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Abstract

Permanent darkening effect was achieved on surface of AZ31B Mg alloy irradiated with
nanosecond pulse Nd:YAG laser. Experiments were carried out to characterize morphological
evolution and chemical composition of the irradiated areas by optical reflection spectrometer, Talysurf
surface profiler, SEM, EDS, and XPS. The darkening effect was found to be occurred at the surface
under high laser energy. Optical spectra showed that the induced darkening surface was uniform over
the spectral range from 200 nm to 1100 nm. SEM and surface profiler showed that surface morphology
of darkening areas consisted of large number of micron scale cauliflower-like clusters and protruding
particles. EDS and XPS showed that compared to non-irradiated area, oxygen content at the darkening
areas increased significantly. On the basis of above results, it was proposed a mechanism that involved
trapping of light in the surface morphology and chemistry variation of irradiated areas to explain the
laser-induced darkening effect on AZ31B Mg alloy.
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1.

Introduction

During the last decade, laser-induced darkening on materials surface has been widely studied due to its
potential applications in many fields [1-6]. Malhotra et al.[1] reported laser-induced darkening in
semiconductor-doped glasses with picosecond pulses, and they suggested that darkening was due to
removal of the electrons from the microcrystallites to states in the amorphous glass host. Qian et al. [4, 5]

1

Corresponding author: Tel: (65) 6793 8396; Fax: (65) 6791 6377; E-mail: guan0013@e.ntu.edu.sg

1

analyzed surface coloration on TiO2 film irradiated with excimer laser, and explained that the darkening
effect was due to trapping of light in the surface defects formed rather than anatase to rutile phase
transformation as reported by others. Moreover, they found that surface morphology, such as the variation
of surface roughness and defects, might play an important role in determining the color change at the
surface of Ti following laser irradiation [6].
Mg alloys are important engineering materials, and they are widely used in the automobile,
communication and aerospace fields due to low density and high specific strength [7-10]. In order to
improve their poor surface-related properties, many experiments have been performed to demonstrate that
laser surface treatment can be used to further extend the application of Mg alloy [11-15]. Here we present
our work on darkening surface of AZ31B Mg alloy induced by nanosecond pulse Nd:YAG laser irradiation.
The current study attempts to characterize surface morphology and chemistry of irradiated areas, with the
aim of furthering the understanding of processes that lead to laser-induced darkening effect.

2.

Experimental Procedures

The material studied was wrought AZ31B Mg alloy with the following chemical composition (wt. %):
Al 2.89, Zn 0.87, Mn 0.39, Si 0.015, Cu 0.001, Ni 0.0005 and Mg balance. The specimens of dimensions
20 mm by 30 mm by 3 mm were ground with progressively finer SiC paper (180, 400, 800, 1200, 2400 and
4000 grit), cleaned with alcohol, and then irradiated with laser at atmospheric pressure and room
temperature in air.
The nanosecond pulse Nd:YAG laser (with wavelength of 1064 nm and pulse duration 38 ns) was used
by the following parameters: scanning speed 10 mm/s and frequency 6000 Hz. The laser was operated
using a square beam spot of 1.2 mm side length, and the irradiated area was single track line in the surface
with the length of 10 mm. Moreover, the values of laser average power were varied from 40 W to 110 W
for line No. 1 to No. 5, as shown in Fig. 1. The average irradiation time was nearly 1 s for each area.
After laser irradiation, optical reflection of irradiated area at the specimen surface was measured using
Ocean optics DT-Mini-2 system. All specimens were exposed to white light source, and reflected light
from the surface was guided to HR4000 High-Resolution spectrometer to be analyzed by SpectraSuite
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software. Each reflection measuring test was repeated three times. Before each test, the environment factor,
such as fluorescent light and natural light, was excluded as reference. Microstructural features were
investigated using a JEOL 5600 LV SEM, equipped with an EDS. The EDS measurements provided
information on the chemical composition. Moreover, surface chemistry was studied using XPS with
Kratos-Axis spectrometer. The spectra were calibrated using C 1 s peak position at 284.6 eV. Furthermore,
surface topography of the irradiated areas was carried out using a Taylor Hobson Precision Talysurf
profiler.

3.

Results

Fig. 1 displays the darkening effect at AZ31B Mg alloy surface following nanosecond pulse Nd:YAG
laser irradiation. It can be found that the irradiated areas at high laser power were very black from naked
eyes, as indicated as No. 3, No. 4 and No. 5 in the figure.
Fig. 2 shows the optical reflection measurement of AZ31B Mg alloy surface before and after laser
irradiation. When laser power was low, reflection pattern of irradiated areas No. 1 and No. 2 was similar to
that of non-irradiated area, but reflection intensity decreased linearly with the increasing laser power. When
laser power was high, the reflection pattern of irradiated areas No. 3, No. 4 and No. 5 experienced flattened
reflectance spectra, and the reflection intensity dropped significantly. Moreover, the darkening areas were
quite uniform over the spectral range from 200 nm to 1100 nm, and the average reflection intensity was
nearly 0.13% of non-irradiated area in the visible light wavelength range from 390 nm to750 nm.
Morphological evolution of AZ31B Mg alloy surface after laser irradiation was investigated using
SEM, as shown in Fig. 3. At low laser power, breakdown took place along fine scratch at the polished
surface, and the irradiated areas were enlarged with laser power. Micro-cracks were also observed at the
irradiated areas, as shown in Fig. 3(a), and Fig. 3(b). When laser power increased to 70 W and above, a
large number of micron size cauliflower-like clusters together with some protruding particles were
observed at the irradiated areas, as shown in Fig. 3(c)-(e). High magnification in Fig. 3(c)-(e) shows that
the size of cauliflower-like clusters increased with laser power, and the protruding particles with less
compact were above the clusters. Furthermore, it is interesting to note that the density of protruding
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particles located in the center region of irradiated areas decreased with laser power significantly, but the
density of protruding particles located at the boundary region did not change too much.
Surface topography of the darkening areas was further investigated using Talysurf surface profiler. The
typical cauliflower-like clusters and large particles were found to be protruding above the substrate nearly
1.03 m and 4.67 m, respectively. Fig. 4 shows surface roughness Ra of AZ31B Mg alloy before and after
laser irradiation. When laser power increased from 40 W to 70 W, Ra increased from 0.11 m to 2.69 m
correspondingly. The reason for the maximum Ra value at 70 W was attributed to the cauliflower-like
clusters and protruding particles at the irradiated area, as shown in Fig. 3(c). When laser power further
increased to 110 W, Ra dropped linearly to 0.96 m, and the reason was related to less protruding particles
at the irradiated area, as shown in Fig. 3(c)-(e). Furthermore, the size distribution of clusters and particles
located in the center region of irradiated areas was also studied, as shown in Fig. 5. The size of protrude
particles decreased from 16 m to 9 m when laser power increased from 70 W to 110 W. This is in
agreement with SEM results in Fig. 3.
Surface chemistry of laser-induced darkening AZ31B Mg alloy was analyzed using XPS and EDS. Fig.
6 shows the O 1s spectra at AZ31B Mg alloy surface. The binding energy peak at 531.5 eV was the peak of
O 1s at non-irradiated surface, and the binding energy peak at 530.5 eV was the peak of O 1s at irradiated
areas. The peak position change was likely due to the effect of Mg(OH)2 and MgCO3 [16, 17]. Before laser
irradiation, Mg(OH)2 and MgCO3 existed at the polished surface of AZ31B Mg alloy due to atmospheric
exposure [16]. After laser irradiation, Mg(OH)2 and MgCO3 disappeared gradually at the surface as a result
of laser ablation, and the final peak position was attributed to MgO at the darkening area. Moreover, based
on the quantitative analysis of EDS, both cauliflower-like clusters and protruding particles at the darkening
area were identified as MgO, as shown in Fig. 7. Furthermore, average oxygen content at the irradiated
areas increased from 5 wt% to 37 wt% with laser power, and such value was much higher than the average
value of 4 wt% at the non-irradiated area.

4.

Discussions
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Short-pulse (several nanoseconds or shorter) laser irradiation of material surface initiates a complex
sequence of events which occur both during and after the laser pulse, and the processes occurring between
melted volume and plasma can lead to important chemical and physical modifications of surface properties
[18-20].
Numerous research studies have been reported to demonstrate that the interaction of short laser pulse
with target material leads to the formation of clusters and particles at the surface [21-24]. According to the
findings of nanocluster synthesis by Itina et al. [21], the major advantage of short laser pulses for cluster
synthesis was the presence of laser-ejected small species during laser material processing. In this study,
when AZ31B Mg alloy was irradiated by nanosecond pulse laser, oxidation took place between the laserejected Mg alloy species in the ultrafast ablation plume and nearby oxygen in air, thereby leading to oxides
formation [25]. Subsequently, the oxides deposited to the irradiated surface during rapid cooling
condensation and plume collapse process [6, 8, 25].
However, it should be noted that the total laser irradiation time in this work was nearly 1 second as
mentioned in the experimental procedure. According to Qian et al. [4, 5], the material redeposition would
not be sufficient during the ultrafast laser process, and it was suggested that the effect of surface tension
became another important contributor to the protrusion of irradiated surface. When laser power was high,
hydrodynamic development at the irradiated areas occurred in addition to vaporization due to high thermal
conductivity of Mg alloys [26, 27]. Hydrodynamic ablation resulted in the removal of material in the form
of droplets, therefore isolated melt was formed, finally leading to the cauliflower-like clusters at the
irradiated areas, as shown in Fig. 3. In addition, Luk’ yanchuk et al. [28] reported that a decrease of laser
fluence could induce a decrease of the aggregate size, thus leading to nucleation and development of
particles above the clusters. Meanwhile, the shape of particles would become less compact due to greater
volumetric heating upon successively repetitive pulse irradiation [24, 28]. Thereby, more large protruding
particles were found at the irradiated areas where laser energy was low, as shown in Fig. 3 and Fig. 5.
Moreover, both clusters and particles can trap light at the rough surface due to their morphology and
topography based on the previous study [4-6, 25], and such effect will reduce the reflectance and cause the
darkening effect, as shown in Fig. 1.

5

Therefore, it was suggested that the surface morphology played the dominate role in determining the
laser-induced darkening effect on AZ31B Mg alloy surface after nanosecond pulse laser irradiation. In
addition, the chemistry variation of irradiated areas due to oxidation also contributed to the darkening
surface [5, 29, 30].

5.

Conclusions

Laser-induced darkening surface was obtained on AZ31B Mg alloy following nanosecond pulse
Nd:YAG laser irradiation in the presence of air. Color of the irradiated areas was uniform dark at high laser
power. Surface morphology of darkening areas contained of cauliflower-like clusters and protruding
particles. The formation of clusters and particles was mainly due to hydrodynamic ablation during laser
irradiation, and less compact but large particles were formed above the clusters due to greater volumetric
heating when laser energy was low. It was proposed that the darkening effect was mainly attributed to light
trapping in the rough surface of irradiated areas, and surface chemistry variation played a second role in
determining the color change.
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Figure captions
Fig. 1 Photo showing colors of the irradiated areas with increasing laser power on AZ31B Mg alloy surface
induced by nanosecond pulse Nd:YAG laser in air, where 1 represented 40 W, 2 represented 60 W, 3
represented 70 W, 4 represented 90 W, and 5 represented 110 W.
Fig. 2 Optical reflection measurement of non-irradiated area and irradiated areas at AZ31B Mg alloy
surface in Fig. 1.
Fig. 3 SEM images showing morphological evolution of AZ31B Mg alloy surface after irradiation with
progressive laser power: (a) 40 W; (b) 60 W; (c) 70 W; (d) 90 W; (e) 110 W. High magnification images
from the areas were also shown.
Fig. 4 Surface roughness Ra of AZ31B Mg alloy before and after laser irradiation
Fig. 5 Size distribution of clusters and particles at the irradiated areas of the AZ31B Mg alloy surface: (a)
70 W, (b) 90 W and (c) 110 W.
Fig. 6 XPS spectra showing O 1s peak at non-irradiated area and irradiated areas at AZ31B Mg alloy
surface in Fig. 1.
Fig. 7 Morphology and chemical composition of typical cauliflower-like clusters and protruding particle at
the irradiated area of AZ31B Mg alloy with 70 W: (a) SEM image; (b)-(c) Chemical composition for the
cluster (A) and particle (B).
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