecond pulsed laser irradiates the MG surface, the MG absorbs
a portion of laser energy in a very short time and further diffuses in-
ternally in the form of heat [20,26]. At the same time, the high

Fig. 7. SEM morphologies of multi-line laser scanned regions under an increased peak laser power intensity of 6.9 × 1011 W/m2 and different pulse overlap rates: (a)
and (b) r = 50%, (c) and (d) r = 0%. Other experimental parameters are inserted in the figure.

Fig. 8. 3D topographies of multi-line laser scanned regions under an increased peak laser power intensity of 6.9 × 1011 W/m2 and different pulse overlap rates: (a) r
= 50% and (b) r = 0%. Other experimental parameters are the same to those in Fig. 7.
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temperature generated by laser irradiation would create a molten pool
on the MG surface. When the peak laser power intensity is very low
such as 2.3 × 1011 W/m2 in this study, the molten pool would be quite
thin, which would not significantly damage the originally polished
surface. Since the thermal conductivity of Zr-based MG is relatively
low, a high temperature gradient will be generated on both sides of the
laser scanning line, and the direction of temperature gradient will be
perpendicular to the laser scanning direction [30]. When the laser pulse
has passed, rapid cooling and re-solidification will occur. As the tem-
perature of non-irradiated regions is much lower than that of the irra-
diated regions, re-solidification will start from the non-irradiated region
to the irradiated region, and two sides of the laser scanning line will
progress simultaneously. With the re-solidification, MG materials will
shrink, and finally around the center of the scanning line, a relatively
high tensile stress would appear. As the tensile plasticity of Vitreloy 1 is
quite poor [31–35], when the tensile stress exceeds a certain value, the
micro-crack would be formed. Once one primary crack has been gen-
erated, the local stress is greatly released. Therefore, the generation of
next primary crack requires further stress accumulation, and this may
be the reason why the primary cracks in Figs. 1 and 5 are intermittent.
As shown in Figs. 1 and 10, the edges of primary cracks are relatively
rough, and they provide the potential nucleation sites for generation of
secondary cracks. With the role of local stress, secondary cracks would
originate from the edges of primary cracks.

With regards to the effects of laser scanning speed, when increasing

the scanning speed from 1 mm/s to 5 mm/s, the number of laser pulses
per unit length is decreased, and thus the heat accumulation resulting
from the preceding laser pulses is weakened. Accordingly, the molten
MG materials under 5 mm/s would be significantly less than that under
1 mm/s. This could be further confirmed by the following fact: in
Figs. 2(b) and (c), the surface scratches generated during the polishing
process are still visible, but they are almost not visible in Figs. 1(b) and
(c). Therefore, the tensile stress around the center of the laser scanning
line under 5 mm/s is much lower than that under 1 mm/s, resulting in
the narrowed micro-cracks. Further increasing the scanning speed to 10
mm/s, no micro-cracks appear as shown in Figs. 2(d) to (f) because the
induced stress is too low, being not over the critical value for generation
of visible micro-crack.

With regards to the effects of peak laser power intensity, when in-
creasing the peak laser power intensity, the molten MG materials will
increase. With the role of recoil pressure, some MG materials will flow
toward the sides of the laser scanning line, and thus the micro-groove
with pileup around it will be formed [16,36]. The formation of open
cracks as well as line cracks actually is also due to the tensile stress
generated during the re-solidification process. When increasing the

Fig. 9. XRD patterns of the multi-line laser irradiated regions as well as the
originally polished MG surface. Detailed experimental parameters are inserted
in the figure.

Fig. 10. The positions for single spot EDS measurement: (a) inside the micro-crack and (b) outside the micro-crack.

Table 1
Atomic percent of each element obtained for Spot 1 and Spot 2 (at. %).

Element Zr Ti Ni Cu

Spot 1 49.22 19.24 13.30 18.23
Spot 2 49.34 19.25 13.30 18.11

Fig. 11. Schematic diagrams illustrating the formation mechanism of primary
crack and secondary crack in the single-line laser irradiated region.
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peak laser power intensity from 4.6 × 1011 W/m2 to 6.9 × 1011 W/m2,
the reduced line cracks around the center of the laser scanning line may
be mainly due to the healing role of subsequent laser pulse under a
relatively high peak laser power intensity. This could be reasonable
because cracks have enhanced absorption of laser energy compared
with these regions free of cracks. During the subsequent laser pulse
irradiation, localized material flow would occur around the previously
formed line cracks because of their enhanced absorption of laser en-
ergy, leading to the healing of line cracks. This could be also verified by
analyzing the cracks formed around the last laser pulse point. For a
single pulse point, open cracks with similar size could be uniformly
distributed around it. However, as shown in Figs. 3(c) and (f), the
cracks on the left side are obviously weakened compared with the
cracks on the right side, further confirming the healing role of sub-
sequent laser pulse.

4. Conclusions

In summary, surface microstructures and characteristics of a po-
lished Zr-based MG after nanosecond pulsed laser irradiation under
relatively low peak laser power intensities were investigated in detail.
By experiments and analysis, the following conclusions could be de-
rived.

The micro-cracks with depth in nanoscale and width in microscale
were generated on the Zr-based MG surface under a very low peak laser
power intensity (2.3 × 1011 W/m2).

Under the peak laser power intensity of 2.3 × 1011 W/m2, when
increasing the scanning speed from 1 mm/s to 5 mm/s, the micro-
cracks became narrower and shallower; further increasing the scanning
speed to 10 mm/s, no micro-cracks appeared, and the surface scratches
generated during polishing were clearly visible.

Under the scanning speed of 1 mm/s, increasing the peak laser
power intensity from 2.3 × 1011 W/m2 to 4.6 × 1011 W/m2, the micro-
groove structure was generated on the MG surface. Furthermore,
around the micro-groove, there were pileup and open cracks; on the
surface of micro-groove, there were some line cracks and laser pulse
tracks.

During multi-line laser scanning, the laser irradiation parameters
significantly affected the formation and distribution of micro-cracks.
Under selected parameters, the multi-line laser scanned surface was
similar to the dry-land in nature.

The XRD and EDS results indicated that under the current experi-
mental parameters, no crystallization and element enrichment occurred
during nanosecond pulsed laser irradiation. By analyzing the mor-
phology and distribution of micro-cracks as well as the irradiation
process, the formation of micro-cracks could be mainly due to the
tensile stress generated during the re-solidification process.

According to this study, when performing laser polishing of MGs,
the processing parameters such as the peak laser power intensity and
the scanning speed should be carefully optimized to avoid the genera-
tion of micro-cracks as well as the micro-groove that may deteriorate
the surface quality.
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