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Eﬀect of surface morphology changes of Ti-6Al-4V alloy
modiﬁed by laser treatment on GDOES elemental depth
proﬁles†
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An aerospace grade Ti-6Al-4V alloy, treated by an excimer laser, has been analysed by elemental depth
proﬁling using glow discharge optical emission spectrometry (GDOES). Laser exposure may modify the
surface morphology of the alloy due to melting and generation of microcracks. Melting reduces the
roughness over an area of 1  1 mm, whereas the roughness over an area of 100  100 mm increases.
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The inﬂuence of such modiﬁcation of the surface morphology on changes in the shapes of the GDOES
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elemental depth proﬁles is discussed.

Introduction
Glow discharge optical emission spectrometry is a well established technique for elemental depth prole analysis of various
solid materials. The use of a radiofrequency source for plasma
generation that may operate in both pulsed and continuous
modes enables depth proling of both conducting and nonconducting samples, including metals, semiconductors, glasses
and ceramics. Compared with other depth proling techniques,
such as secondary ion mass spectroscopy, Auger electron
spectroscopy, time-of-ight secondary ion mass spectroscopy,
etc., GDOES operates at a relatively low vacuum of several
hundred Pa and is extremely fast due to the high target sputtering rate that may be above 1 mm min 1.1 The potential of
GDOES for the analysis of both thick lms, of several tens of
microns thickness, and thin lms, of several nanometres
thickness, and multilayered coatings, has been demonstrated.2–5 The high resolution capability of GDOES analysis has
been employed in the study of elemental distributions in thin,
up to 4 nm thickness, air-formed lms on steels and
aluminium, and for the study of ionic transport processes
during formation of anodic lms on aluminium.3,6,7
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During GDOES examination, material is sputtered over a
relatively large surface area, typically 4 mm diameter. This
imposes requirements on the quality of the surface. Thus, the
ideal surface should be macroscopically at to t the sample
holder arrangement, and the lower the roughness of the analysed surface, the higher the depth resolution that can be achieved. Increase of surface roughness results in decrease of
steepness of the trailing or the leading edges of the elemental
proles, making it diﬃcult to locate precisely the position of
interfaces in layered samples and it may even lead to severe
degradation of the depth proles.8,9
Here, the ability of GDOES to analyse thin lms and its
sensitivity to surface roughness are utilised for analysis of an
aerospace grade Ti-6Al-4V alloy that had been subjected to laser
exposure. In this communication, the potential of GDOES for
examination of laser surface treatment of Ti-6Al-4V and indirect
monitoring of surface modication are discussed.

Experimental
Ti-6Al-4V alloy sheet of 1 mm thickness, with a nominal
composition (wt%) given as 6 aluminium, 4 vanadium,
remainder titanium, cut to dimensions of 25  25 mm, was
used as a test specimen. The specimens were laser treated in the
ambient atmosphere, using a nanosecond-pulsed KrF laser. A
200 mm spherical focusing lens and 10  10 mm2 beam
shaping mask were used to obtain a 1  1 mm2 rectangular
laser beam spot over the specimen surface. In order to study the
eﬀect of the amount of laser energy transmitted to a specimen
on the surface morphology, the laser intensity was varied from
13 to 60 MW cm 2.
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The surface morphology of the specimens was examined by
eld emission gun scanning electron microscopy (FEG SEM),
using a Zeiss Ultra 55 microscope, equipped with EDX and BSE
detectors. A Tecnai 30 transmission electron microscope (TEM),
operating at 300 kV, was employed for examination of the airformed oxide layer on the surface of the alloys. For TEM
observation, an electron transparent section of approximately
30 nm thickness was prepared by focussed ion beam milling,
using an FEI DualBeam NOVA600i instrument operating at
30 kV. Further, atomic force microscopy (AFM), using a
Dimension 3100 microscope (Digital Instruments), operating in
the tapping mode, was employed to estimate surface roughness.
AFM images were then processed using SPIP soware (Image
Metrology ApS) to calculate the surface roughness, Sa.
Elemental depth prole analysis was undertaken by GDOES,
using a GD-Proler 2 (Horiba Jobin Yvon) operating in the
radiofrequency mode at 13.56 MHz. A 4 mm diameter copper
anode and high purity argon gas were used. The optical emissions from the excited sputtered elements were detected with a
polychromator of focal length of 500 mm with 30 optical
windows. The emission lines used were 396.12 nm for Al,
156.14 nm for C, 121.57 for H, 130.22 nm for O, 365.32 nm for Ti
and 411.18 nm for V. Elemental depth proling was undertaken
at an argon pressure of 700 Pa and forward power of 35 W, with
a data acquisition time of 0.01 s. Prior to depth proling, presputtering of a sacricial monocrystalline silicon wafer was
undertaken to clean the GD source.10 As a result, silicon covered
the inner surface of the anode, thus minimising contributions
from re-sputtering of hydrocarbons adsorbed on the anode and
reducing distortion of the depth prole at the commencement
of sputtering. The electrical parameters, e.g. plasma impedance,
eﬀective power, etc., aﬀecting the sputtering rate, were not
monitored in this study since these need the use of special
equipment. The sputtering rate in the bulk of the alloy,
measured from the crater depth aer 3 min of sputtering by a
Perthometer S2 (Mahr) surface measuring device, was approximately 2.7 mm min 1.

Results and discussion
Visual observation of the untreated and laser treated alloys
reveals relatively rough surface appearances, with the surface of
the untreated alloy having a slightly darker appearance. Fig. 1(a)
and (b) show GDOES depth proles of the untreated alloy and
the alloy that had been laser treated at 19 MW cm 2. The estimated crater depth achieved for 10 s of sputtering calculated
from the sputtering rate is of order of 0.45 mm. The crater depth
may be slightly reduced due to plasma instability at the
commencement of sputtering. The crater depth may also be
aﬀected by non-uniform sputtering due to the surface roughness and the presence of hydrogen on the surface that is discussed further. In general, the depth proles reveal three
regions, comprising (i) a region with increased intensity of
oxygen at the commencement of sputtering corresponding to
the oxide lm on the surface of the alloy, (ii) a transition region
where the intensities of the alloy elements, e.g. titanium,
aluminium and vanadium, increase gradually and (iii) a steady
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Fig. 1 GDOES elemental depth proﬁles: (a) as-received untreated alloy; (b) alloy
laser treated at 19 MW cm 2; (c) as (a) after ultrasonic cleaning consequently in
water, ethanol and acetone.

region where the sputtering front reached the bulk alloy and the
signal intensities of the alloy elements remain constant. The
GDOES technique is very sensitive to roughness of the surface of
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the analysed specimen. Roughness is a key factor in limiting the
depth resolution of analysis and, for example, if the roughness
is similar to the thickness of the analysed layer, severe degradation of depth resolution results.6 Roughness causes nonuniform removal of the material and modication of the surface
topography during sputtering.8,11,12 In the depth proles of
materials with rough surfaces, the intensities of the main
constituents increase gradually and reach steady values when
the surface texture due to roughness is sputtered. A further
issue associated with surface roughness is the reduction of the
steepness of the trailing and/or leading edges in the proles of
layered materials with increase of roughness. The transition
regions in the depth proles of Fig. 1(a) and (b) have similar
durations of about 9–10 s. However, the titanium proles have
diﬀerent shapes; thus, the titanium signal exhibits a shoulder
aer the commencement of sputtering, which is followed by an
increase of intensity for the laser-treated alloy whereas it
increases gradually in the depth prole of the untreated alloy.
Successive ultrasonic cleaning in water, ethanol and acetone
(15 min duration for each individual step) changed signicantly
the depth prole of the untreated alloy. The transition region
width is reduced signicantly to about 1.5 s (Fig. 1(c)).
The depth prole of the untreated alloy exhibits an intense
carbon peak, originating mostly from hydrocarbons adsorbed
on the surface of the alloy. Other carbon-related contaminants,
e.g. free carbon, oil, grease, etc., may also be present on the
surface. The intensity of the carbon signal reduces aer laser
exposure mainly due to removal of the hydrocarbons. Examination of the as-received untreated alloy by SEM reveals
numerous darker hydrocarbon-related regions on the surface
that are absent aer laser treatment. Application of ultrasonic
cleaning to the as-received untreated alloy leads to a greater
reduction of the intensity of carbon signal compared with laser
treated alloy. The integrated intensity of the carbon signal for
the untreated alloy, calculated over the region of 0–5 s of sputtering time, is about 2.5 and 5 times greater than that for the
laser treated alloy and ultrasonically cleaned alloy respectively.
The behaviour of the hydrogen proles is generally similar to
the carbon proles. The carbon and hydrogen signals show
sharp peaks at the commencement of sputtering for the
untreated alloy and the alloy treated at 19 MW cm 2 followed by
less intense and broader peaks (Fig. 1(a) and (b)). In the depth
prole of the ultrasonically cleaned alloy of Fig. 1(c), only single
hydrogen and carbon peak, centred at the same location on the
sputtering time axis, are evident. The intensities of hydrogen
peaks aer application of laser treatment are slightly reduced.
Aer ultrasonic cleaning, the intensity of the hydrogen peak
reduces by approximately two times compared with that of the
untreated alloy. Additional study is required to explain the
nearly the same intensities of the hydrogen peaks for the asreceived untreated and laser treated alloys. Probably, laser
treatment does not remove eﬃciently other hydrogen-related
species, e.g. water. Application of cleaning by low-energy plasma
of the GD-source10 at a power of 3 W, pressure of 600 Pa for 600 s
to the as-received untreated alloy prior to sputtering resulted in
an approximately 3.9-fold reduction of the integrated intensity
of the carbon peak. The shape and intensity of the hydrogen
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signal remained similar to those aer laser treatment (see
ESI 1†).
Thus, the extended transition region in the depth prole of
the untreated alloy before cleaning compared with that aer
cleaning is caused mainly by the presence of hydrocarbon
contamination. Fernandez et al.14 reported that addition of
small amounts of hydrogen to argon may signicantly aﬀect the
plasma behaviour, leading to a change of sputtering rate and,
consequently, an increase or decrease of the signal intensities
depending on the element. Conversely, the presence of small
amounts of hydrogen in the analysed specimen may also distort
the depth prole. For example, analyses of anodic lms formed
on tantalum and aluminium substrates, but with dissolved
hydrogen beneath the oxide–metal interface, revealed marked
decreases of the intensities in the tantalum or aluminium
signals near the anodic lm–metal interface regions that coincided with the relatively intense hydrogen peak.7,15 In order to
study the origin of the relatively large width of the transition
region in the depth proles of the laser-treated alloy compared
with the cleaned untreated alloy, laser treatment was undertaken with various laser energies transmitted to the specimen
by varying the angle of incidence of the laser beam. Fig. 2
compares the titanium and hydrogen proles of the alloys
treated at 13, 17 and 19 MW cm 2 and the ultrasonically
cleaned untreated alloy. An increase of the transition region
width in the titanium signal is evident for all the laser-treated
alloys compared with the ultrasonically cleaned untreated alloy.
Further, the width of the transition region increases with
increase of the incidence angle of the laser beam. The titanium
signal intensity increases rapidly within about 1 s of sputtering
for the cleaned untreated alloy, whereas this time increases to
approximately 3, 6 and 7 s for the alloys treated at 13, 17 and
19 MW cm 2 respectively. Furthermore, the shoulder in the
titanium prole is present for the laser treated alloys, with the
width increasing from approximately 0.2 to 1 s with increase of
incidence angle. Hydrogen signals of the laser treated alloys
exhibit sharp peaks at the commencement of sputtering

Fig. 2 GDOES titanium and hydrogen depth proﬁles of the ultrasonically
cleaned untreated alloy and alloys laser treated at various intensities (the laser
intensity is designated by corresponding numbers; u – untreated alloy).
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Table 1 Surface roughness, Sa (nm), of ultrasonically cleaned untreated alloy
and the alloy laser treated at 19 MW cm 2 measured by AFM over various scan
areas

Area, mm2
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Untreated
Laser treated

Fig. 3 Scanning electron micrographs of the surface of (a) ultrasonically cleaned
untreated alloy and (b) alloy laser treated at 19 MW cm 2.

followed by the extended second peaks. The widths of the
second peaks correlate well with the width of the transition
region in the titanium prole.
Fig. 3 displays scanning electron micrographs of the ultrasonically cleaned untreated alloy and the alloy treated at 19 MW
cm 2. Relatively bright, sharp-edged features on the surface
correspond to the beta-phase of increased vanadium contents
of up to 12 at.%, according to local EDX analysis. The remaining
surface represents the alpha-phase, with vanadium contents
that do not exceed 2–3 at.%. Individual grains of nearly micron
dimensions, separated by sharp boundaries, are evident within
the beta-phase areas. Laser treatment leads to signicant
modication of the surface texture due to melting. The sharp
edges of the beta-phase areas are transformed to smoother
boundaries that separate individual grains in the alpha-phase
areas. Scrutiny of the surface of the treated alloy enables
observation of shallow, parallel grooves and microcracks with
lengths of less than 1 micron. SEM examination of the surface
of the alloys treated at 13 and 17 MW cm 2 revealed reduction
in the degree of melting that was evident from the decrease of
surface smoothing with decrease of laser uence compared with
that treated at 19 MW cm 2.
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As previously mentioned, surface roughness results in a
more gradual increase of the signal during GDOES elemental
depth proling, revealing more extended transition regions in
the depth prole. However, a smoother surface according to
SEM observation also causes a more extended transition region
in the GDOES depth prole. Molitor and Young13 reported that
laser treatment of a Ti-15-3 alloy reduces microroughness due to
general smoothing of the surface by melting, as observed by
SEM at a magnication of 5000. Conversely, macroroughness
on the 10 mm scale was increased due to generation of craters by
ablation. Table 1 records the surface roughness determined by
AFM for the cleaned untreated alloy and the alloy treated at
19 MW cm 2. Scanning has been undertaken over three areas of
diﬀerent dimensions, namely 1  1, 20  20 and 100  100 mm.
Aer laser irradiation, the surface roughness, Sa, decreases,
remains without signicant change and increases within the
1  1, 20  20 and 100  100 mm areas respectively. Thus, an
increase of roughness over a relatively large surface area may
contribute to the increase of the width of the transition region
in the GDOES depth proles, even though the roughness over a
relatively small area decreases. It should be noted that relatively
high hydrogen peaks may contribute to the widths of the transition regions.
Further, Fig. 4 compares the oxygen proles of the laser
treated and ultrasonically cleaned untreated alloys. In most of
the GDOES depth proles, the oxygen signal is noisy and, hence,
it was smoothed using the averaging tool in the Origin soware.
The intensity of oxygen peak reduces with the angle of incidence

Fig. 4 GDOES oxygen depth proﬁles of the ultrasonically cleaned untreated
alloy and the alloys laser treated at various intensities.
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Fig. 5 Voltage–time responses recorded during anodising of the untreated alloy
and alloy after laser treatment at 19 MW cm 2 in 0.1 M ammonium pentaborate
at a constant current density of 5 mA cm 2.

of the laser beam and is of minimum intensity for the untreated
alloy. The width of the region from the commencement of
sputtering to the trailing edge of the oxygen peak, i.e. the point
where the rapid decrease of the oxygen signal intensity is
terminated, varied from approximately 0.3 s for the alloy laser
treated at 13 MW cm 2 to 0.9 s for that treated at 19 MW cm 2.
Additionally, the peaks are followed by extended tails where
the oxygen signal reduced slowly. The intensities of the tails
increase in the following order: ultrasonically cleaned untreated
alloy < alloy treated at 13 MW cm 2 < alloy treated at 17 MW cm 2

Technical Note
< alloy treated at 19 MW cm 2. It is unlikely that exposure to the
short-pulse laser under the selected conditions leads to signicant thickening of the air-formed oxide layer on the surface of the
alloy that is of several nanometres thickness. Anodic oxidation of
the laser-treated and untreated alloy in 0.1 M ammonium pentaborate at a constant current density of 5 mA cm 2 has been
undertaken to estimate the diﬀerence between oxide lm thicknesses. In the selected electrolyte at a constant current density, a
barrier type anodic lm is formed on the surface of aluminium
and titanium. The lm thickness depends on the voltage at which
lm growth is terminated and can be precisely determined from
the formation ratios of the anodic lms on the respective
metals.16,17 Formation of anodic lms commences aer the initial
voltage surge in the voltage–time response; from the height of
surge, the thickness of oxide lm covering the macroscopic metal
surface may be precisely determined from the expected formation ratio. The voltage–time responses recorded during anodising
of the laser treated and the untreated alloys (Fig. 5) do not reveal
marked diﬀerences in the initial surges that are about 3 V; this is
indicative of approximately similar thicknesses of the oxide lms
on both alloys. Given the formation ratio of anodic lm on titanium of about 2 nm V 1,17 the oxide lm thickness is estimated
to be about 6 nm.
TEM-examination of the near surface region of the laser
treated and untreated alloys conrms the data obtained by
anodising, revealing an air-formed oxide layer of 6 nm thickness
for the untreated alloy and the alloy treated at a relatively high
laser intensity of 60 MW cm 2 (Fig. 6). This suggests that the
observed trends in titanium and oxygen proles of Fig. 2 and 4
respectively are caused by consumption of metallic asperities
due to the surface roughness covered by a thin oxide layer.
Additionally, microcracks generated on the surface of laser
treated alloy may contribute to formation of the shoulder and
extend the transition region in the GDOES prole.

Conclusions

Fig. 6 Transmission electron micrographs of cross-sectional views of near
surface region of (a) untreated alloy and (b) alloy laser treated at 60 MW cm 2.
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The potential of GDOES for the study of the eﬀect of laser
exposure on an aerospace Ti-6Al-4V alloy has been demonstrated. It is shown that GDOES may eﬀectively provide indirect,
comparative information about changes of surface texture.
Treatment of the surface of the Ti-6Al-4V alloy by the excimer
laser reduces the amount of hydrocarbon contaminants.
Consequently, the surface of the alloy is modied by elevated
temperature exposure under laser treatment, resulting in
smoothing of the surface due to melting and development of
microcracks. In spite of the smoother surface appearance of the
laser treated surface observed by SEM, the macroscopic surface
roughness is increased. It is suggested that the increase of
macroscopic roughness and generation of microcracks over the
laser treated surface lead to distortion of the GDOES depth
prole. This appears as an extension of the transition region, i.e.
the region from the commencement of sputtering, with a
gradual increase of the alloying element intensity signals, to the
steady region. In summary, GDOES depth prole analysis is very
fast; it takes a few minutes, with most time spent for cleaning of
the GD source by pre-sputtering of the sacricial specimen,
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whereas analysis of the alloys is completed within 10–15 s.
Thus, the technique may be easily adopted for control of
contaminants and estimation of the extent of surface changes
in industrial processes utilised for preparation of alloy surface
for bonding involving laser treatment. Further, when GDOES
results are combined with information from other analytical
techniques, e.g. SEM, TEM, etc., the outcome is important for
understanding of fundamental processes of interaction of laser
beam with metals and alloys.
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