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In the paper, laser surface texturing process was studied systematically to fabricate riblet array 
surface structure on Ti64 substrate with 1.06µm 10W ps laser which has a pulse duration of 10.3 ps. 
The optimum laser surface texturing process parameters were identified, under which the desired 
riblet-array textures were produced on Ti64 substrate with the required specifications in terms of 
dimension and quality. The fabricated riblets have a trapezoidal shape with a period of 60 µm and 
riblet height of 30 µm and a bottom surface roughness (Ra) of 2.115 µm. Compared with non-
textured sample, the laser-fabricated riblets induced around a 10% reduction in the drag force. Also, 
it was found that laser surface treatment did not induce any change on the microstructure of Ti64 
during ps laser riblet surface texturing of Ti64 substrate. With XRD measurements, the laser riblet-
textured Ti64 surface was found to exhibit tensile stress of 87.5 MPa, which may be due to the heat 
shock from laser treatment resulting in larger d-spacing between lattice planes. 
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1. Introduction 
It is known that the turbulent flows increase the flowing 

drag in the fast flowing systems, where the wall friction 
losses is due to the turbulent momentum transfer in the 
viscous sublayer of turbulent flows [1]. The wall shear 
stress and the drag can be reduced by the proper riblet sur-
face patterning with the correct orientation and dimensions, 
which is inspired by the shark skin. [2] When a certain type 
of riblets is fabricated on a surface, the viscous sublayer 
flowing in the cross flow direction is more impeded than in 
the longitudinal flow direction because the flow is forced to 
move in the channels between the riblets. Then the imped-
ed cross flow induces a restricted vertical motion and thus 
decreased shear stress and skin friction. [3, 4]. Fig. 1 shows 
a schematic illustration of a riblet surface. 

 

 
 
Fig. 1 Schematic of a riblet structure (adapted from the litera-

ture [2]) 
 
Usually, as shown in Fig, 1, the pitch between the rib-

lets (s) should be approximately twice as large as the height 
(h) of the riblets: h/s = 0.5 – 0.6. Also, the riblet shape in-
fluences the effectiveness of the drag reduction significant-
ly. The riblets with very narrow sheet shape is ideal and can 
induce the largest wall shear stress reduction but is difficult 

to fabricate. The riblets with trapezoidal shape with an 
opening angle of 30 degree also showed very good results 
on the wall shear reduction and are much easier to fabricate. 
For aeroengine applications, the riblets have different peri-
ods for different engines and its period is also dependent on 
the positions within the engine. Approximately, the riblet 
period is ranging from several micrometers up to around 
100 µm.  

Various techniques have been developed for surface 
structuring to create the desired surface textures, which can 
be classified into 2 major categories, namely top-down 
processes such as lithographic process, template-based 
method [5], plasma treatment [6, 7] and laser surface mi-
cromachining process [8, 9], and bottom-up processes 
mainly consisting of self-assembly and self-organization 
processes [10, 11]. As a top down approach, ultrafast pico-
second (ps) laser is increasingly used as a tool for the sur-
face structuring for improving the surface functional per-
formance [12, 13] such as wettability control, improving 
the tribological properties, and optical properties, etc. due 
to its unique advantages such as its micrometric precision, 
non-contact process, selectivity, localizability, and mini-
mum heat affected zone. By laser ablation with ultra short 
pulses in the pico- range, well controlled micro-scaled sur-
face textures can be obtained. Hitherto, a lot of research 
studies have been conducted on laser surface texturing of 
different materials such as metals [14–18], silicon [19], and 
polymers [20, 21] for the modification of their wettability 
to hydrophobicity or even superhydrophobicity. A system-
atic review [22, 23] has been conducted on laser superhy-
drophobic surface fabrication processes. The mechanisms 
on wettability conversion of micro-nano structured metallic 
surfaces from super-hydrophilicity to superhydrophobicity 
have also been well reported [15, 24, 25]. Also, laser sur-
face texturing was intensively investigated and applied on 
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the metal substrates to improve the tribological properties 
of the sliding components, and cutting tools [26-31]. It has 
been demonstrated that the surface textures produced on 
cutting tools are able to improve the performance of the 
textured cutting tools in terms of friction coefficient reduc-
tion, trapping wear debris, storing lubricants, giving rise to 
reduced cutting forces and tool-chip contact length, de-
creasing the cutting chip friction, and lowering the cutting 
heat generation during the cutting processes, which ulti-
mately lead to long tool life. 

In the paper, we presented laser surface texturing pro-
cess to fabricate high quality riblet array surface texture on 
Ti64 substrate with 1.06µm 10W ps laser. The fabricated 
riblet surface texture has a period of 60 µm and height of 
30 µm. The wind tunnel testing result showed that the rib-
let-array surface texture fabricated on the aerofoil surface 
induced around a 10% reduction in the drag force com-
pared with the non-textured aerofoil surface. Also, the ma-
terial metallurgical micro-structure was characterized with 
no change compared with the original Ti64. And the resid-
ual stress of the laser riblet surface textured Ti64 samples 
was measured with XRD and exhibited tensile stress of 
87.5 MPa, which may be due to the heat shock from laser 
treatment resulting in larger d-spacing between lattice 
planes. 

 
2. Experiments  

1 mm thick Ti64 plate was used for laser riblet surface 
texturing. Before laser surface texturing, the samples first 
underwent sonication-cleaning with acetone and methanol. 
In the experiments, A TIME BANDWIDTH DUETTO ps 
laser system was employed to do the laser riblet surface 
structuring. The laser has Gaussian profiled spatial mode 
(TEM00) with a beam quality of M2 < 1.3 and the beam 
divergence of less than 0.3 mrad. The laser wavelength is 
near-infrared 1.06 µm, the output power is up to 10W, and 
the laser pulse width is 10.3 ps. The pulse repetition fre-
quency can be set at a minimum value of 50 kHz and con-
tinuously tuned up to 8200 kHz. The incident laser beam 
was focused and manipulated by a galvo-scanner, which 
was equipped with a telecentric f-theta lens (Supplier: 
Unice E-O Services Inc; Model number: S4LFT4127-328) 
with a scan area of 50 x 50 mm2. The focus length of the f-
theta focus lens is 125 mm. The linear polarized raw laser 
beam has a diameter of 7 mm (@ 1/e2), which was focused 
and directed on to the sample surface with a beam diameter 
of 25 µm. The laser machining control software can pro-
duce various different machining patterns. The patterns can 
be lines, circular and rectangular shapes, and also hatched 
patterns, etc. The maximum scanning speed that the galva-
nometer scanner is capable of is 2000 mm per second. Af-
ter laser treatment, the sample surfaces were characterized 
with optical microscope, the scanning electron microscopy 
(SEM) and 3D optical profilometer.  

Also electropolishing was employed to etch different 
depth to measure depth profile of the residual stress, which 
was a suitable technique to remove surface material with-
out introducing additional stresses to surface and was also 
able to precisely control the rate of material removal 
through optimizing current density during polishing and 
varying polishing time. The electropolishing was conduct-
ed using the following conditions:  

• Electrolyte: 3M H2SO4-methanol 
• Counter-electrode: pure titanium (cathode) 
• Pre-treatment cleaning 
o 10mins in NaOH solution 
o 10s in 10% H2SO4 solution 

• 1.00A/cm2, various polishing time   
• Post treatment 
o 10s in 10% HNO3 solution 
o 1min in 70oC DI water 

Through controlling the etching time, the etching depth 
could be accurately controlled. 

Then, the X-ray powder diffraction (XRD) (D8 Dis-
cover/Bruker Germany) was conducted on the laser tex-
tured samples for the residual stress analysis, where the 
copper source was used. 

 
3. Results and discussion 

Fig. 2 showed the designed patterns to be employed to 
produce the desired riblet surface texturing. The riblet sur-
face patterns are produced through continuous line scan-
ning of a regular periodic hatched pattern with the focused 
laser beam, where D is the hatching density, W is the 
groove width and P is riblet pattern period. 

 

 
Fig. 2 Designed patterns for laser produced riblet surface tex-

turing. 
 
The laser processing parameters such as laser fluence, 

repetition rate, hatching pattern, scanning speed, pass num-
ber are identified as the key parameters for laser surface 
texturing process. These parameters affect the texture ge-
ometries such as feature size, depth, surface finish and 
thermal related issues such as material recast and heat af-
fected zone. Through optimizing the laser parameters, we 
managed to achieve the desired riblet surface texturing. 

First, laser surface riblet surface texturing were con-
ducted under different laser fluences of 0.54/ 0.81/ 1.07/ 
1.32/ 1.67 J/cm2. Fig. 3 showed the fabricated riblet height 
and groove bottom roughness as a function of laser fluence. 
The other parameters were set at 1 MHz repetition rate, 
scanning speed of 1000 mm/s for 60 passes, and hatching 
density is 10 µm. The fabricated riblet textures have the 
riblet period of 150 µm and groove width of 120 µm. It can 
be seen that the riblet height and bottom roughness Ra is 
increased with increasing the laser fluence as shown in Fig. 
3. The lower the laser fluence is used, the lower the bottom 
surface roughness of Ra. 
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Fig. 3 Riblet height and bottom roughness as a function of la-

ser fluence 
 
So, to have a lower surface roughness, laser surface 

texturing was conducted at a lower laser fluence of 0.54 
J/cm2 for different laser passes. Fig. 4 showed the riblet 
height and surface roughness Ra of the fabricated riblet 
textures as a function of pass number. The other parame-
ters are set at a laser fluence of 0.54 J/cm2, repetition rate 
of 1 MHz, scanning speed of 1000 mm/s, and hatching 
density of 10 µm. The fabricated riblet has a period of 150 
µm and a groove width of 120 µm. From Fig. 4, it can be 
seen that the riblet height is linearly increased with increas-
ing the pass number whereas the groove bottom roughness 
Ra is almost not changing. So, more the pass number is 
used, larger the riblet height with a constant lower surface 
roughness Ra is achieved. 
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Fig. 4. Riblet height and bottom roughness as a function of 

pass number 
 
The effects of the scanning speed were investigated on 

the fabricated riblet surface texture in terms of bottom sur-
face roughness. Fig. 5 showed the laser fabricated riblet 
textures at different scanning speed for different pass num-
ber of (a). 1000mm/s for 60 passes (b). 500mm/s for 30 
passes; and (c). 250 mm/s for 15 passes and (d). 125 mm/s 
for 8 passes with the same effective processing speed of 
16.67 mm/s for all scanning speeds. The other laser param-
eters are set at a laser fluence of 0.54 J/cm2, repetition rate 
of 1 MHz, hatching density of 5 µm. The fabricated riblet 
has a period 60 µm and the groove width of 50 µm. From 
Fig. 5, it was observed that the higher the scanning speed, 
the lower the Ra at the bottom of the grooves, also, less the 
heat effect. 

 
(a)  

 
(b) 

 
(c) 

 
(d) 

Fig. 5 Ps laser fabricated riblet surface textures at different 
scanning speed of (a). 1000mm/s for 60 passes (b). 500mm/s for 
30 passes; and (c). 250 mm/s for 15 passes and (d). 125 mm/s for 

8 passes 
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(a) 

 
(b) 

 
(c) 

 
(d)  

Fig. 6 Ps laser fabricated riblet surface textures at different 
repetition rate (a) 1MHz (b) 500 kHz (c) 200 kHz (d) 100 kHz 

 

Fig. 6 showed the laser fabricated riblet textures at dif-
ferent repetition rates. The other parameters are set at a 
laser fluence of 0.54 J/cm2, scanning speed of 500mm/s for 
30 pass number and hatching density of 5 µm. The fabri-
cated riblet has a period of 60 µm and the groove width of 
50 µm. From Fig. 6, it was found that the higher the repeti-
tion rate, larger the ablation depth and the larger the Ra. So, 
the high repetition rate (1 MHz) is preferred to achieve 
high processing efficiency and at the same time to have an 
acceptable surface roughness. 

Fig. 7 showed the laser fabricated riblet textures with 2 
different hatching densities. The other parameters are set to 
be laser fluence of 0.54 J/cm2, repetition rate of 1MHz, 
scanning speed of 500mm/s for 30 pass number. The fab-
ricated riblet has a period of 60 µm and the groove width of 
50 µm. From Fig. 7, it was found that the higher the hatch-
ing density, the larger the ablation depth and the lower the 
Ra. 

 
(a) 

 
(b) 

Fig. 7 Ps laser fabricated riblet surface textures at different 
hatching density (a) 10 µm and (b) 5 µm 

 
Based the above experimental results and discussion, 

the optimum laser parameters for fabricating desired riblet 
surface textures in terms of high processing efficiency and 
surface finish were identified as follows: 

• Rep rate: 1 MHz  
• Laser fluence: 0.54 J/cm2 
• Hatching density: 5µm   
• Scanning speed: 1000mm/s  
• Pass number: 60 
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With the obtained optimum laser parameters, the riblet 
surface texture was fabricated on the aerofoil coupon as 
shown in Fig. 8, with the following measured dimensions:  

• Riblet period : 60 µm 

• Riblet height (Peak-trough): 30.53 µm  

• Ra: 2.155 µm 
The total fabrication time including part positioning 

and alignment was 880 min for the area of 37.17 cm2. So, 
the production time for unit area riblet texturing is 23.68 
min/cm2. 

 

 
(a) 

 
(b) 

Fig. 8 Laser riblet surface textured aerofoil coupon (a) and 
measured riblet texture profile (b) 

 
The wind tunnel testing was conducted on the laser rib-

let–textured aerofoil coupon. As shown in Fig. 9, the test-
ing result showed that compared with non-textured area, at 
low Reynolds number the riblets induce around a 10% re-
duction in drag, indicating that the riblet-array surface tex-
ture is quite effective in reducing the friction drag. 

Fig. 10 showed the cross-sectional microstructure im-
ages on riblet area and the area away from riblet of the la-
ser riblet textured samples. The area away from riblet can 
be regarded as the original Ti64 without any treatment. The 
microstructures are characterized by α and β phases with 
the lighter part showing the α grains and the darker parts 
showing the β grains. 

 

Fig. 9 the measured drag coefficient as a function of Reynolds 
number on laser textured & non-textured aerofoil coupon 

 

 
(a) 

 
(b) 

Fig. 10. The microstructure images on the laser riblet textured 
samples, (a) riblet area, (b) area away from riblet 

 
As shown in Fig. 10, the microstructure in the riblet 

pattern area is almost same as the one in the area away 
from riblet, indicating no changing in terms of microstruc-
ture pattern, grain size, and its distribution. It can be clearly 
seen that the microstructures are consistent and no change 
throughout the sample from the riblet tip to the area far 
away from the laser treated area. The result indicated that 
the laser riblet texturing process is not causing any change 
on the microstructures and phase change of the laser treated 
surface area as compared with the area away from the riblet 
area. So, there is negligible heat effect on the microstruc-
tures of the Ti64 substrate during laser surface riblet textur-
ing process. 
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(a) 

 
(b) 

 
(c) 

Fig. 11. the SEM images on the microstructure of laser tex-
tured Ti64 heat-treated with riblet texture side; (a) facing up (b) 

facing down (c) no furnace heating 
 
In order to further verify no significant heat effect on the 
sample during laser surface texturing process, the laser 
textured samples were heat treated at a high temperature in 
the vacuum oven to see the effects of furnace heat treat-
ment on the microstructures. The sample was heat-treated 
at 1050oC for 1 hour, then cooled with a cooling rate of 
15oC per second. The samples were put in the oven with 2 
ways: one was put with riblet texture side facing up and 
bottom side contacting the metal holder, the other one was 
put with riblet texture side facing down to contact the metal 
holder. Fig. 11 showed the effects of furnace heat treatment 
on the microstructure of the samples. The microstructure of 
laser riblet-textured Ti64 with no furnace heat treatment 
was also put in (Fig. 11 (c)) for comparison. It was noticed 
that the microstructure of laser textured Ti 64 without fur-

nace heat treatment was quite different from the micro-
structures of furnace heat treated samples in terms of mi-
crostructure pattern, grain size, and its distrubution. For the 
heat-treated sample with riblet texture side facing up, the 
fine grains formed at edge tip area compared with the cen-
tral bulk area due to its slower cooling rates. For the sample 
placed with laser treated side face down, the faster cooling 
rates retain the same microstructures as central bulk area as 
shown in Fig. 11 (b), where the α lamellae was separated 
by ribs of the β grains. The different cooling rates were 
believed to be the reason to induce the different microstruc-
tures in the riblet tip area as shown in Fig. 11 (a) & (b). 
[32] This finding further verified that laser surface textur-
ing process did not induce any change for the microstruc-
ture of Ti64. So, there was negligible heat effect during ps 
laser riblet surface texturing of Ti64 aerofoil due to its ul-
tra-short pulse duration.  

Also, the residual stress was investigated as a function 
of depth on the laser textured Ti64 substrate. Fig. 12 
showed one scanned XRD spectrum on Ti64, where the 
phase ID totally matches Ti64 sample and the inset showed 
rocking curves obtained at different ψ angles. The fitting 
parameters for residual stress analysis were the peak posi-
tion 2θ of 141.7o; Young modulus of 113 GPa and Poisson 
of 0.32. Fig. 13 showed the derived strain as a function of 
Sin2Ψ, where linear relationship suggested no shear stress 
component and positive slope indicated tensile stress. 
 

 
 

Fig. 12 Scanned XRD spectrum on Ti64, the inset shows 
rocking curves at about 2θ=141.7o obtained at different ψ angles 

 

 
Fig. 13 The derived strain as a function of Sin2Ψ 

 
With XRD, the residual stress was measured on pristine 

sample and the laser riblet-textured Ti64 sample with dif-
ferent etched depths. Fig. 14 showed the measured residual 
stress as a function of the etched depth. As shown in Fig. 
14, it was found that the pristine sample surface exhibited 
compressive stress of -38.5 MPa and after laser treatment, 
the samples surface exhibited tensile stress of 87.5 MPa, 
which may be due to the heat shock from laser treatment 
resulting in larger d-spacing between lattice planes [33, 34]. 
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Then the residual stress shifted from tensile to compressive 
when going deeper into laser processed sample and gradu-
ally becoming closer to the bulk stress value. 

 

0 20 40 60 80 100 120 140

-80

-40

0

40

80

120

Pristine sample

Depth profile of residual stress

 

 

Re
sid

ua
l S

tre
ss

 (M
Pa

)

Depth (µm)  
Fig. 14 The measured residual stress as a function of depth on 

laser treated Ti64 substrate 
 

4. Conclusion 
The Ps laser riblet surface texturing was conducted on 

Ti 64 substrates. The effects of various laser parameters on 
the riblet texture fabrication such as laser fluence, pass 
number, scanning speed, repetition rate and hatching densi-
ty were investigated and the optimum laser texturing pa-
rameters were identified. Laser riblet texturing on the 
curved Ti 64 aerofoil coupon was demonstrated. Com-
pared with non-textured area, the laser fabricated riblets 
induced around a 10% reduction in friction drag. It was 
also found that laser riblet surface texturing did not induce 
any change for the microstructure of Ti64 during ps laser 
riblet surface texturing of Ti64 aerofoil. Based on XRD 
measurements, the pristine sample surface exhibited com-
pressive stress of -38.5 MPa and after laser treatment, the 
samples surface exhibited tensile stress of 87.5 MPa, which 
may be due to the heat shock from laser treatment result-
ing in larger d-spacing between lattice planes. Then the 
residual stress shifted from tensile to compressive when go-
ing deeper into laser processed sample and becoming closer 
to the bulk stress value. 
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