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Due to the excellent corrosion resistance, high strength to weight ratio and
high operating temperature, titanium and titanium alloys lead to successful
application in various fields including the medical and aerospace industries.
Among the reliable treatments techniques, laser weld can provide a signifi-
cant benefit for the titanium alloys because of its precision, rapid processing
capability and controlling the parameters with their effects. The Nd:YAG la-
ser parameters, such as spot size and shape, pulse energy and duration, travel
speed, peak power and frequency of repetition, influence directly or synergis-
tically the quality of pulsed seam welds and their morphology. In this study,
1.5 mm thick titanium Ti6Al4V alloy sheet surfaces are treated by SigmalLa-
ser®300 type Nd:YAG pulsed laser. The influence of spot size on seam mor-
phology and effects to the surface are investigated. The seam and surface
quality is characterized in terms of weld morphology and microhardness.

3aBaAKY BiIMiHHIA KOPOBifiHi#l CTIAKOCTi, BUCOKOMY BiJHOIIIEHHIO MiITHOCTH
IO Baru Ta BUCOKiil poOouiii TeMIepaTypi TUTAaH i TUTAHOBI CTOIM 3HAXOJATH
YCIIiIIIHEe 3aCTOCYBAaHHS B Pi3HUX rajys3sX, BKJIIOUYAIOUN MEeIUYHY I aepPOKOCMi-
yry npomuciyioBocti. Cepen HamifiHMX MeTOZVWK OOpPOOJIEHHA JasepHe 3BapIo-
BaHHA MO’Ke 3a0e3IeUNTH iCTOTHY IepeBary IJis TUTAHOBUX CTOIIiB uepes Horo
TOYHICThb, MOKJIUBICTH IIIBUAKOTO OOPOOJIEHHA Ta KOHTPOJh mapaMerpis. Ila-
pamerpu Nd:YAG-nasepa, Taki AK gigsmerep Ta ¢hoopMa 3BapHOI MIAMU, eHePrid
Ta TPUBAJICTh iMIIyJIbCY, IIBUAKICTE ITOJaBaHHA, IIiKOBA IIOTYKHICTD i UacToTa
TIOBTOPEeHHA, 0e3rnocepefHB0 ab0 CMHEPreTUUYHO BILIMBAIOTH Ha AKICTH INBiB
iMOyabCcHOTO 3BapOBaHHSA Ta iX MopdoJoriio. B boMy mociimKeHHi mOBepxXHS
saucta TutanoBoro crony Ti6Al4V zaBroBiiku y 1,5 MM 06poGitoBazacs iMmy-
abcHUM Nd:YAG-nasepom Tumy SigmaLaser®300. MociigskeHo BILIUB OisgMe-
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Tpa 3BapHOI MJIAMHU HAa MOP(OJIOTiIo IITBa Ta BIJIMBU HA MOBEePXHIO. SIKicTsh 11Ba i
IIOBEPXHIi onrcaHo B TepMiHaxX MOP@OJIOTrii 3BAPHOTO IIIBAa TA MiKPOTBEPAOCTH.

Bnaromapsa OTJMYHOE KOPPOSMOHHOM CTONKOCTH, BBICOKOMY OTHOIIIEHUIO
MIPOYHOCTY K BeCy W BBHICOKOM paboueit TeMIiepaType TUTAaH U TUTAHOBBIE CILIA-
BBl HAXOAAT YCIIEIIHOe IPUMeHeHe B Pa3JIUYHBIX 00/1aCTIX, BKJIOUYAST MeIu-
IIAHCKYIO U a9POKOCMUYECKYIO IIPOMBINLIeHHOCTH. Cpeny HagEKHbIX METOIUK
00paboTKM Ja3epHad CBapKa MOYKET 00eCIIeUNTE CYIIIECTBEHHOE IIPEUMYII[ECTBO
IJIS TUTAHOBBIX CILJIABOB M3-3a €€ TOUHOCTU, BO3MOKHOCTH OBICTPOM 00paboTKM
¥ KoHTpPOJIA napamerposB. ITapamerper Nd:YAG-nasepa, Takne Kak IuaMeTp u
opma cBapHOTO HATHA, 9HEPTUA U JJIUTEJIHHOCTH UMIIYJIbCA, CKOPOCTH II0Ja-
Y1, TUKOBAsg MOIITHOCTH 1 YaCTOTA MOBTOPEHUA, HETIOCPEACTBEHHO UJIN CUHEP-
TeTUYECKHU BJIUAIOT HA KAUEeCTBO IIIBOB UMITYJIbCHOM CBAPKU 1 UX MOP(OJIOTHIO.
B JaHHOM wHCCI€IOBAHMM MIOBEPXHOCTh JIMCTA THUTAHOBOro cmaBa Ti6Al4V
roammuHon 1,5 MM o6pabaTbiBasiack mMOyJabcHBIM Nd:YAG-masepom Tuma
SigmaLaser®300. Brliu nccaemoBaHbI BJAUAHNIE TUaMeTpa CBapHOIO IIATHA Ha
MOPQOJIOTHIO IITBA U BO3JENCTBUA Ha IIOBEPXHOCTL. KauecTBO IIBa U ITOBEPXHO-
CTH OIIMCAHBI B TEPMUHAX MOP(OJIOTHUY CBAPHOTO IIIBA 1 MUKPOTBEPIOCTH.
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1. INTRODUCTION

Titanium and its alloys have been widely used due to low density, good
corrosion resistance, high operating temperature, etc. Some applica-
tions of titanium alloys in aerospace, biomedical, nuclear and automo-
tive industries are well known [1, 2]. Ti6Al4V is the most famous titani-
um alloy, which, because of high strength, low thermal conductivity and
high chemical reactivity, has difficult conventional machining and
welding [3]. Although Ti6Al4V alloy is widely used as an implant mate-
rial for load-bearing and non-load-bearing implants due to its excellent
biocompatibility and corrosion resistance, its low hardness and poor
wear resistance are still serious concerns. Majority of intended implant
applications of Ti6Al4V alloy does not require very high wear resistance
[4]. Laser is being used to solve these problems. Joining Ti6Al4V titani-
um alloys using pulsed Nd:YAG laser welding method was done by Ak-
man et al. [5]. Their results showed that it was possible to control the
penetration depth and geometry of the laser weld bead by precise con-
trolling of the laser output parameters. Blackburn et al [6] produced the
welds with high internal quality in Ti6Al4V using laser source as a weld-
ing technique. They observed the common periodic behaviours in the va-
pour plume and keyhole in low porosity welding conditions.

The special features and potential of laser welding technique has
many benefits. The primary advantages include high scanning veloci-
ty, narrow heat-affected zone (HAZ), low distortion, excellent control-
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lability and the ability to produce a high-intensity heat source, which
is suitable for precision welding [7]. During the wear treatment appli-
cations, a small molten pool is formed by each laser pulse and, within a
few milliseconds, it re-solidifies. When the pulse frequency is lower,
welding occurs in conduction mode and a shallow and smooth molten
pool is produced. But, when the pulse frequency is increased, a much
deeper and wider pool is obtained. Changed seam morphology effected
to surface form and hardness as well [8].

The formation and the quality of laser seam welds are the results of a
combination of various pulsed-laser processing parameters, such as the
travel speed, the average laser power, the pulse energy, the pulse dura-
tion, the average peak power density and the spot area [9]. This abun-
dance gives control of the thermal input with a precision not previous-
ly available and permits a wide range of experimental conditions to be
applied. On the other hand, controlling of so many parameters increas-
es the complexity of laser processing [10].

In this study, the effect of pulse frequency on laser weld seams, em-
ployed by SigmaLaser®300 Nd:YAG laser system on 1.5 mm thick
Ti6Al4V alloy has been investigated. To evaluate the effect of surface
formation on the titanium alloy, 0.2 mm focal depth was determined
for acceptable results, which is commonly used for repairing of the
cutting or moulding tools.

2. EXPERIMENTAL AND THEORETICAL DETAILS

In this study, for wear treatment by blind welding, seams on small
shaped (40x20x1.5 mm?®) Ti6Al4V titanium alloy sheets were chosen.
The welding processes have been employed using SigmaLaser®300
Nd:YAG laser system. The pulse duration determined as 0.4 ms and
pulse repetition was chosen as 28 Hz. The power rates were adjusted as
30% of 13 kW (3.9 kW). In the experiment, circle shape pulse has been
applied to all workpieces. The chemical composition in weight percent-
age of the titanium substrate is shown in Table 1.

The laser beam is focused on titanium plates, the spot sizes on the
plates were adjusted from 0.2 mm to 1.4 mm. During welding applica-
tion, the laser beam has been focused on 0.2 mm under the surface of
the plates to obtain sufficient power density. The laser output parame-
ters are varied in the experiment as shown in Table 2.

For analysis of the microstructures after the applications, the
workpiece weld seams were prepared for optical microscopy using
standard procedures of grinding, polishing and etching. Sandpaper
(P200-, P400-, P800- and P1200-grit) was used for the grinding and
solutions (3 wm and 6 um) for the polishing.

Microhardness measurements were performed according to the seam
dimensions and values were obtained from the heat-affected zone
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TABLE 1. The chemical composition of Ti6Al4V.

Material| ¢ | Fe | N, | 0 | Al | V]| H | T
Content <0.08% <0.25% <0.05% <0.15% 5.5% 3.5% <0.03% balance

TABLE 2. Applied laser parameters.

Parameter Values
Pulse frequency 28 Hz
Peak power 3.9 kW
Pulse duration 4 ms
Spot size (J, mm) 0.2,0.4,0.6,0.8,1.0,1.2,1.4
Welding speed 50 mm/min
Focal depth -0.2 mm
Gas and pressure Argon (99.8%) at 1.5 bar

(HAZ). Furthermore, a scanning electron microscopy (SEM) analysis
was carried out to observe the morphology and surface of the weld
seams.

3. RESULTS AND DISCUSSION

Previous studies have shown that all parameters such as peak power,
spot size, pulse frequency, pulse duration, welding speed and focal
depth are affecting the seam morphology and properties. Spot size is
one of the key parameters for the pulsed laser system. For seam geome-
try and surface hardness, it is crucial to control the pulse energy, in ad-
dition to the laser power, spot size, pulse length, and pulse repetition.

All parameters related to each other and welding or wearing proper-
ties. Any change of parameters for pulsed laser system, welding geom-
etry, penetration depth, surface morphology and other properties are
effected. If the melt pool is too large or too small, or if significant va-
porization occurs during welding, unsuccessful results can be ob-
tained. Therefore, the control of laser power, pulse repetition, pulse
length and spot size are very critical. Penetration depth is increased
with increase of peak power, pulse repetition as heat input. However,
narrower spot size is also increases the penetration depth because of
the concentration of the energy.

Figures 1-7 show the seam morphology of the welded specimens
welded under the peak powers of 3.9 kW and from 0.2 mm to 1.4 mm
spot sizes. During the applications, laser beam has been focused on 0.2
mm under the surface and beam spot diameter is 0.8 mm on the surface
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of the workpiece. The pulse duration has been kept constant for each
welding parameter as 4 ms.

In previous studies, during the regular laser welding process, the
spot size was determined as =0.1-0.7 mm for Ti—6A1-4V alloy [3-7]. A
narrower fusion zone is an effective parameter, which allows the laser
energy concentration to reach a deeper penetration for welding appli-
cations, in addition to causing less welding distortion. Owing to obser-
vation of the effect of fusion zone, different spot sizes were employed
and the results in this study were investigated.

As illustrated in Figs. 1-7, it has been found out that while chang-
ing the spot sizes, the seam morphologies have also changed. At the
larger spot sizes, smaller grains sizes and the martensitic structures
occurred on the seams, because of the rapid cooling.

The focal depth parameter of laser applications as —0.2 mm is very
common for surface treatment and for the repair of cutting and mould-

Fig. 2. 0.4 mm spot size of weld seams.
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Fig. 4. 0.8 mm spot size of weld seams.

ing tools. The shallow seams are increasing the cooling rates and rapid
cooling rates cause the occurrence of the martensite structure which is
desired achievement of surface hardness.

Pulse duration is another effective parameter for heat input. For
welding applications, it is necessary to increase heat input for penetra-
tion depth. Longer pulse duration causes higher heat input. However, in
this study, in order to obtain a harder surface for wear treatment, the
heat input was limited, and the pulse duration was determined as 4 ms.

Based on previous studies [5, 8], the peak power was optimized as
3.9 kW. During the applications, the energy was transferred by means
of a laser beam. If higher energy is used, much deeper penetration can
be achieved. This is not desirable for surface treatment as the material
can melt and vaporize. Higher transferred energy affects material
loss, which occurs in the weld pool and appears as a deep crater for-
mation.
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Measured seams width is approximately constant (between 1.3 mm
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Fig. 7. 1.4 mm spot size of weld seams.
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and 1.8 mm). This result can be explained with the beam concentration
effected the seam depth more than their width. The penetration depth
and HAZ are also related to laser peak power and beam concentration.
The plasma absorption is very strong at the top of the weld (at the sur-
face of the material), where the available laser energy is high; it leads
to increasing of the weld pool and HAZ width larger than spot size (see
Figs. 1-7). The same effect has been reported by Weldingh and Kris-
tensen[11].

There is always a cracking risk due to the rapid cooling of the welded
joint [5]. At high temperatures, titanium is reactive with ambient gas-
es. For this reason, and to protect against atmospheric effects during
welding, argon (99.8% ) shielding gas was used at 1.5 bar to protect the
melted pool and HAZ from oxidation until solidification was suffi-
cient. Therefore, it was crucial to use the shielding gas and to set up
the nozzle in order to prevent the formation of turbulence on the sam-
ple surfaces during the application.

The main reasons of the porosities are trapping of some of the gases
within the solidifying weld pool as determined [12]. During the laser
welding process, formation and solidification of the melted material,
hydrodynamic movements in the melted material (vortex formations)
are the factors affected on size and dispersion of porosity illustrated in
Figs. 8, 9.

It is seen on the figures from cutaway of the blind seam as longitu-
dinal section and cross section in different magnifications. The seam
depth, its morphology, and wear effect of laser beam can be observed
from the figures above. The oxide layer on surface and right below the
porosities then HAZ, which has the focal depth of —-0.2 mm, is demon-
strated in Figs. 8 and 9.

The size or geometry of seams and dispersion of porosity are related
also to the laser parameters (pulse energy, duration, shape, repetition
rate, and peak power), type of assisting gas used and nozzle design.

Fig. 8. Longitudinal-section and seam morphology.
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Fig. 9. Cross-section of HAZ and porosities.

Pulse repetition, pulse duration and the pulse energy have been in-
creased in order to obtain deeper penetration without any loss on the
surface. The deepest penetration has been obtained at 0.2 mm spot size,
which has more beam concentration (pulse duration was fixed as 4 ms).

The hardness distributions of the welds have been analysed using a
SHIMADZU HMYV microhardness tester with a load of 100 g. The mi-
crohardness test has been carried out at the surface of seams on the
centreline of the weld pool, heat affected zones as border of the seam
and work pieces, as HAZ of specimens. As a result, at the transition
zone of the weld seams, the hardness is in the maximum level and the
melted and cooled material is remarkable compared to the base metal
due to its rapid cooling rate (see Fig. 10).

The observed large increase in hardness in laser welded Ti—-6Al-4V
is caused by high cooling rate associated with laser beam welding. The
high cooling rates cause the formation of martensite in the weld zone
of HAZ region. It is reported by Sundaresan and Janaki [13] that rapid
cooling and subsequent martensitic transformation are effective
strengthening methods for many titanium alloys.

In previous studies for wearing the surface by continuous wave
Nd:YAG laser, the average hardness of melted region was higher by
15-22% than the average hardness of Ti6Al4V alloy substrate [4]. In
this study, it has been reached to 50-300% higher than base metal
hardness in melted region by Nd:YAG pulsed laser. The difference in
hardness between the transition zone and the base metal is over 700
HYV in narrower spot size parameters. Different welding techniques
such as electron beam and gas tungsten welding techniques, which
were applied on Ti6Al4V alloys in previous studies [14, 15], have
shown that high power density of laser beam welding provides a lower
heat input and a more rapid solidification when compared to the con-
ventional techniques, so laser welding technique leads to higher hard-
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Fig. 10. Microhardness distribution of three workpieces for different spot sizes.

ness values. In heat-affected zone, the cooling rate is higher in transi-
tion zone than in weld pools. The difference between the transition
zone and base metal is over 800 HV in 0.2 mm to 0.8 mm spot sizes.
Higher beam concentration by smaller spot sizes, increased the tar-
get temperature producing steeper thermal gradients and severe ther-
mal straining [16]. It was expected that reducing the spot size causes
the narrower seam and increases the cooling rate and hardness. There-
fore, it was obtained in this study while increasing the beam concen-
tration, penetration depth and surface hardness were also increased.
Another result of the study shows the effect of laser treatment and
shielding gas on the surface of workpieces. It is seen in Figs. 11, a, b.

Fig. 11. Effect of the laser and shielding gas on seam surface. Seam surface
(a); seam and base metal surface (b).
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In Figure 11, a, there is little oxidation and burned gas seen on the
seam surface. It can be cleaned by very simple process. However, if you
see the Fig. 11, b, there is seen the seam and base metal surface and the
surface cracks and oxide layer seen on the base metal surface clearly.
Laser treated on Ti4Al6V titanium alloy surface has excellent results
such as hardening and removing or repairing the surface cracks on the
base metals remains from manufacturing.

4. CONCLUSIONS

The Nd:YAG pulsed laser welding technique has been employed to join
Ti6Al4V titanium alloys as blind seams for surface treatment. As it is
seen in the results, satisfactory surface properties were obtained from
the experiments, such as hardening and repairing of surface cracks
and possible to control the seam morphology and geometry of the laser
weld by controlling the laser output parameters. It has been known
that peak power is the most important parameter while determining
the penetration depth, width. Nevertheless, for surface treatment, the
peak power not only parameter to get higher hardness values. The heat
input and cooling rates are related to other parameters such as beam
concentration by spot size, pulse energy per pulse duration and pulse
repetition as frequency. In this study, the effect of spot size was inves-
tigated on the laser seams. Narrower spot size increases the beam con-
centration and it causes harder surfaces, especially on transition
zones. The optimum level of spot size in this study was founded as 0.8
mm. Nevertheless, at the over and lover of the optimum level, some
surface cracks, more martensitic structures, and craters were seen. At
the optimum level, the seam morphology and wear properties were in
excellent conditions as desired.

The concentration of the beam directly related to spot size parame-
ters, which is one of the most effective parameters for wear treatment
applications. As it is known, all parameters related to each other for
Nd:YAG laser welding and wear treatments such as peak power, spot
size, pulse frequency, pulse duration, focal depth and weld speed. This
study shows that it is possible to control in one parameter to the seam
morphology, while stable the others. To increase the penetration
depth, spot size should be decreased.

Owing to the rapid cooling rates of laser applications, the micro-
hardness profile across the weldment indicates that the hardness dis-
tribution in the fusion zone is higher than both the HAZ and parent
metal in all parameters. However, the hardness values are higher at
transition zones more than weld pools, which are related to more cool-
ing rate.

For obtaining the optimum values of hardness on the surface of
TiAl4V alloy, 3.9 kW peak power, 50 mm/min welding speed, and 28
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Hz pulse frequency were chosen as they were shown in previous studies
as better parameter for tool repair applications [8]. The other parame-
ters, such as shallow focal depth as —0.2 mm for the material and its
geometry, and 4 ms pulse duration, which is limited for the Ti6Al4V,
caused to obtain the sufficient results and hardness on workpieces.
This study shows that any Nd:YAG laser weld parameters gave a
chance to increase of the surface hardness, better wear properties.
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