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Biomedical devices
be used to produce well defined micro-grooves on biomedical materials such as
Ti-6Al-4V. Such micro-grooves can be optimized to improve the integration with surrounding tissue. This
paper examines the effects of Gaussian shaped beam profiles for nano-second laser processing on the laser
micro-groove geometry, topography, and micro-structure of Ti-6Al-4V under atmospheric conditions. Laser
and machining parameters such as pulse rate, scan speed, wavelength, groove width and pitch are shown to
affect the resulting micro-groove geometries. In contrast to prior micro-groove studies using top-hat beam
profiles with ultra-violet (UV) Excimer lasers or large area masking techniques, grooves produced with Nd:
YVO4 exhibit improved roughness parameters and reduced heat-affected zones. Initial processing parameters
are established for the fabrication of micro-groove geometries on flat geometries that are relevant to
biomedical implants and devices.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Titanium and its alloys are used increasingly in biomedical
applications due to their attractive combinations of physical, struc-
tural and mechanical properties [1]. In particular, Ti-6Al-4V is used
extensively in hip and dental implants for its low cytotoxicity and
biocompatibility [2,3], corrosion resistance [4–6], wear resistance
[5,7] and fatigue resistance [7–12]. In most applications, Ti-6Al-4V
implants have relied on surface roughening [13–18] and porous
coatings [19–24] to improve osseointegration.

Typically, selected regions of the Ti-6Al-4V implant are blasted
with Al2O3 or SiC particles to roughen the surface at the micron size
scale in order to facilitate bone-implant integration [14,18,25].
Unfortunately, these mechanical roughening techniques produce
randomized surfaces, can become embedded in the Ti-6Al-4V and
can induce diffusion that gives rise to significant alteration in the
surface or near-surface chemistry. These effects can lead to scar tissue
formation, mechanical degradation, and may result in increased local
concentrations of cytotoxic elements such as Al or V after surface
treatment [14,18].
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More recently, micro-grooved geometries have been explored as
an alternative approach to enhance bone adhesion and integration.
Although early methods for groove production relied on micro-
fabrication techniques [26,27], micro-grooves have been produced
recently using laser surface modification [13,15–18]. These laser
techniques may be used to produce micro-grooves with widths and
depths between 2 and 16 µm [13,15,16]. Unlike blast-textured surfaces
that give rise to random cell orientations [14,18], laser micro-grooved
Fig. 1. SEM image of Excimer laser-irradiated micro-grooves (adapted from [15]).
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Table 1
Preliminary set of processing parameters for surface grooving of rectangular Ti-6Al-4V samples

Sample # Groove
section #

Pulse Repetition
rate (kHz)

Scan speed
(mm/s)

Translational
distancea (µm)

Pulse
duration (ns)

Average power on
sample (W)

Fluence
(J/cm2)

Spacing between
grooves (µm)

Sample A (355 nm — UV) 1 50 200 4.0 35 1.9 26.4 40
2 50 300 6.0 35 1.9 26.4 40
3 60 200 3.3 36 1.2 13.9 40
4 40 300 7.5 34 2.5 43.5 40

Sample B (532 nm — Green) 1 50 200 4.0 40 6.7 64.9 60
2 50 300 6.0 40 6.7 64.9 60
3 60 200 3.3 42 5.3 42.8 60
4 40 300 7.5 38 7.6 92.0 60

Sample C (1064 nm — IR) 1 50 200 4.0 42 16.9 40.9 120
2 50 300 6.0 42 16.9 40.9 120
3 60 200 3.3 44 17.1 34.5 120
4 40 300 7.5 40 16.7 50.5 120
5 60 300 5.0 44 17.1 34.5 120

a Note: the spot-to-spot spacing or spacing between laser spots is a function of both the pulse repetition rate and the laser scan speed.

Table 2
Second set of processing parameters used for the surface grooving of rectangular Ti-6Al-4V specimens at a fixed laser frequency of 355 nm

Groove
section #

Focal spot size
(µm)

Pulse repetition
frequency (kHz)

Scan speed
(mm/s)

Translational
distance (µm)

Pulse duration
(ns)

Average power on
sample (W)

Fluence
(J/cm2)

Spacing between
grooves (µm)

1 8.5 50 200 4.0 35 1.9 67.7 30
2 8.5 50 300 6.0 35 1.9 67.7 30
3 8.5 40 200 5.0 34 2.6 115.8 30
4 8.5 40 300 7.5 34 2.6 115.8 30
5 8.5 60 100 1.7 36 1.3 38.6 30
6 8.5 60 200 3.3 36 1.3 38.6 30
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Ti-6Al-4V surfaces have been shown to promote contact guidance (cell
alignment) [17,18,28]. This cell alignment may reduce the extent of
scar tissue formation during wound healing and promote osseointe-
gration [15].

Excimer ultra-violet (UV) lasers and large area masking techniques
have been used successfully to produce laser-textured surfaces (Fig. 1)
[13,15,16]. However, the high photon energy associated with the deep
UV wavelengths (248 nm), top-hat intensity profiles, and high-energy
outputs associated with currently used micro-grooving techniques
have inducedmicro-cracks and created heat-affected zones within the
micro-grooved structures [16,18]. Since these features can degrade the
subsequent performance of implants [19], research into alternative
methods to produce durable laser-textured Ti-6Al-4V surfaces is of
particular interest.
Fig. 2. Microscopic images of polished pre-laser processed Ti-6Al-4V surface: (a) three-dime
(c) SEM photomicrograph depicting the α/β micro-structure of the Ti-6Al-4V alloy before l
To address some of the above issues, diode pumped solid-state
(DPSS) lasers have emerged as an alternative for UVmaterial processing
in these applications [17,28]. DPSSUVand IR lasers basedonNd:YAGand
Nd: YVO4 are highly efficientwith exceptional beamqualities compared
to other laser types. The output intensity distribution is Gaussian in
nature showing a pure TEM00 mode with low divergence (M2~1.1–1.3).
These features allow the DPSS beam to be tightly focused, while
maintaining the high fluences necessary for laser micro-machining.
From an industrial perspective, they have high overall safety, long-term
stability, and can provide up to 10 W of TEM00 output.

This paperpresents the results of anexperimental studyof theeffects
of laser-processing parameters on the geometry and micro-structure of
lasermicro-grooved Ti-6Al-4V alloys under atmospheric conditions. It is
a continuation of a previous study in which DPSS lasers were used to
nsional AFM image of surface topography, (b) scan and cross-sectional AFM image and
aser processing.
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fabricate micro-groove geometries with depths between 6 and 150 µm
in Ti and Ti-6Al-4V alloys [17]. In the earlier study, it was shown that
micro-grooves with depths of 8–16 µm were produced by the
appropriate control of pulse frequency and the number of scans.
However, additionalparametric studies are required inorder to optimize
the groove geometries. In this study, laser-processing parameters (pulse
repetition frequency, scan speed andwavelength) are varied in an effort
to produce micro-grooves with depths and widths of ~11 µm, i.e.
comparable to the sizes of osteoblasts [16].

2. Experimental procedure

2.1. Materials

The mill annealed Ti-6Al-4V billet was obtained from Wyman
Gordon, Houston, Texas. Specimens with a rectangular geometry of
Fig. 3. SEM/EDS analysis of bulk Ti-6Al-4V alloy. (a) SEM image depicting analyzed region, (b)
elemental distributions of (c) titanium, (d) aluminum, (e) vanadium, and (f) oxygen (2000×
approximately 6 mm×6 mm×12 mm in dimension were prepared
from 6 mm (1/4 inch) thick mill annealed Ti-6Al-4V slices that were
cut from the original billet. These were mechanically polished with
diamond paste before using a colloidal silica suspension for the final
polishing step. The micro-grooves were produced by irradiating the
polished surfaces with nano-second laser pulses generated by a
YHP40, Q-switched Nd:YVO4 laser.

2.2. Laser processing

Laser processing on the rectangular specimens was carried out at
Spectra Physics Inc., Mountain View, CA, using a Nd:YVO4 Spectra-
Physics Navigator II YHP40 laser. A modular diode pumped laser head
was used to produce laser outputs at three wavelengths: 355 nm (UV),
532 nm (Green), and 1064 nm (IR), using interchangeable frequency
conversionmodules. The laser is capable of producing pulse repetition
spot analysis showing elemental peak intensities of the surface, and EDS maps showing
).



Fig. 4. SEM photomicrographs (600×) of the Ti-6Al-4V micro-grooved sections listed in Table 2: (a) Section 1, (b) Section 2, (c) Section 3, (d) Section 4, (e) Section 5, and (f) Section 6.
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rates of 1 to 250 kHz frequency range. In order to determine the
optimal processing parameters, parallel grooveswere produced on the
Ti-6Al-4V sample surfaces. These were produced by varying the pulse
repetition rate, scan speed and wavelength.

A SCANLAB hurrySCAN laser scan head [SCANLAB, Naperville,
Illinois, USA], with a 160 mm telecentric f-theta objective was used to
focus and raster the beam on the substrate. This laser scan head is
optimized for UV micro-machining resulting in a focal spot size of
approximately 13.5 µm for the 355 nm wavelength, 16.2 µm for the
532 nm wavelength, and 32.4 µm for the 1064 nm wavelength. A
power meter measured the power output after the beam had gone
through the scan head and focused onto the sample surface. All the
processing was completed with a single beam pass. Table 1
summarizes the processing parameters that were used in the surface
grooving of these samples. The average power on the sample
represents the maximum power at each specific pulse repetition
rate and characteristic wavelength.

The results from the first set of experiments show that the micro-
grooves developed at a laser output wavelength of 355 nm (UV) were
closest to the micro-groove geometries that have been shown to
promote contact guidance and improved osseointegration [16]. Two
sets of experiments were used to investigate the effects of laser. In the
first set, preliminary experiments were used to identify the laser
process parameters that produced micro-grooves with dimensions



Fig. 6. Schematic of the two types of groove geometries observed (a) overlapping material pile-up and (b) non-overlapping material pile-up (z is the groove depth, w is the groove
width, d is the groove spacing and h is the pile-up height).

Fig. 5. SEM images of the micro-grooved Ti-6Al-4V geometries of groove section 2 listed in Table 2: (a) groove depths at 600×, (b) surface topology and groove widths at 600×.
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close to the 10 μm that have been shown to provide osseointegration
in Ti-6Al-4V in prior work [16].

Hence, in a second parametric study, a fixed wavelength of 355 nm
was used, with the variable parameters being the scan speed and
pulse repetition rate. In addition, this second set of experiments
employed a laser scan head with a 100 mm telecentric f-theta
objective, instead of the 160 mm focal length objective that was used
in the preliminary experiments with a spot size of ~13.5 µm (for the
355 nmwavelength). This shorter focal length lens produced a smaller
spot size of approximately 8.5 µm, and consequently smaller groove
dimensions. Table 2 summarizes the laser-processing parameters
from this second set of experiments.

The laser-irradiation induced micro-grooves developed during the
second parametric study were selected for a more detailed visual
observation, surface metrological, compositional, and micro-struc-
tural characterization. The investigated zones included the pre-laser
processed polished materials, as well as six different groove sections
(parameter sets). This was done to assess the dependence of groove
dimensions and topography on key laser-processing parameters.

In addition to the laser-processing parameters, the effects of
material processing can also depend strongly on factors such as the
work piece surface condition and height. Therefore, to account for
Table 3
Measured groove geometries of rectangular Ti-6Al-4V samples produced with various
process parameters in Table 2

Groove
section #

Spacing between
grooves (µm)

Groove width
(µm)

Groove depth
(µm)

1 16.9 14.1 11
2 14.1 14.1 10
3 14.1 18.4 10
4 14.1 18.4 9
5 15.0 16.9 18
6 16.9 16.9 5
sample variability, two steps were taken: (1) a few of the polished
specimens were set aside (prior to laser processing) to study the pre-
processing characteristics of the material, and (2) the same processing
parameters were repeated on all the samples. The surface character-
istics were investigated and the overall groove metrology was
subsequently averaged for a given set of parameters.

2.3. Surface characterization and micro-structure

Pre- and post-laser processing inspections of the specimens were
performed using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). A Philips XL-30 field emission SEM was used
to characterize the micro-structure and surface morphology of the
bulk material and the micro-grooved features. The specimens were
cross-sectioned, mounted, polished, and etched with Kroll's reagent
(90–92% distilled water, 5% nitric acid and 3–5% hydrofluoric acid for
Fig. 7. Groove wall deformations on laser micro-grooved surface.



Fig. 8. Ripples and resolidification packets on laser micro-grooved surface.

Fig. 9. SEM photomicrographs of etched cross-sections of groove Section 1 in secondary parametric study: (a) 2000× image, and (b) 600× image.

Table 4
Laser-processing parameters for Ti-6Al-4V specimens

Processing parameters Value

Focal spot size (µm) 8.5
Pulse repetition rate (kHz) 50
Scan speed (mm/s) 250
Translation distance (µm) 5
Pulse duration (ns) 35
Average power on sample (W) 1.65
Fluence (J/cm2) 58.8
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light and deep etching respectively) for 30 s to reveal the micro-
structure.

The underlying micro-chemistry was also studied using Energy
Dispersive Spectroscopy (EDS) during the SEM analyses. The SEM was
equipped with a PGT-IMIX PTS EDS [IMIX, AM Apeldoorn, Nether-
lands] system and a 20 kV accelerating voltage was used to obtain
elemental spot analyses of the surfaces. In addition, two-dimensional
elemental EDS maps were taken of the cross-sections of the surfaces.

A detailed topographical quantification of the pre-laser irradiated
polished surfaces in the nanometer regime was performed using a
Digital Instruments Nanoscope IIIa AFM (Veeco Instruments, Santa
Barbara, CA). The AFM was operated in the tapping mode with a scan
rate of 4 Hz and a sampling rate of 512 lines.

3. Results and discussion

3.1. Surface topography and micro-structure

Images from the AFM topographical analysis of the polished Ti-
6Al-4V surfaces are presented in Fig. 2. The analysis was conducted on
a 5 µm×5 µm region. The results show a relatively uniform surface
topography (Fig. 2a) with a root-mean-squared (rms) surface rough-
ness of ~5.5 nm (Fig. 2b). The micro-structural analysis revealed a
duplexα/βmicro-structure in the pre-laser processed Ti-6Al-4V alloy.
This is presented in Fig. 2c, which shows an elongated hexagonal
close-packed α grains (dark phase) in a matrix of continuous body
centered cubic β phase (white phase). The average α grain size in the
longitudinal direction is ~24.2±1.0 µm. A smaller α grain size is
observed in the transverse direction of 16.2±1.0 µm. The volume
percentages of α and β phases were determined to be ~78 and 22,
respectively. The phase volume fractions were determined using the
NIH image J software package (NIH, Bethesda, MD).

Two-dimensional elemental distributions of key elements in the
mill annealed Ti-6Al-4V alloy revealed through EDS X-ray mapping
(Fig. 3). It is important to note here that aluminum helps to stabilize
the alpha (hcp) phase, while vanadium is a beta (bcc) phase stabilizer
[1]. The EDS analysis confirmed the presence and distribution of both
the alpha and beta phase stabilizers. The aluminum and vanadium
distributions (Fig. 3d and e) were found to coincide with the expected
results, i.e. aluminum enrichment and vanadium depletionwithin the
alpha micro-structure, and vanadium enrichment and aluminum
depletion in the beta micro-structure.

3.2. Characterization of micro-grooves on flat surfaces

Fig. 4 shows SEM images of the various groove sections (see
Table 2) at a magnification of 600×. These correspond to the 6 groove



Fig. 10. Heat-affected zones of (a) grooves in the middle of textured area and (b) a groove at the edge of textured area.
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sections identified in Table 2. Note the “wavy” nature of the groove
and the high incidence of micron-scale asperities on and between the
grooves.

The surface geometries of the micro-grooved samples were
obtained using a Scion Image software package that was used to
analyze the SEM images. In order to measure groove depths, side view
photomicrographs were taken for all the groove sections. Fig. 5
presents a representative cross-sectional side view and a top-view of
micro-groove Section 2. These images show a relatively uniform
micro-groove geometry and surface topography.

In the six different groove sections examined (Fig. 4), two different
groove waveforms were observed. These are idealized schematically in
Fig. 6 along with the groove dimensions. A summary of the measured
groove dimensions for the six sections is presented in Table 3.
Fig. 11. SEM/EDS analysis of cross-sectioned laser-irradiated (20 µm groove spacing) micr
elemental distributions of (b) titanium, (c) aluminum, (d) vanadium, and (e) oxygen (300×)
The micro-grooved sections were characterized by the observed
surface morphology and debris patterns. Within the micro-grooved
sections, three general types of surface features were observed on the
post-laser processed surfaces. These include: resolidification packets,
ripples, and the deformation of groove walls in the form of repeated
round sections along the lengths of the grooves (Figs. 7 and 8). These
splatter patterns represent an expulsion of material from the grooves,
which results in resolidified material and the deposition of solidified
droplets in and around the micro-grooved regions.

Although resolidification packets were present in all of the speci-
mens (Tables 1–3), groove-wall deformations were themost prominent
physical characteristics. These deformations were so severe that the
groove walls often coalesced. Consequently, what were expected to be
grooves, appeared as a series of depressions in the Ti-6Al-4V surface
o-grooved surface. (a) SEM image depicting analyzed region and EDS maps showing
.



Table 5
Semi-quantitative EDS compositions from spot analyses of Ti-6Al-4V alloy specimens

Specimen Element Normalized O%a

Bulk Ti-6Al-4V Ti Balance
Al 5.6+0.3
V 4.7+0.2

Polished Ti-6Al-4V Ti Balance
Al 5.5+0.3
V 4.6+0.2

Laser-irradiated Ti-6Al-4V (rectangular specimens) Ti Balance
Al 4.2+0.2
V 4.9+0.3

a Oxygen analyzed by stoichiometry.
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(Fig. 4a). Section 2 had resolidification packets with minimal groove-
wall deformations (Fig. 4b). Section 3 also had small resolidification
packets (Fig. 4c) with intense groove-wall deformations, but not as
severe as in Section 1. Therewas also evidence of resolidificationpackets
in Section 4 (Fig. 4d), with no apparent groove-wall deformations.
Section 5 (Fig. 4e) had large resolidification packets, and the grooves
appeared to bemuchdeeper than anygrooves in all the other sections of
the sample. The deformations of groove walls in Section 6 (Fig. 4f) were
just as severe as those observed in Section 1.

At low magnifications, morphological comparison of the SEM
micrographs of the pre- and post-processed α/β micro-structure
suggests that the pre-processed duplex α/β micro-structure (Fig. 2c)
was similar to that of the post-processed samples (Fig. 9a and b).
However, higher magnification SEM imaging revealed clear evidence of
changes in the micro-structure of the mill annealed Ti-6Al-4V micro-
structure in the regions closest to themicro-grooves. For example, in the
case of laser micro-grooves processed with parameters presented in
Table 4, higher magnification imaging revealed, clear evidence of
elongated α grains that were oriented largely in directions that were
almost parallel to the direction of the laser pass (Fig. 9b).

Fig. 10a and b show the heat-affected zones (HAZs) due to laser
processing. Theα phase platelets were aligned in the heat affect zones
under laser grooves (Fig. 10(a)), compared to the random distribution
of α platelets in the unaffected zones. Such alignment is attributed to
the nucleation and growth of α platelets as a result of thermal effects
due to laser scanning. Aligned α platelets were also observed in the
heat-affected zones at the edges of the grooved areas, where the HAZs
have a shape of quarter-circle (Fig. 10(b)). In general, the sizes of the
heat-affected zones were found to be between 100 and 200 µm. No
resolidification micro-cracking was observed in this study.

Since laser processing itself can introduce a change in surface
composition (either through preferential vaporization of material,
Fig. 12. EDS spot analysis within bottom of micro-grooved Ti-6Al-4V specimens. (a) SEM ima
diffusion of specific alloying elements or contamination with
impurities from the laser-processing environment such as nitrogen
or oxygen), it was important to investigate the micro-chemistry
changes that occurred during laser processing. The X-ray maps of the
constituent elements and the EDS spectra of the post-laser irradiated
specimens are presented in Fig. 11a–e. The corresponding semi-
quantitative compositional analysis is also shown in Table 5. The
polished surfaces were found to exhibit no appreciable changes in
micro-chemistry in comparison to the bulk Ti-6Al-4V alloy (spectra
and maps not shown here). This may be attributed to the fact that
polishing is a non-aggressive surface treatment that results in
topographical modifications rather than compositional changes.

A slight decrease in the aluminum concentration of the alloy was
observed at thebottomof themicro-grooves (Fig.12).When considering
these results, it is important to realize that EDSanalysis has ameasurable
penetration depth (dependent, in part, on the accelerating voltage) over
which the compositional variations are averaged. Therefore, if the
surface compositional differences are shallower than the penetration
depth, then a true compositional assessment will not be realized.
However, for a preliminary assessment of surface chemistry, the EDS
surface analyses should provide useful information for comparative
studies, as long as these constraints are understood.

3.3. Laser–material interactions

During the initial stage of laser–material interactions, material
melting can occur. The melted areas subsequently resolidify to form
packets with potentially different micro-structures (Fig. 8). The
resolidification packets represent areas where the laser melted the
surface of the titanium alloy before material resolidification. In the
first set of experiments, the resolidification packet size and incidence
of resolidification increased with decreasing spot-to-spot spacing,
which is related to the scan speed. The resolidification packet size also
increased slightly with increasing average power on the sample. This
was due primarily to increased laser power on the sample, and
associated with the overlapping of laser pulses. Similar findings were
observed in the secondary set of experiments in which the
resolidification packet size and incidence were found to increase
with decreasing spot-to-spot spacing.

Ripples are oblique lines that span the breadth of the groove and
run along the length of the groove with ripple-to-ripple spacing
directly related to the laser-processing parameters (Fig. 8). In the first
set of experiments, a comparison of the spacing between laser pulses
(spot-to-spot spacing) and the mean spacing between ripples
suggested that these physical marks are due to the individual laser
pulses. Since the laser travels a certain distance between pulses, these
ge of 20 µm groove spacing showing the micro-groove bottom and (b) EDS spot spectra.
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ripples are created each time the laser removes material with each
pulse (see translation distance in Fig. 8).

In addition, the ripples became less visible (Fig. 8), as the fluence
increased and the spacing between the laser pulses decreased.
Furthermore, by decreasing the spot-to-spot spacing and increasing
the fluence, more power is introduced into the sample. Therefore,
ripples disappear because the material within the melt-pool has more
time to flow and resolidify. This is because a decrease in the spot-to-
spot spacing at constant laser fluence will lead to a decrease in
translation speed and an increase in the laser–material interaction
time (τ=spot diameter/velocity).

In the first set of experiments, it was suggested that the deformation
of the groovewallsmight be due to themotion of themechanized stage.
The deformation was also suggested to be a function of the laser spot
size. If themotion of the sample is not continuous, but rather staggered,
then the round orwave-like appearance of thewallsmight be due to the
momentary pause of the laser and represent the spot size of the laser.
Thewave-like appearancemay also be partly due to the Gaussian shape
of the incidence laser beam.

It is also important to note that, inpriorwork [15], themicro-structure
of the micro-grooved Ti-6Al-4V surfaces produced using large area
masking techniques showed evidence of micro-cracks and heat-affected
zones. These could adversely affect the performance of biomedical
implants with laser micro-grooves produced using current methods. In
contrast, no evidence of micro-cracking was observed in the heat-
affected zonemicro-structure of themicro-grooved samples producedby
the DPSS laser-processing techniques used in this study (Figs. 9 and 10).

Although the EDS analysis showed a slight decrease in the aluminum
concentration at the bottom of the grooves, an improvement (with
respect to maintaining initial alloy composition) over the Excimer laser-
processed specimens was achieved. Unlike the Excimer laser-processed
samples investigated inpriorwork [16], forwhichaluminumpeakswere
absent (depleted in aluminum) in the resolidified regions, the DPSS UV
laser-irradiated regions showed minimal changes in alloy composition.
Since the laser–material interactions can give rise to the evaporation of
aluminum during laser processing, the changes in Al concentration are
somewhat expected, as observed in the Excimer laser-processed
samples. Hence, reasons for the limited changes in the compositions
of the UV-processed surfaces are not currently understood.

In any case, the current study suggests that the grooves obtained
using parameters described in Section 2 (see Table 2 and Figs. 4b and 5)
have dimensions that are closest to those of optimal grooves (8 to 12 µm
in depth and width) obtained from prior in-vitro and in-vivo experi-
ments on laser micro-grooved specimens [13,15,16,18]. Furthermore,
minimal changes in the composition ensure the surfacebiocompatibility
and cytoactivity of the DPSS laser radiated Ti-6Al-4V. Finally, it is
important to note here that the absence of micro-cracks, coupled with
the presence of wall deformation and ripples in the processed grooves
may actually be beneficial for cell attachment and spreading on the
surfaces of the laser micro-grooved structures [17].

4. Summary and concluding remarks

This paper presents the results of an experimental study of the
effects of nano-second laser-processing parameters (pulse repetition
rate, scan speed and wavelength) on micro-groove geometry, and
micro-structure of Ti-6Al-4V. Salient conclusions arising from this
study are summarized below.

1. The DPSS 355 nm (UV) laser operating with a PRF of 50 kHz, a focal
length of 100 nm, and scan speeds of ~200 mm/s to 300 mm/s
produces micro-groove geometries that are close to the ‘optimal’
groove depth and width of 8 to 12 µm. These micro-grooves have
depths and widths of ~11 and ~14 µm, respectively. Such groove
dimensions are in the range that has been shown to promote cell
integration and contact guidance.
2. The results from this study suggest that nano-second DPSS UV lasers
canbeused to introduce thedesiredmicro-groovegeometrieswithout
micro-cracks in the heat-affected zones. The desired 8–12 µm groove
depths andwidths can be achieved by control of pulse frequency, scan
speed, and lens focal length that controls spot size.

3. The appearance of the physical surface features (resolidification
packets, ripples and wall deformations) obtained using DPSS UV
lasers warrants further studies. This may lead to further optimized
groove geometries that promote increased cell adhesion.
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