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EFFECT OF PRE AND POST WELD HEAT TREATMENTS ON THE MICROSTRUCTURE AND MECHANICAL PROPERTIES 
OF FIBER OPTIC BEAM DELIVERY SYSTEM ASSISTED ROBOTIC Nd: YAG LASER WELDED Ti-6Al-4V ALLOY

In the present study, Ti6Al4V titanium alloy plates were joined using robotic laser welding method. Pre- and post-weld heat 
treatments were applied to laser welded joints. After welding stress relieving, solution heat treatment and ageing were also applied 
to preheated laser welded samples. Effects of heat treatment conditions on microstructural characteristics and mechanical properties 
of robotic laser welded joints were studied. Aged samples were found to be made of coarsened grains compared to microstructu-
res of non-aged samples. There were increases in ductility and impact toughness of samples applied to ageing increased, while 
hardness and tensile strength of non-aged samples were higher. The highest value for tensile strength and for impact toughness in 
welded samples have been identified as 840 MPa and 27 J, respectively. Fractures in tensile test samples and base metal impact test 
samples took place in the form of ductile fracture, while laser welded impact test samples had fractures in the mode of intergranular 
fractures with either a quasi-cleavage type or tear ridges. EDS analysis carried out for all heat treatment conditions and welding 
parameters demonstrated that major element losses were not observed in base metal, HAZ and weld metal.
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1. Introduction

Titanium alloys can be classified in three major groups; 
α (alpha), α+β and β (beta) alloys. The entire structure of α alloys 
is made of α phase, while the structure of β alloys is predomi-
nantly made of β phase, which can be achieved through cooling 
starting from solution temperature. α+β alloys, on the other hand, 
have both α and β phases at room temperature [1]. Ti6Al4V 
is the most commonly used α+β alloy. Ti6Al4V has a wide 
range of uses due to its low density, high thermal, mechanical 
strength, corrosion resistance and biocompatibility [2-5]. These 
strength and light alloys are used in many applications such as 
jet engines, spacecraft, missiles, pressure vessels, orthodontics, 
medical implants and surgical tools [6,7].

Ti6Al4V alloy can be joined by many methods such as TIG, 
friction welding, friction stir welding, plasma arc, electron beam 
and laser beam welding [2,7,8]. Laser welding method is different 
from traditional welding methods by its lower heat input, higher 
condensation energy, faster welding speed, narrower welding area, 
its ability to produce joints with deeper penetration, its higher me-
chanical strength, lower distortion and its ability to weld without 
use of additional filler welding metal [9-16]. On the other hand, fib-
er optic beam delivery system assisted laser welding method offers 
lower beam distortion rate, flexible beam distribution, lower main-
tenance cost, higher efficiency and high quality welded joints [17].

Slower cooling due to high heat input in welding of titanium 
and its alloys leads to grain coarsening in welding seam. In weld-
ing of titanium and its alloys, heat input conducted to weld zone 
should be lowered, cooling should be increased and a narrow 
welding seam shape should be obtained. Ti6Al4V titanium al-
loys show fine grained prior- β grain formation in their welding 
seam when they are joined with electron beam and laser. Also, 
low heat input and fast cooling lead to improved mechanical 
strength [8]. However, in the case of fast cooling of welding 
seam, predominant martensitic structure develops [18,19]. 
Martensitic structure leads to decreases in toughness of welding 
seam compared to that of base metal [18,20]. Ductility losses 
in weld metal and heat-affected zone (HAZ) could be improved 
by rearrangement through heat treatment after welding [20]. 
It is suggested that post-weld heat treatment of α+β titanium 
alloys with low ductility should be carried out at temperatures 
lower than β transus temperature [21]. Stress relieving applied 
to welded joints of titanium and its alloys does not have any 
adverse effect on strength and ductility. With stress relieving 
preheating, internal stresses that could develop during cooling 
of welding seam are decreased. On the other hand, post-weld 
heat treatments applied to welded joints of titanium and its al-
loys such as solution heat treatment and ageing improve fracture 
toughness, ductility, corrosion resistance and resistance to high 
heat of welded joints [1].
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When similiar studies are investigated from literature, 
following studies can be utilized. Kabir et al joining Ti-6Al-4V 
alloy using filler welding metal and investigating heat treatment 
properties of laser welded joints identified that besides of heat 
treatment, underfill and porosity formations had an effect of me-
chanical properties [8]. Mohandas et al joining α+β titanium al-
loy using electron beam welding and investigating heat treatment 
properties of welded joints identified that increase of strength 
against fractures of welded joints were linked with improving 
of ductility and acicular microstructure transformation with the 
effect of heat treatments after welding [22]. In a similar study 
of Mohandas et al,  they identified that low porosity formation 
occurred in weld metal with slow welding travel speed and 
highest porosity formation occurred with intermediate welding 
travel speed [23]. Karimzadeh et al investigating effects of heat 
treatment on corrosion properties of TIG welded Ti-6Al-4V 
alloy found that heat treatment improves corrosion resistance 
of welded joints but does not have a significant effect on base 
metal [2]. Thomas et al joining Ti-6Al-4V alloy using TIG 
welding and investigating heat treatment properties of welded 
joints identified that performing post weld heat treatments in 
low temperatures do not have an important effect on ductility 
of welded joints and this seems to be the most important result 
[20]. Liu et al joining Ti-6Al-4V alloy using laser welding 
and investigating heat treatment properties of welded joints 
identified that stress corrosion resistance increases in case of 
rise in post weld heat treatment temperature and heat treatment 
improves mechanical strength [19]. Anil Kumar et al joining 
α+β titanium alloy using electron beam welding and investi-
gating heat treatment properties of welded joints identified that 
optimum properties are reached in solution treated + aged heat 
treatment conditions [24].

Welded joints of Ti6Al4V alloys have been in literature but 
there have not been enough studies investigating effects of pre 
and post weld heat treatment on microstructure and mechanical 
properties of fiber optic beam delivery system assisted robotic 
Nd:YAG laser beam welding. In the present study, Ti6A14V 
plates were joined using robotic Nd:YAG fiber laser welding. 
Preheating was performed before welding and two different heat 
treatment procedures were used after welding. Effects of heat 
treatments on microstructure and mechanical properties of fiber 
laser welded Ti6A14V alloy were investigated.

2. Experimental studies

2.1. Material, welding and heat treatment 
procedures

In the present study, Ti6A14V alloy preferred in many in-
dustrial areas was used. Chemical composition of Ti6Al4V alloy 
used in the study was identified with spectral analysis method.

Chemical composition of the alloy was given in Table 1.
Experimental material was prepared in 100×330×4 mm3 

sizes and made ready for welding procedure. Experimental 

materials were joined using a FANUC ROBOT R-2000 iB 210F 
Nd:YAG laser welding machine of 4 kW power. Welding was 
performed in flat position without any additional welding metal 
using the parameters given in Table 2. Heat treatments were 
performed before and after the welding using parameters given 
in Table 3.

TABLE 2

The laser welding parameters

Sample
Laser 
power
(W)

Travel 
speed

(mm/s)

Shielding 
gas

Gas 
pressure

(bar)

Focal 
length
(mm)

Heat 
input

(kJ/mm)
A1 1500 6 He 1 190 0.25
A2 1500 9 He 1 190 0.16
B1 2000 6 He 1 190 0.33
B2 2000 9 He 1 190 0.22

TABLE 3

The heat treatments

Sample Heat treatment conditions
A1 Preheating for 350°C/20 min + Stress relieving 

for 720°C/1 h /air cooling + Solution treatment for 
920°C/1 h/air cooling + ageing for 650°C/2 h /air 

cooling

A2
Base metal 

(A)
B1

Preheating for 350°C/20 min + Stress relieving 
for 720°C/1 h /air cooling + Solution treatment for 

920°C/1 h/air cooling 

B2
Base metal 

(B)

2.2. Mechanical tests and characterization of 
microstructure

For determination of mechanical properties of welded 
joints, four samples were prepared for each parameter based on 
ISO 4136:2012 tensile tests (Fig. 1) and ISO 9016: 2012 impact 
notch test. Tensile test was carried out using an INSTRON tensile 
test machine of 100 kN capacity at a rate of 10 mm/min crosshead 
speed. Impact notch test was performed at room temperature 
using an ALŞA testing machine. Hardness measurement, on the 
other hand, was performed by a GALILEO test machine applying 
200 g weight for 15 seconds to tip.

For determination of microstructural changes in heat treated 
samples, etching procedure was used using Kroll’s solution. 
Microstructural examinations were performed using a NIKON 
optical microscope with 5×-100× magnification, JEOL JSM 
6060 LV and JEOL JSM 7001 LV scanning electron microscope 
(SEM), and OXFORD X-MAX 80 (EDS) equipment.

TABLE 1

The chemical composition of Ti6Al4V (weight%)

C% Al V Fe N O H Ti
0.010 6.02 4.14 0.098 0.007 0.12 0.0020 Balanced
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3. Results and discussion

3.1. Microstructural examinations

It was observed that microstructure of base metals (sample 
A and sample B) was made of coaxial α grains and β grains in 
grain boundaries (Fig. 2a and 2c optical microscopy images, 
Figure 2b and 2d SEM images).

Post-weld heat treatment procedure is intended to provide 
the material with thermodynamic equilibrium. After heat treat-
ments, microstructures of α+β titanium alloys joined using 
laser beam welding or electron beam welding show β phase in 
martensite phase or precipitations of α phase are found as re-

mains in microstructure. As the duration or temperature of heat 
treatment increases, grain coarsening takes place as a result of 
over-ageing [18]. It is clearly seen in Figure 3 optical microscopy 
images that grain structure of welded joint which was subjected 
to ageing treatment coarsened grains more than microstructure 
of base metal and non-aged weld.

The microstructural change occurring after heat treatment 
is expected to slightly lower the tensile strength of laser welded 
joints and to increase the ductility in weld zone. Since the heat 
inputs of samples joined with different welding speed and of 
aged samples (samples A1 and A2) were similar, microstructures 
of weld metal and HAZ were similar too. (Fig. 2a-d). A similar 
situation was evident in non-aged samples (samples B1 and 

  

 

(a) (b) 

(c) 

Fig. 1. Tensile test samples of robotic laser welded joint, (a) and (b) underfill formation in non-heat treated and heat treated samples, (c) full 
penetration in welded sample

  

  

(c) (d) 

(a) (b) 

Fig. 2. Microstructure images of base metal, (a) and (b) Sample A, (c) and (d) Sample B
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(e) (f) 

(g) (h) 

(a) (b) 

(c) (d) 

Fig. 3. Microstructure images of welded joint, (a) HAZ at 1000× magnification and (b) weld metal of sample A1 at 200× magnification, (c) HAZ 
at 1000× magnification and (d) weld metal of A2 at 200× magnification, (e) HAZ at 200× magnification and (f) weld metal of sample B1 at 1000× 
magnification, (g) HAZ at 200× magnification and (h) weld metal of sample B2 at 1000× magnification
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B2) in Figure 2e-h. A narrow HAZ formation was observed in 
all of laser welded joints. Clear grain coarsening, lamellar α+β 
phase structure and basket-weave Widmanstatten grain structure 
formation in grain boundaries of α+β phase in weld metal and 
HAZ were observed in microstructure of laser welded samples, 
especially in weld metal, with or without ageing heat treatment 
as a result of high temperature and prolonged treatment. As 
expected, grain coarsening took place more efficiently in aged 
samples A1 and A2 (Fig. 3). Since temperature of heat treatment 
was lower than β transus temperature, a complete transformation 
of α boundary structure to β phase was not expected. The grain 
boundary α phase may not fully been transformed into β, but 
it will be incorporated with the α platelets in the transformed β 
during the cooling and aging that follow [8,25]. It was observed 
that transformed β volume ratio increased in aged samples. Po-
rosity formations were observed in welding seam (Fig. 3b and 
Fig. 4a and 4b). Porosity formation is a common occurrence in 
laser welded titanium alloys. Gas porosities generally form due 
to the fact that hydrogen in welding pool cannot be removed ef-
ficiently especially during solidification of welding seam [26]. 
Porosity formation is expected to lower mechanical strenght of 
welded joints.

EDS analysis performed for all heat treatment conditions 
and welding parameters (Fig. 5) revealed that major element 
losses were not observed in base metal, HAZ and weld metal. 
These findings indicated that heat input or heat treatments did not 
exert a negative effect on laser welded joints concerning alloying 
elements evaporation. Greater element losses were identified in 
aged samples compared to the ones in non-aged samples.

3.2. Tensile test

Tensile test was performed to determine mechanical prop-
erties of heat treated base metal and laser welded samples and 
results were given in Table 4.

Results of tensile test showed that as a result of microstruc-
tural transformations with the effect of heat treatment, tensile 
strength of non-aged base metal (sample B) was higher than aged 

base metal (sample A), (1039 MPa and 1025 MPa, respectively). 
Elongation of non-aged base metal B was lower than aged base 
metal A (18% and 20%, respectively). Tensile strengths of B1 
and B2 laser welded samples were higher than those of A1 and 
A2 laser welded samples (840 MPa, 796 MPa, 770 MPa and 
791 MPa, respectively). Main reason for lower tensile strength 
but higher ductility of aged samples (samples A1 and A2) was 
formation of coarse α grains and presence of tempered martensite 
due to heat treatments. Lower tensile strength as a result of 
formation of coarse grains and tempered martensitic phase was 
also reported in another study [21]. Tensile strengths of welded 
joints in all heat treatment conditions were lower than those of 
base metal. Fractures in welded joints occurred in weld zone 
after the tensile test. Among the reasons for such a finding are 
possible porosities in welding seam, underfills, microcracks and 
microstructural transformations. Underfill is the main and most 
damaging defect in laser welded Ti-6Al-4V alloy [8]. Laser 
welded joints are expected to have higher ductility as a result 
of finer β grains in their microstructure [27,28]. Despite the 
coarsening of α platelets in welding seam microstructure, la-
mellar structure resulted in lower tensile strength and ductility 
in the present study. The authors mentioned that lower ductility 
of welded joints compared to base metal can arise from stable 
lamellar structure in microstructure of weld metal after post-
weld heat treatment [21,29]. In addition, some authors reported 
that yield and tensile strengths decreased and ductility increased 

  

(b) 

Fig. 4. Porosity formation in the weld metal of A1 and B1 samples

TABLE 4

The tensile test results of base metal and laser welded samples 
in heat treated conditions

Sample Tensile strength 
(MPa)

Yield strength 
(MPa)

Elongation 
(%)

Fracture 
Location

A 1025 944 20
B 1039 955 18

A1 770 736 13 HAZ
A2 791 730 12 HAZ
B1 796 751 11 HAZ
B2 840 785 10.5 Weld metal
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due to transformation of stronger martensite and Widmanstatten 
α structure into lamellar α– β grain structure as a result of ageing 
applied after welding [8,18,20]. Among laser welded samples, 
the highest yield strength was observed in B2 and the lowest 
in A2 samples (785 MPa, 751 MPa, 736 MPa and 730 MPa, 
respectively) while the lowest ductility was observed in B2 
and the highest in A1 samples (13%, 12%, 11% and 10.5%, 
respectively). It has been reported that there could be decreases 
in impact/fracture strength and yield strength of welded joints 
due to formation of irregular shaped β grains compared to base 
metal [30]. Microsegregations that could develop during the 
solidification of welding seam are also among the factors that 
decrease ductility. Although tensile strength was slightly higher 
in samples joined using increased welding speed or lower laser 
power, it was concluded in general that there were no major 
differences in tensile strength between samples joined using 
different welding parameters and between samples subjected to 
two different heat treatments. The main reasons for these were 
presence of porosities and the fact that heat treatment took place 
under β transus temperature and thus no major changes occurred 
in the sizes of prior- β grains. In addition, it could be stated that 

homogeneity was achieved in tensile strength of welded joints 
via heat treatments and this homogeneous distribution could be 
expected to have an effect on microhardness results.

SEM images of fracture surfaces of base metals (samples 
A and B) and laser welded samples after tensile test (Fig. 6) 
clearly revealed that fractures occurred in the form of ductile 
fracture which is typical to heat treated titanium alloy as evident 
by dimples. No inclusion formation was observed in fracture 
surface images of laser welded joints.

3.3. Charpy V-notch impact test

Impact toughness of base metal and laser welded samples 
in room temperature were determined and given in Figure 7.

Impact toughness of aged base metal A was higher than that 
of non-aged base metal B (21J and 19J, respectively). Impact 
toughness of base metals (samples A and B) were lower than 
those of laser welded joints. Volume of intra-granular α grains in 
the microstructure of welding seam increased as a result of heat 
treatment after welding, thereby increasing the impact toughness 

EDS analysis (wt.%) Al V Ti 
Point number  + 1 base metal 5.47 – 5.30 4.91 – 4.82 89.62 – 89.59 

                     Point number  + 2 HAZ 5.61 – 5.34 4.00 – 3.98 90.39 – 90.22 
Point number  + 3 weld metal 5.42 – 5.39 4.31 – 4.22 90.27 – 90.34 

Fig. 5. EDS analysis of base metal, HAZ and weld metal, respectively (a) Sample A1, (b) Sample B1 (weight%)
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Fig. 6. Fracture surface images of base metal and laser welded samples after the tensile test, (a) Sample A, (b) Sample B, (c) Sample A1, 
(d) Sample B1

Fig. 7. The Charpy V-notch impact test results of base metal and laser 
welded samples

[31]. In addition, impact toughness also appeared to improve 
along with the increase in ductility through transformation of 
martensite to α+β phase structure. Some studies reported that 
impact toughness could be improved through heat treatment after 
welding via coarsening of α grain boundaries and changing the 
direction of crack movement in grain boundaries [20,31,32]. 
Higher impact toughness was observed in welded samples with 
lower welding speed or higher laser power, i.e. higher heat 

input (samples B1 and A1), and aged samples (samples A1 and 
A2) (22J, 22.5J, 25J and 27J, respectively). Investigators who 
obtained similar results stressed that in order to increase impact 
toughness of titanium alloys, martensitic structure should be 
transformed into acicular α or Widmanstatten α grain structure 
via increasing heat input using lower welding speed or higher 
laser power [33].

Fracture surfaces of base metal and welded samples after 
impact test were studied using SEM (Fig. 8). The base metal sam-
ple A and sample B were broken in ductile fracture mode, while 
A1 and B1 samples had fractures in the mode of intergranular 
fractures with either a quasi-cleavage type or tear ridges.

3.4. Microhardness 

Laser welding ensures higher hardness levels in welded 
joints due to its higher power intensity, lower heat input and 
realization of rapid solidification compared to traditional welding 
methods. In terms of average hardness of heat treated samples 
joined using different welding speed and laser power i.e., using 
different heat input (Fig. 9), hardness of weld metal and HAZ 
was higher than that of base metal.

It was found out that the maximum hardness was in weld 
metal. The main reason for weld metal to be harder than HAZ 
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was that this region was made of finer structured grains. Hardness 
increases are expected in HAZ and weld metal compared to base 
metal after post-weld heat treatments because of transformation 
of martensite to α+β phase structure and transformation of phase 
platelet from retained β phase [8]. β phase is softer and more 

ductile than α phase. It has been reported that through post-weld 
heat treatments, a hardness increase could be experienced espe-
cially in weld metal as a result of decreasing β phase structure 
[8]. Hardness of laser welded samples subjected to ageing heat 
treatment (samples A1 and A2) were somewhat lower than that 
of non-aged samples (samples B1 and B2). A loss in hardness 
could arise through transformation of martensite phase to α, β 
phase structure and coarsening of grain structure, and it has been 
specifically mentioned that increasing temperatures in post-weld 
heat treatments would lower hardness [25]. Higher hardness of 
HAZ and weld metal compared to base metal is expected to 
produce welded joints more strength than base metal. Hardness 
results are expected to be associated with tensile strength results. 
Nevertheless, such was not the case with the present study due 
to the presence of porosities or microcrack formations in weld 
metal and HAZ.

Conclusions

1. A clear grain coarsening in weld metal and HAZ, basket-
weave Widmanstatten grain structure formations in lamellar 
α+β phase structure and grain boundaries of α phase took 
place especially in weld metal microstructure of laser weld-

Fig. 8. Fracture surface images of base metal and laser welded samples after The Charpy V-notch impact test, (a) Sample A, (b) Sample B, 
(c) Sample A1, (d) Sample B1

Fig. 9. Microhardness distributions in the welded joints
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ed samples with or without ageing heat treatment as a result 
of higher temperature and longer duration of treatment. As 
expected, grain coarsening occurred more efficiently in 
aged samples. According to EDS analysis results greater 
element losses were identified in aged samples compared 
to the ones in non-aged samples.

2. In all heat treatment conditions, tensile strengths of welded 
joints were lower than the base metal. Among the reasons 
for such a finding could be the porosities that occurred in 
welding seam, underfills, microcracks and microstructural 
transformations. Fractures in welded joints occurred in weld 
zone after the tensile test.

3. It has been concluded that no major differences were ob-
served between tensile strengths of samples joined with 
different welding parameters and subjected to two differ-
ent heat treatment procedures. The main reasons for such 
a result were presence of porosities and heat treatment 
temperatures were lower than β transus temperature that 
caused lack of any major change in prior- β grain sizes.

4. Impact toughness was higher in samples joined with lower 
welding speed or higher laser welding power, in other words 
higher heat input, (samples B1 and A1) and aged samples 
(samples A1 and A2). Along with increased heat input 
via lower welding speed and higher laser power, impact 
toughness was improved as a result of transformation of 
martensitic structure to acicular α or Widmanstatten α grain 
structure.

5. In terms of hardness values of samples joined with different 
heat inputs, hardness of weld metal and HAZ was higher 
than the base metal. A hardness increase especially in weld 
metal occurred as a result of decreased β phase structure 
due to post-weld heat treatments.
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