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a  b  s  t  r  a  c  t

Sheets  of  Ti6Al4V  titanium  alloy  in  flush  corner  joint configuration  were  successfully  welded  using a  2 kW
thermal  power  vertical  axis  parabolic  concentrator,  in a controlled  inert  argon  atmosphere.  Longitudinal
welds  up  to  60  mm  were  performed  through  controlled  displacement  of  the  specimens  under  the  focus  of
the  solar  concentrator.  After  treatments,  the welded  joints  were  characterized  by  microhardness  testing
vailable online 24 April 2015
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and microstructural  analysis.  Typical  microstructures  formed  at different  zones  of the  welded  – melted
zone,  heat  affected  zone and  base  metal  – have  been  identified.  Several  experimental  process  parameters
have  been  varied  until  obtaining  a  defect-free  welded  joint.  The  optimal  welding  was  obtained  with  solar
radiation  around  1000  W/m2 and at  0.15 mm/s  constant  tracking  speed.

©  2015  Elsevier  B.V.  All  rights  reserved.

icrostructure

. Introduction

Compared to most structural titanium alloys, Ti6Al4V is consid-
red to be easily weldable and can be welded by a wide variety of
onventional fusion processes, such as gas tungsten arc, plasma arc,
lectron beam or laser.

Gas tungsten arc welding (GTAW), in which the heat of weld-
ng is provided by an arc maintained between a nonconsumable
ungsten electrode and the workpiece, is the most widely used pro-
ess for joining titanium sheet. Sunderesan et al. (1999) reported
hat GTAW permits the obtaining of grain refinement in weld
usion zones for �-� titanium alloys. Balasubramanian et al. (2008)
pplied GTAW to fabricate joints of Ti6Al4V alloy, showing that
ot only was there grain refinement but corrosion resistance also

mproved. The corrosion resistance also increased up to an opti-
um  value with the increase in peak current and pulse frequency.
Plasma arc welding (PAW) is an extension of the GTAW pro-

ess in which the arc plasma is constricted by a nozzle, thereby
ncreasing its temperature and energy density. A novel dynamically
ontrolled plasma arc welding process was introduced by Chen and
an (2011) which is able to minimize heat input into the workpiece
aterials while maintaining desired full penetration and was  used
o weld Ti6Al4V alloy sheets. Upon comparison with other welds
uch as GTAW and conventional PAW process, the experimental

∗ Corresponding author. Tel.: +34 915538900; fax: +34 915347425.
E-mail address: geles@cenim.csic.es (M.A. Arenas).

ttp://dx.doi.org/10.1016/j.jmatprotec.2015.04.015
924-0136/© 2015 Elsevier B.V. All rights reserved.
results revealed improvements including reducing grain size in the
fusion zone and better toughness and higher hardness.

Electron beam welding (EBW) involves the melting of the base
metals to be joined by the impingement of a focused beam of high-
energy electrons. Barreda et al. (2001) compared the use of EBW
and PAW processes in plates of Ti6Al4V. PAW welds showed maxi-
mum  toughness values while EBW welds presented more amounts
of martensite �′ phase. Previous investigations, as in the works
conducted by Mohandas et al. (1998, 2000), on an �+� titanium
alloy, have shown that martensite is a hard but very brittle phase
whose presence decreases material toughness. This is the reason
why PAW is shown to be a more adequate welding method because
this method, as in other arc welding processes, has a higher thermal
input and lower cooling rate.

In laser welding (LW), the melting of the workpieces is produced
by the impingement of a high-intensity, coherent beam of light. LW
method presents a lower heat input that can reduce grain size, but
generally has an increased post-weld cooling rate which promotes
a martensite transformation, as with the EBW technique. It is there-
fore necessary to implement a post-weld heat treatment to impart
sufficient ductility to affected zones by welding. So, Wang et al.
(2010), thus investigated the effect of post-welded heat treatment
on the microstructure and mechanical properties of Ti–23Al–17Nb
alloy laser beam welding joints. Experimental results revealed that
proper post-welded heat treatment improves the ductility of the

joint at high temperature.

On the other hand, concentrated solar energy (CSE) has the abil-
ity to provide large amounts of energy in small areas, enabling
the achievement of high temperatures in very short times and

dx.doi.org/10.1016/j.jmatprotec.2015.04.015
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2015.04.015&domain=pdf
mailto:geles@cenim.csic.es
dx.doi.org/10.1016/j.jmatprotec.2015.04.015
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Fig. 1. (a) Device used for the correct collocation of the sheets

apid cooling rates that modify diffusion processes. Herranz and
odriguez (2010) reported that the use of CSE has been researched
s an alternative to other types of energy beams for treating and
odifying the surfaces of metallic materials. In this line Rodríguez

nd de Damborenea (1997) carried out surface hardening treat-
ents on 40CrMo4 steel. It was revealed that the hardness value

n the quenched zone was approximately 700 HV while in the
s-received material it was 250 HV. This surface hardening was
btained in treatment times of less than 30 s. Other treatments
sing CSE have been made by Herranz et al. (2013, 2014), who  car-
ied out the sintering of steel and reinforced steel. These studies
ere developed successfully and full densities and high mechani-

al properties were achieved in all cases. Solar investigations using
itanium alloys have been focused on treatments such as nitrid-
ng in very short times, in pure titanium or Ti6Al4V titanium alloy.
odríguez et al. (1997) used an arc xenon lamp as a simulator of
oncentrated solar energy. Results revealed the good quality of the
urface nitriding of Ti6Al4V alloy performed in a nitrogen reac-
ion chamber at atmospheric pressure. Sánchez Olías et al. (1999)
nd Rodríguez et al. (2013) used a Fresnel lens for nitriding by CSE
ure titanium and Ti6Al4V, respectively. In both cases, the coatings
f TiN obtained were consistent, homogeneous, without pores
r defects, and with a uniform thickness throughout the entire
ample.

However, solar metal welding literature is scarce and, to the
uthor’s knowledge, solar welding of Ti alloy has not been reported.
olar welding of 7075 aluminum alloys was partially achieved by
aralis et al. (2005), but the excessive energy input produced over-
elted zones in the welded specimens. Cambronero et al. (2014)

mployed the CSE to weld aluminum foam plates and several met-
llurgical joints were obtained on approximately 25 mm thick,
ven in non-protective atmosphere. Also, Romero et al. (2013)
ecently conducted welded joints in different geometries by means
f CSE. These welded tracks, without defects, were carried out on
igh melting point metals (H13 tool steel and AISI 316L stainless
teel).

This work is focused thus on demonstrating the feasibility of
sing CSE to weld the Ti6Al4V alloy. Microestructural analysis and

icro-hardness measurements will be used to assess the qual-

ty of the welded tracks compared to those obtained using other
rocessing techniques.

able 1
hemical composition of Ti6Al4V (weight percent, wt%.).

Material Composition (wt%)

Ti Al V Fe 

Ti6Al4V Balance 5.5–6.8 3.5–4.5 <0.3 
heets in flush corner joint configuration placed on the device.

2. Materials and methods

Ti6Al4V alloy specimens of 30 mm × 60 mm × 5 mm were used.
Nominal chemical composition in the as-received condition is given
in Table 1.

Specimens were degreased using a commercial soap. Specimens
were welded in flush corner joint configuration. All necessary pre-
cautions were taken to avoid failed tests and for this reason, an
appropriate device was  made in AISI 316L stainless steel for this
investigation, Fig. 1(a). The joints were made after adequately pla-
cing the sheets on such device, as shown in Fig. 1(b).

The specimens were welded in a parabolic solar furnace at
the PROMES-CNRS solar facility (Odeillo–Font–Romeu, southeast
France). The solar furnace consists of a flat heliostat located on
the ground floor that follows the sun and reflects the solar beam
towards a parabolic concentrator of 1.5 m diameter and 2 kW of
thermal power at the focus, located on the sixth floor (see Fig. 2(a)).
The total radiation that it is allowed to pass is controlled by open-
ing or closing the shutter slats. This radiation falls directly on the
parabolic mirror that concentrates it onto the focus. The shutter
was fully open during the solar welding treatment. Under such
conditions, the maximum power density at the focal point (10 mm
diameter) is characterized and is approximately 16 MW/m2.

The specimens placed on the support device were positioned
at the focus of the solar system inside a reactor with a quartz
chamber, Fig. 2(b). The reactor is provided with a water cooling
system. To avoid surface oxidation, an inert argon atmosphere was
used in all the welding processes. The atmosphere was  maintained
in the reactor throughout the test, and additionally for 10 min
before and after. The reactor is positioned on a three-axis table
which allows placing the piece in the correct position, and also has
an automatic motor device allowing carrying out experiments at
constant track speeds. Fig. 2(a) shows the situation of the parabolic
concentrator and placement of the reactor on top of the three-axis
table for conducting the tests. Fig. 2(c) shows the reactor chamber
lighting caused by the solar radiation concentrated onto it during
the test.

Direct solar irradiance was registered instantaneously with a

pyrheliometer mounted on a 2-axis tracking system. The solar radi-
ations registered during the experiments was  in the range from 950
to 1000 W/m2. Due to the impossibility to use thermocouples in the

Si C N H O

<0.15 <0.1 <0.04 <0.015 <0.15
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grains intercepted by a test line or the number of grain boundary
intersections with a test line, per unit length of test line, so the mean
lineal intercept length can be calculated. Vickers microhardness
measurements were carried out on polished cross section surfaces
ig. 2. (a) Diagram showing the solar concentration in the solar furnace in which t
nside  the quartz chamber reactor. (c) Reactor placed on a three-axis table during a

eat affected zones to avoid damage, the melting temperature of
i6Al4V alloy (around 1660 ◦C) was assumed as maximum tem-
erature in the melt pool. The solar focus impinged on the area to
e welded for sufficient time to melt the material, and a tracking
peed was selected at that moment. The tracking speed should be
low enough to melt the material in its path, but fast enough to
void damages in the welding bead. The determination of the opti-
al  tracking speed for solar welding was done in function of the

olar radiation achieved during the experiment. For this reason,
ll tests were carried out under similar radiation conditions. The
ests were performed selecting a tracking speed between 0.15 and

 mm/s. Several tests were carried out using a constant, or variable
racking speed, up to achieving the full penetration in the entire
elded track.

When the welding bead was completely finished, the shutter
lats were closed and the piece was cooled inside the reactor under
n argon atmosphere with a cooling rate of ∼1 ◦C/s.

Cross sections of the welded samples were prepared and etched

ith Kroll’s reagent (100 mL  H2O, 6 mL  HNO3 and 3 mL  HF). The
icrostructure of the welded samples were analysed by opti-

al microscopy using a NIKON SMZ1500 magnifying glass and

able 2
elding conditions used in the study.

Sample Tracking speed
(mm/s)

Working
conditions

Solar insolation
(W/m2)

a 0.6–1 Variable speed >1000
b  0.15–0.6 Variable speed 1000
c 0.15 Constant speed 950
d  0.15 Constant speed 1000
t heliostat, shutter and parabolic concentrator can be seen. (b) Specimens situated

OLIMPUS PME3 and OLIMPUS Gx51 optical microscopes. The grain
size was  determined in the different zones of the welded joint
using the test standard ASTM E112-12. This method for measur-
ing average grain size is known as the intercept method and three
micrographs from each zone were used to measure the grain size.
The intercept method involves an actual count of the number of
Fig. 3. Example of complete total longitudinal welding of Ti6Al4 V alloy in flush cor-
ner  joint configuration. (Tracking speed = 0.15 m/s; Solar insolation = 1000 W/m2).
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ig. 4. Macrograph of the cross section of the welded specimens. Sample a (a) an
 = heat affected zone, zone c = melted zone; and (h).
sing a WILSON WOLPERT microhardness tester, with a load of
00 g (3 N) applied for 10 s (HV0.3). The microhardness test has been
arried out at 2.5 mm below the surface beginning on the central
ine of the weld bead.
Sample b (c) and (d). Sample c (e) and (f). Sample d (g) zone a = base metal, zone
3. Results and discussion

Visual observation of the weld tracks was  carried out on all the
specimens during the process. Most of the weld tracks obtained
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Fig. 5. Microstructure of sample d. Base metal (a) and (b). Transiti

ere completed along the longitudinal extent of the sample and
n all cases the welding track surface formed after melting and re-
olidification shows a shiny and grey metallic colour, as can be seen
n Fig. 3.

Different tracking speeds and solar radiations were selected to
etermine the best experimental conditions to obtain a complete
elding along the thickness of the specimens, since penetration
epth is increased with decrease of tracking speed for the same
adiation condition.

Table 2 summarizes the experimental conditions used in the
resent work. In order to investigate the presence of pores, defects
r lack of melting, the welded beads were cut perpendicularly to
heir longitudinal axis and further optical observations were carried
ut.

The welding was carried out with solar radiation above
000 W/m2 for specimen labelled as (a). The tracking speed was

nitially 0.6 mm/s  and was increased to 1 mm/s  during the exper-

ment. The welding process lasted 2 min. Welding defects can be
bserved in the optical observation of the sample (a) using a mag-
ifying glass, Fig. 4(a). At higher magnifications, Fig. 4(b), the lack
f melting in the melted zone can be seen along almost the entire
e from base material to HAZ (c). HAZ (d) and (e). Melted zone (f).

thickness of the specimen. The sheets are only joined in the outer
part of the welding and the problem appears to be due to the fast
tracking speed used during the welding process. The tracking speed
was reduced in the sample (b) to increase penetration, so the ini-
tial tracking speed was 0.15 mm/s  and was  increased to 0.6 mm/s
when the material started to melt. Defects are not observed using
a magnifying glass, Fig. 4(c), but at higher magnifications it can be
observed that the weld is not completed, Fig. 4(d).

In specimen (c), a constant and slower tracking speed of
0.15 mm/s  was selected during the welding process but the radi-
ation was somewhat lower (above 950 W/m2). Similarly to that
observed in the previous sample, defects are not observed in the
macrograph (Fig. 4(e)). However, smaller defects, due to a lack of
melting, than in the previous case, can be still seen in the micro-
graph, Fig. 4(f).

Finally, in sample (d) the welding was  carried out using the same
tracking speed, 0.15 mm/s, as in sample (c), but the solar radia-

2
tion increased to 1000 W/m . A correct joint between sheets was
obtained in this case. Defect-free and complete welding throughout
the entire thickness of the sample (d), respectively, can be observed
in the macrograph, Fig. 4(g) and micrograph, Fig. 4(h).
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During solar welding, the joint region undergoes a great ther-
al  gradient from the weld pool to the base material; this spatial

nd temporal distribution of temperature produces a non-uniform
icrostructure. A metallurgical study was carried out focusing on

he microstructure of the different zones of sample (d) because
he weld is complete throughout the entire thickness of the speci-

en  and there are not pits, defects or pores. As shown in Fig. 4(g),
hree different zones are distinguished in the weld: the zone far
rom the focus is the base metal zone marked as “a”; the zone near

he focus is the heat affected zone (HAZ) marked as “b”; and the
one where the focus impinged is the melted zone (MZ) marked
s “c”.
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A more detailed analysis of its microstructure is shown in
Fig. 5(a–h). The microstructure of the base metal is shown at
different magnifications, Fig. 5(a and b). The microstructure of
as-received Ti6Al4V consisted of a phase � (black contrast) dis-
tributed at the elongated � (white contrast) grain boundaries. The
microstructure is orientated with respect to the rolling direction
due to the manufacturing process.

In Fig. 5(c), two completely different microstructures bounded
by the transition region from base metal zone to HAZ can be seen.

Titanium-base materials have reversible transformation properties
that crystal structure changes from an � (hcp, hexagonal close-
packed) structure to a � (bcc, body-centered cubic) structure when
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he temperature exceeds to a certain level (� transition tempera-
ure). Akman et al. (2009) reported that approximately 995 ◦C is the
alue of the � transition temperature in the case of Ti6Al4V alloy.

The microstructure in the HAZ is made up of perfectly defined
olygonal � phase grains containing a distinguishable acicular
icrostructure inside, Fig. 5(d and e).
This acicular, or lamellar, �-phase, namely acicular structure

r widmanstätten structure, is the transformation product formed
rom the �-phase during cooling as there was not enough time
or � phase to transform to an � balance phase by diffusion. The
bsence of martensite indicates that the cooling rate of about 1 ◦C/s
t argon does not allow its formation. Fan et al. (2005) and Gao et al.
2013) found a similar result during investigations of Ti6Al4V weld-
ng using other techniques. The welds were made by laser and by
IG, respectively.

A different size grain in the HAZ can be seen. The HAZ close to the
ase material, Fig. 5(d), presents a smaller size grain than in the HAZ
ar from base material, Fig. 5(e). The significant differences found
n HAZ were due to the different temperatures achieved along this
one, so the temperature achieved in HAZ close to the base material
as the lowest temperature above the � transition temperature

nd, consequently, the grain size was smaller. The HAZ far from
ase material contained a large number of acicular �-phase and a

arger size grain due to the relative high temperature in the thermal
ycle process. The acicular � microstructure can be also seen in the
icrograph of the melted zone, Fig. 5(f), where the largest grain

izes have obviously been obtained due to the highest temperatures
eached in this zone.

These results can be compared with findings reported by other
uthors. Akman et al. (2009) and Zhao et al. (2011) studied the
icrostructural features obtained in Ti6Al4Al by laser welding

sing a Nd:YAG laser. In the case of the study presented by Akman
t al. (2009), the high cooling rates also caused the formation of
artensite in the weld zone. This phenomenon is also similar to

ther results reported recently by Gao et al. (2013) who  carried out
 comparative study between the welding process of the Ti6Al4V
lloy using a pulsed Nd:YAG laser beam and a gas tungsten arc (TIG).
he differences obtained were very revealing. In the case of laser
eam welding, the cooling rate was always above the critical cool-

ng rate of 410 ◦C/s which allowed the formation of a full martensite,
hile at lower cooling rates the transformation was preferential to

orming more orderly acicular �-phase at prior � grain boundaries.
These same phases (martensite and acicular �-phase) obtained

t different cooling rates in the �+� alloys were reported by Ahmed
nd Rack (1998) who analyzed the phase transformations during
ooling in the Ti6Al4V alloy.

Moreover, the depth of the weld is determined using the optical
icroscope and it is approximately 15.5 mm long (9 mm in melted

one and 6.5 mm in HAZ), the remaining the length of the sample,
p to 30 mm,  corresponds to base material zone (14.5 mm).

The grain size was determined using the intercept method. As
athered in Fig. 6, the grain size increases with the decrease of the
istance to the weld centreline in both the HAZ and melted zone.
his is due to the heat-input increases at shorter distances to the
ocal point. The range of grain size is between 2.28 mm to 0.43 mm
n melted zone, between 0.43 mm  to 0.13 mm in heat affected zone
nd between 0.13 mm to 0.10 mm in transition zone. The increasing
f the grain size is much greater than that obtained using other
echniques such as laser welding as it was reported by Akman et al.
2009) where the maximum grain size was 0.35 mm in the melted
one.

The microhardness test has been carried out at 2.5 mm below the

urface beginning on the central line of the weld bead, as already
entioned. The hardness values have been measured every 0.5 mm

rom the melted zone to the base material zone. The hardness
istribution in the cross-section of the welded material as a
sing Technology 223 (2015) 284–291

function of the distance to focus is depicted in Fig. 7. The microhard-
ness value is around 315 ± 11 HV in the base material, this value
is similar to that obtained by Squillace et al. (2012) for sheets of
Ti6Al4V in similar as-received conditions. Moreover, the average
microhardness values are around 309 ± 20 HV and 303 ± 16 HV in
the HAZ and melted zones, respectively. A slightly softening trend
from the base material to the melted zone is observed but is not
statistically significant due to the high dispersion in the data. These
values and scatter are similar to other results presented by Chen and
Pan (2011) for a commercial Ti6Al4V alloy plate. In this case, the
dynamically controlled PAW, GTAW and regular keyhole PAW were
selected to make comparative welds. In all cases, the variation of the
microhardness value was relatively large and the microhardness
values were between 310 and 385 HV depending on the welding
technique. Moreover, microhardness differences were not found
in the different welding zones, as in the present study. The aver-
age hardness value of the dynamically controlled PAW joint was
slightly higher than that of the keyhole PAW and GTAW joints, pre-
sumably because of the higher cooling rate which may  be expected
to induce a slightly greater amount of martensite.

4. Conclusions

This work demonstrated the possibility to obtain Ti6Al4V alloy
welded joints by concentrated solar energy. The following conclu-
sions were drawn:

- 5 mm thick Ti6Al4V alloy sheets were welded in flush corner joint
configuration.

- A full penetration of welded tracks without defects was  obtained
with a tracking speed of 0.15 mm/s and a solar radiation of
1000 W/cm2.

- The absence of martensite in the microstructure indicates that
the cooling rate at argon (about 1 ◦C/s) is not fast enough. Conse-
quently, a more orderly acicular �-phase is presented both in the
heat affected zone of 6.5 mm wide as well as in the 9 mm wide
melted zone.

- The microhardnes is very similar throughout the entire welded
piece (around 310 HV) and is similar to that found in the as-
received material, despite the large increase in the grain size in
the heat affected zones.
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