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Enhanced optical absorption surface of titanium fabricated
by a femtosecond laser assisted with airflow pressure
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We propose an effective way to achieve an enhanced optical absorption surface of titanium alloy 7 (Ti7) fabricated by a
femtosecond (fs) laser assisted with airflow pressure. The effect of laser scanning speed and laser power on the surfaces'
morphology and average reflectivity was studied. In order to further reduce the surface's reflectivity, different airflow
pressure was introduced during the fabrication of Ti7 by a fs laser. Furthermore, the average reflectivity of samples fab-
ricated under different laser parameters assisted with airflow was presented. In addition, the high and low temperature
tests of all samples were performed to test the stability performance of the hybrid micro/nanostructures in extreme envi-
ronments. It is demonstrated that the airflow pressure has an important influence on the micro/nanostructures for light
trapping, the average reflectivity of which could be as low as 2.31% over a broad band of 250-2300 nm before high and low
temperature tests, and the reflection for specific wavelengths can go below 1.5%.
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1. Introduction

Due to their high strength, low specific gravity, corrosion resis-
tance, and other advantages, titanium (Ti) and its alloys are the
most important materials for aerospace, marine, automotive,
biomedical, and so on. Recently, metal surfaces with micro/
nanostructures have found many potential applications in the
fields of antireflection!’~®), tribological properties!”), biological
modification® "), multiple color function!"?!, and wettability
alternation*'®), Among the applications mentioned above,
the optical absorption surfaces of Ti alloy are widely studied,
which play a key role in increasing the absorption performance.

Many techniques have been proposed to produce
reproducible antireflective metal surfaces with micro/nano-
structures! """~} among which laser processing is one of
the most convenient methods due to its simplicity, solvent-free,
high processing accuracy, flexibility and selectivity, and suitabil-
ity for multiple materials®*?". By controlling laser process
parameters'?> ') such as laser wavelength, single pulse energy,
and scanning interval, hyperspectral absorption metal surfaces
could be achieved. For example, Paivasaari et al. proposed a
four-beam interferometric femtosecond (fs) laser ablation
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method for the fabrication of hole-array structures on stainless
steel and copper (Cu) surfaces’®>**), Fan et al. presented a novel
approach for facile and uniform growth of high-quality oxide
semiconductor nanowires on Cu surfaces via fs lasers assisted
with thermal oxidation, the total reflectance of which kept
steadily below 3% over a broad band of 14—18 pm'**), Huang
et al. discussed the effects of high pulse repetition frequency
fs fiber laser scanning distance and pulse repetition rate on
the reflectivity of blackened metal. The total absorption of tita-
nium increased from 97.0% to 99.0% over the wavelength from
200 nm to 2.5 pm!"*). Smausz et al. studied the influence of
nitrogen, air, oxygen, and helium environments on low-reflec-
tivity nanostructure formation of bulk metals (silver, gold, Cu,
and Ti) fabricated by fs Ti-sapphire lasers’®”). Vorobyev et al.
created a multifunctional metal surface with hierarchical
nano/microstructures by fs laser pulses, which exhibited
enhanced broadband absorption, superhydrophobicity, and
self-cleaning; the reflectance of Ti in the visible wavelengths
was in a range of 3.3%-4.1%, but the reflectance rose to 18%
at 16 um'**!. Wang et al. achieved multifunctional fusiform hier-
archical micro/nanostructures on Cu by a fs laser in one step,
which had good spectral absorption in the wavelength range
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of 400-800 nm"*). By infusion of a laser-ablated microstruc-
tured Ni-Tij alloy sheet with a smooth slippery ferrofluid in aque-
ous condition, Wu et al. proposed a magnetism-responsive
manipulation strategy that exhibits multifunction, including
excellent bubble manipulation performance, the capability of
matter delivery, and excellent light absorption[36]. However,
due to the significant optical impedance mismatch between
the metal surface and free space, it is still a challenge to realize
below 3% reflectance over UV to NIR wavelengths on a metal
surface fabricated by a fs laser®”). In addition, the low processing
efficiency is still the bottleneck of the fs laser caused by the low
repetition rate and pulse energy. Therefore, it is still a great chal-
lenge to meet both broadband effectiveness and ultralow reflec-
tance requirements.

In this paper, an effective and easy method was proposed to
achieve enhanced optical absorption surface of Ti alloy 7 (Ti7)
fabricated by a fs laser assisted with airflow pressure. The effect
of laser scanning speed and laser power on the surfaces’ mor-
phology and average reflectivity was studied. By introducing dif-
ferent airflow pressure in the fs laser manufacturing process of
Ti7, an ultralow average reflectance of 2.31% over the 250-
2300 nm spectral range was obtained. In addition, the average
reflectivity of samples fabricated under different laser parame-
ters assisted with airflow was shown, and the influence of airflow
pressure on the formation and evolution of light-absorbing
micro/nanostructures was discussed. Finally, the high and low
temperature tests (HLTTs) of all samples were performed to test
the stability performance of the hybrid micro/nanostructures in
extreme environments.

2. Experimental Setup
2.1. Materials

A Ti7 sample with a size of 25 mm X 25 mm X 10 mm was used
in our experiments. The mechanically polished surface of the
sample was cleaned in an ultrasonic cleaner with anhydrous
ethanol and deionized water before laser treatment.

2.2. Preparation of the micro/nano hybrid structures

Figure 1 presents the experimental setup of the fs laser fabrica-
tion assisted with airflow pressure. After the laser passed
through the S peqyre (0-12 mm aperture adjustable) and the
Py /swave plate> it Was split into two beams by the DMy spiitter»
where 95% of the laser beam entered the two-dimensional scan-
ning galvanometer and focused on the working surface for sam-
ple processing, and 5% of the laser beam was focused to the CCD
through the measuring industrial lens for processing observa-
tion and precise focusing. The airblowing device was placed next
to the sample, the distance from the nozzle to the surface h was
10 mm, and the angle of incidence 8 was 30°.

For metal surface modification, an industrial fs laser (Pharos-
20 W from Light Conversion, Lithuania) with a high repetition
rate of 1 MHz and the highest power of 20 W was employed.
The laser pulse width was 290 fs at a wavelength of 1030 nm.
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Fig. 1. Schematic of the fs laser processing system assisted with airflow
pressure.
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An x—y galvanometric scanner (SCANCUBEI4, Scanlab,
Germany) was used to control the laser beam and focused by
a telecentric field mirror (f =67.4mm, TL-1064-20-65,
Lenstek Laser Optics, China). The diameter of the focused spot
defined by the intensity dropped to 1/¢* of the maximum value
that was approximately 20 pm. An air compressor was used to
control airflow pressure (PO-0.75LES5C, Hitachi, Japan).

2.3. Measurement and characterization

The three-dimensional morphology of the micro/nanostruc-
tures induced by the fs laser on the surface of the metal was
characterized by a tungsten filament electron microscope
(JSM-IT500LA, JEOL, Japan), field emission scanning electron
microscopy (JSM-7900 F/SU8010, JEOL/Hitachi, Japan), and
confocal microscopy (VK-X1000,Keyence, Japan), respectively.
The reflectance of laser-treated Ti samples in the UV, visible,
and NIR regions (250-2300 nm) was measured by using a
spectrophotometer (UV-3600, Shimadzu Corporation, Japan).
The chemical composition of the sample was characterized by
X-ray diffraction (XRD) (D8 advance A25, Bruker, Germany).
In addition, the stability of hybrid micro/nanostructures was
tested in a high-low temperature chamber (SET-Z-022U,
Shanghai Espec Environmental Equipment, China), the param-
eters of which were low temperature at —40°C and high temper-
ature at 50°C, where each temperature lasted 3 h, and the high
and low temperature cycle lasted 72 h.

3. Results and Discussion

Firstly, the impact of the scanning velocity on the morphology of
micro/nanostructures was studied, as displayed in Fig. 2. The
laser power was fixed at 20 W, while the laser scanning velocity
was increased from 20 mm/s to 60 mmy/s. As the scanning speed
was lower at 20 mm/s, the overlap rate of laser pulse was high,
and the massive accumulation of energy raised the temperature
within the laser-irradiated region, which resulted in the melting
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Fig. 2. Three-dimensional morphology of the samples fabricated by the fs
laser at different scanning speeds: (a) 20 mm/s, [b) 30 mm/s,
(c) 40 mm/s, and (d) 60 mm/s.

of Ti7 and ablation plume from the substrate. Therefore, the
continuous V-groove structures were formed, which were
deemed to be one of the light-absorbing structures, as shown
in Fig. 2(a). When the scanning speed increased to 30 mm/s,
the total fluence of pulses per spot (pps,,) declined, which
caused the weakening of the laser material interaction and then
led to the change of surface morphology from continuous
microgrooves to a discontinuous slot. It leads to the micro-
grooves occupying the whole surface to only part of it, as illus-
trated in Fig. 2(b). When laser ablation weakened as the
scanning velocity increased to 40 mm/s, the discontinuous stripe
distribution on the surface was further reduced, and micropores
became the main form, as presented in Fig. 2(c). Then, as the
PPSi: further decreased under 50 mm/s scanning velocity, the
discrete distributed hybrid structures were formed, which con-
sisted of many kinds of protrusions/cavities and deep holes, the
max depth of which was 73.95 pm, as shown in Fig. 3(e). For the
case of the highest scanning speed, attributed to the fluence
decreasing to a relatively low range, as shown in Fig. 2(d), the
depth of the microstructure was reduced to 58.58 pm. In addi-
tion, it is also observed that the melting effect on the nanostruc-
tures was reduced with the acceleration of scanning speed[24],
which made abundant nanostructures attached to the surface
of the microstructures.

Then, the effect of the fs laser pulse energy on the micro/nano-
structures’ morphology of Ti7 samples was investigated. In our
experiments, the scanning velocity and repetition rate were fixed
at 50 mm/s and 50 kHz, while the average power varied from
2.5 W to 20 W. Figure 3 shows the morphology of the samples
fabricated by the fs laser at different power. It is found that the
whole micro/nanostructures were stray distribution in all cases.
With the increase of pulse energy, the process of laser ablation
was intensified, and the bulges and microholes gradually
emerged, the depth of which could be up to 73.95 pm in the case
of 20 W, as distributed in Fig. 3(e). Moreover, it is also observed
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Fig. 3. Laser power dependence of three-dimensional micro/nanostructures’
morphology: (a) 25 W, (b) 5W, (c) 10 W, (d) 15 W, and (e) 20 W.

that the nanostructure period induced by the fs laser became
smaller as the laser power increased, which was mainly due to
the enhancement of energy absorption between surface plasmon
polaritons (SPPs) and incident light[35’38].

Figure 4 exhibits the reflection spectra of the samples fabri-
cated by the fs laser at different laser power and scanning speed.
For all of the cases at different laser processing parameters, the
trend of reflectance over the wavelength range was basically the
same. However, there were also some differences for each case,
which was mainly attributed to the formation of different micro/
nanostructures at different processing conditions, as displayed
in Figs. 2 and 3. In all the cases, the lowest average reflectivity
over the wavelength range from 250 nm to 2300 nm was
2.83% for the case of 20 W and 50 mm/s. When the average
power was reduced to 2.5 W, the average reflectivity gradually
increased to 4.96%, the maximum reflectance of which was
7.59% in the NIR 2047 nm wavelength. The main reason is that
with the higher laser power, the deeper microstructures were
generated on the surface of the samples, as presented in
Fig. 2. According to the Fresnel scattering theory'?), a large num-
ber of disorderly distributed microstructures were conducive to
capturing light from all directions, while the deeper microstruc-
tures were conducive to multiple reflections of light in the cavity.
Moreover, the slope of the reflectivity curve for different laser
power was different, which was mainly because the period of dif-
ferent nanostructures has a regulatory effect on the reflectance of
a specific spectral band. It is found that the nanostructures with
small periods have better absorption at short wavelengths. This
phenomenon is consistent with the light resonance absorption
caused by the coupling of the incident light and SPPs and the
effective medium theory of nanostructures'>*?.,
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Fig. 4. Reflection spectra of the samples with hybrid micro/nanostructures
induced by the fs laser at different laser power and scanning speed.

As for fixing the laser power but changing the scanning speed,
the decrease in sample reflectivity was also different. When the
scanning velocity was increased to 50 mm/s, the lowest average
reflectivity was 2.83%, while it was 3.12% for the case of
20 mm/s. It is implied that the regular microgrooves provided
fewer multi-reflection processes and had a weaker ability to cap-
ture light scattering. In addition, the average reflectivity for the
cases of 30 mm/s and 40 mm/s was higher than that of the
20 mm/s case. The basic groove pattern with some micropores
was distributed on the surface for the cases of 30 mm/s and
40 mm/s. However, the depth of the micropore was not deep
enough to form an effective optical cavity. For the highest scan-
ning speed of 60 mm/s in our experiments, the reflection of the
sample reached up to 3.87%. The reason for this phenomenon
lies in the number and depth of microstructures that were dis-
tinctly reduced as the accumulated energy decreased. Due to the
limited number of microstructures, the sample did not have
enough cavities to capture light beams in all directions and pro-
duced less absorption, which weakened the light trapping effect.
Therefore, the number and the depth of microstructures were
proved to be two of the most important factors influencing
the light trapping effect.

In order to further reduce the reflectivity of metal, the effect of
airflow pressure on the reflectivity was investigated. At a fixed
scanning velocity of 50 mm/s and 20 W average power, the
micro/nanostructures were fabricated on the samples by the fs
laser assisted with air pressure. Figure 5 displays the morphology
of samples fabricated by the fs laser under different airflow
pressures. It is obvious that the depth and quantity of the
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Fig. 5. Three-dimensional micro/nanostructures’ morphology of samples
fabricated by the fs laser assisted with different airflow pressures: (a) 0 MPa,
(b) 0.05 MPa, (c) 0.1 MPa, and (d) 0.15 MPa.

microstructure and the morphology of the nanostructure had
changed under different airflow pressures.

As the airflow pressure changed to 0.05 MPa, the number of
microstructures increased significantly, and the microstruc-
tures’ depth increased from 73.951 pm to 82.686 pm. The period
of the nanostructure remained unchanged, but its morphology
was more abundant, which evolved from nanoprotrusion to
nanovilli. With the further increase of the airflow pressure to
the 0.1 MPa, the depth of the microstructure increased to the
deepest of 92.125 pm, while the nanostripe distribution period
became shorter. The phenomenon mentioned above is attrib-
uted to the temperature and pressure of the interface during
laser-material interactions being changed, which subsequently
changed the mechanisms of the microstructures’ formation
and plasma plume formation®****!, The airflow can blow
away the plasma clusters, which helps the laser contact the sam-
ple surface directly, changing the laser fluence injected into the
sample surface, with the above factors conducive to deeper
microstructures on the surface. Moreover, the existence of air-
flow changed the hydrodynamics process of the molten pool,
which was beneficial for ablated material rapidly cooled down
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and resolidifying to form nonidentical morphology. In addition,
the airflow exerted certain pressure on the molten pool, causing
the plasma plume to be squeezed and deformed during the jet,
which changed the morphological characteristics of the micro/
nanostructure and was accompanied by the period of the nano-
structure becoming shorter.

For the airflow pressure at 0.15 MPa, the depth of the micro-
structure decreased to 81.364 pm, and the nanovilli structure
disappeared. The main reasons for the influence of airflow pres-
sure on the morphology of micro/nanostructures are as follows.
First, an excessively large airflow exerts pressure on the plasma
plume, which causes the plasma plume to tilt along the direction
of the airflow, changing the depth and morphology of the micro/
nanostructure. Figure 5(d) presents obviously that the micro/
nanostructure had a 60° airflow scouring morphology. Also,
excessive airflow would reduce the redeposition of micro/nano-
meter particles and inhibit the bubble burst!®?*, which would
not only affect the morphology of microstructures, but also have
a significant impact on the morphology of nanostructures*~*4],
as displayed in Fig. 6.

Figure 7 exhibits the reflection spectra of the samples fabri-
cated by the fs laser under different airflow pressures. It is ap-
parent that the reflection of the samples assisted with the
airflow pressure treatment was obviously suppressed in the
range from 250 nm to 2300 nm. When the air pressure rose from
0 MPa to 0.1 MPa, the average reflectivity of the samples
decreased significantly from 2.83% to 2.31%. This is attributed
to the increase of the microstructures’ depth from 73.951 pm to
92.125 pum, which greatly strengthened the light trapping effect.
Also, the period of the abundant nanostripes became shorter

(2) Laser pulses

Plasma dissipate

0 Excessive gas pressure

Fig. 6. Changing mechanism of the micro/nanostructures’ morphology by air-
flow pressure.
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Fig. 7. Reflection spectra of the samples fabricated by the fs laser under dif-
ferent airflow pressures.

under higher air pressure assistance, which had a positive effect
on the further reduction of the reflectance of specific wave-
lengths. However, when the airflow pressure was further
increased to 0.15 MPa, the average reflectance increased from
2.31% to 2.59%. This phenomenon is because the depth of
the surface microstructures decreased to 81 pum, which affected
the number of reflections of light in the trap structure for Fresnel
scattering. Moreover, according to Figs. 5 and 6, the redeposition
of nanoparticles was greatly reduced. It is believed that more
nanostructures could result in smaller filling factors, which
could act as effective medium layers to alleviate the optical
impedance mismatch between the solid substrates and air'?.
From the analysis mentioned above, it is demonstrated that
the airflow pressure has an important influence on the micro/
nanostructures for light trapping. Moreover, it should be noted
that the reflectance of the sample fabricated at 0.05 MPa was sig-
nificantly increased in the wavelength range of 200-400 nm.
This is because insufficient pressure prevented the nanostruc-
tures from producing richer stripes, but the deposition of nano-
particles was reduced. Therefore, when blackening metals, the
appropriate gas pressure should be selected under specific laser
processing parameters, because the reflectance of the sample was
the balance of many factors such as the morphology and depth
of the microstructure, nanostripe, and nanoparticle deposition.
In order to identify the mechanism leading to the enhance-
ment of light absorption on the Ti surface fabricated by the fs
laser assisted with air flow pressure, a detailed study on the
elemental composition of samples used XRD characterization.
By analyzing the chemical composition of samples prepared
with different airflow pressures, the evidence for oxide metal ele-
ments such as TigO (PDF#04-007-2177), Ti;O (PDF#04-004-
6417), Ti3O5 (PDF#04-003-2923), Ti,O (PDF#04-089-0552),
TiO (PDF#04-006-1902), and TiO, (PDF#00-003-1122) were
found on the surface of micro/nanostructures, which was pro-
duced by the reaction, since the Ti7 ablation by the laser is done
in air"). With the airflow pressure from 0 MPa to 0.15 MPa, the
content of oxides on the surface of the sample decreased, where
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HE L G B B B B parameters was investigated. Table 1 shows the average reflec-
*Ti ] tivity of samples fabricated under different laser parameters
" oTiO ] assisted with airflow before and after the HLTT. It is shown that
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airflow obviously improves the average reflectivity under differ-
" ] ent processing parameters. Compared with the cases without
airflow, the average reflectivity of the samples obtained under
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Fig. 8. XRD patterns of sample surfaces with different airflow pressures at
20 W and 50 mm/s.

the larger airflow pressure was beneficial to the cooling of the
material, which prevented the formation and re-adhesion of
oxides on the sample surface. Besides, the oxidation degree of
samples fabricated under different pressures was not propor-
tional to its reflectivity, just as the Ti surface prepared under
0 MPa pressure had more oxides, but the spectral reflectance
was the highest, as shown in Fig. 8. Thus, it is speculated that
the increased absorption was mainly attributed to the micro/
nanostructure formed on the surface, rather than the character-
istics presented by other chemical productions, which was also
consistent with the conclusions described in many previous
studieg!14+22:27:45]

In order to further verify the influence of air pressure on sam-
ple reflectivity, the effect of airflow pressure on the surface’s
morphology and their reflectivity under different fs laser  Fig. 9. Blackening samples of Ti alloy before and after HLTTs.

Table 1. Average Reflectivity of Samples Fabricated Under Different Laser Parameters Assisted with Airflow Before and After High and Low Temperature Tests.

Reflectivity/%
0 MPa 0.05 MPa 0.1 MPa 0.15 MPa
Parameter Before After Before After Before After Before After
25 W, 50 mm/s 496 510 447 467 4.58 471 481 501
50 W, 50 mm/s 4.39 455 3.88 4.01 3.91 4.06 419 432
10 W, 50 mm/s 415 4.25 3.95 4.06 3.86 3.99 392 4.05
15 W, 50 mm/s 3.58 3.81 3.22 345 3 3.21 3.24 3.38
20 W, 50 mm/s 2.83 297 2.45 259 231 243 259 271
20 W, 20 mm/s 312 3.28 3.05 315 246 2.61 2.85 299
20 W, 30 mm/s 423 N 379 397 353 317 3.69 3.81
20 W, 40 mm/s 4.09 429 3.82 4.09 349 3n 315 3.94
20 W, 60 mm/s 3.87 3.94 315 3.25 331 3.4 3.59 372

091404-6



Chinese Optics Letters

was obtained under 0.05 MPa, while it was obtained at 0.1 MPa
between 10 W and 20 W. As for different scanning speeds, the
lowest average reflectance of samples made at 60 mm/s was
obtained at 0.05 MPa, while the lowest reflectance of samples
fabricated at other scanning speeds was obtained under
0.1 MPa. This phenomenon is attributed to the reason that
the energy of the laser incident on the sample surface and the
overlap rate of the spot were changed under different laser
processing parameters that assisted with the same airflow pres-
sure, which led to different laser heat accumulation and the
cooling and solidification processes. Also, the redeposition of
micro/nanoparticles of plasma generated under different laser
parameters was different.

For practical applications, blackened metals are used in harsh
environments, such as the light-absorbing surface of various
optoelectronic systems in aerospace. In order to test the stability
performance of the hybrid micro/nanostructures in extreme
environments, the HLTTs of all samples were performed.
After a dust-proof treatment, twelve high and low temperature
cycles (72 h) were conducted from —40°C to 50°C (each temper-
ature lasted for 3 h). Under temperature gradient changing, the
thermal stress relief of the material substrate was generated,
which resulted in a slight change in the morphology and depth
of the micro/nanostructures. It is found that the maximum
depth of microstructures was still 92 pm, but the number of
micro/nanostructures with maximum depth had decreased.
Moreover, the surface chemical analysis was conducted after
the HLTT test, as depicted in Fig. 9. The strongest peak position
of XRD patterns of the sample had not changed before and after
HLTT, indicating that its oxide composition had not changed.
The sample had already formed an oxide layer on the surface
after laser processing, and, since the oxide layer isolated the
metal from the air, the performance of the oxide composition
was stable. If it is necessary to further increase the oxide type
and film thickness on the Ti alloy surface, special high-temper-
ature treatment was required. The maximum temperature used
in HLTT was only 50°C, which was much lower than the tem-
perature used for high-temperature oxidation of Ti alloy (the
oxide of Ti alloy starts to form at the lowest temperature of
200°C). After the HLTT, the average reflectivity of all samples
had a slight increase of about 0.06%-0.27%, which was mainly
ascribed to the change in the number of microstructures with the
greatest depth caused by the thermal stress relief of the material
substrate. As for the minimum average reflectance, the sample
increased slightly from 2.31% to 2.43%.

4, Conclusions

In summary, an effective method was proposed to achieve an
enhanced optical absorption surface of Ti7 by fs laser fabrication
assisted with airflow pressure. Three-dimensional morphology
and the average reflectivity of the samples fabricated by the fs
laser at different scanning speed and laser power were discussed.
The effect of airflow pressure on the samples’ average reflectivity
was investigated. In order to test the stability performance of the
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hybrid micro/nanostructures in extreme environments, HLTTs
of all samples were performed. An explanation for the low aver-
age reflectivity of the samples obtained by this method was
given. It is demonstrated that (1) the morphology of the samples
fabricated by the fs laser changed greatly under different airflow
pressure; (2) the samples’ reflectivity was obviously reduced in
the case of larger single pulse energy or slower scanning speed
assisted with airflow pressure; (3) the sample achieved by this
method has a stability performance of optical absorption. In

the future, more studies will be carried out to investigate the
effect of the direction of airflow on the reflection performance
of samples fabricated by the fs laser.
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