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Abstract: This paper focuses on the interfacial characteristics of dissimilar Ti6Al4V/AA6060 lap joint
produced by pulsed Nd:YAG laser beam welding. The process-sensitivity analysis of welding-induced
interface joining quality was performed by using the orthogonal design method. Microstructural
tests such as scanning electron microscopy and energy dispersive X-ray spectroscopy were used
to observe the interfacial characteristics. The mechanism of interfacial crack initiation, which is an
important indicator of joint property and performance, was assessed and analyzed. The preferred
propagation paths of welding cracks along the interfaces of different intermetallic layers with high
dislocation density were analyzed and discussed in-depth. The results indicate that discontinuous
potential phases in the micro-crack tip would mitigate the mechanical resistance or performance of
the welded joint, while the continuous intermetallic layer can lead to a sound jointing performance
under pulsed Nd:YAG laser welding process.

Keywords: pulsed Nd:YAG laser beam welding; interfacial crack initiation; dissimilar
Ti6Al4V/AA6060 lap joint; phase potential

1. Introduction

Dissimilar welding of lightweight alloys is attracting increasing attention in various fields because
it can take advantage of specific contributions of each alloy to enhance the properties of a weld joint or
bring out new functionalities. For instance, Chen et al. [1] reported that Ti/Al structures have already
been applied in the wing structure of airplanes. As an implication, there is a challenge for a way to
use the high-level properties of dissimilar alloys such as corrosive properties and strength of titanium
and lightweight and low cost of aluminum. Although considerable research has been devoted to
the same or similar metal welding techniques that can supply appropriate material and mechanical
performances, rather less attention has been paid to dissimilar lightweight metal welding.

To obtain good combinations of titanium with aluminum, many efforts have been made using
various technologies. Friction stir welding of dissimilar alloys and the improvement of joint quality
was reported by Suhuddin et al. [2]. The AA6061/Ti6Al4V dissimilar laminates by single-shot
explosive-welding process was produced by Ege and Inal [3]. By using brazing, Song et al. [4] and Yang
et al. [5] pointed out the possibility of dissimilar joining of Ti/Al and steel/Al, respectively. Wang et
al. [6] used ultrasonic spot-welding technology to joint dissimilar materials of DP600 steel and AA6022.
Tang et al. [7] indicated that the preheating treatment could improve the mechanical properties or
fracture load of dissimilar joint in the welding process. The above-mentioned methods have in common
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that convective mixing and diffusion phenomena are suppressed or attenuated, thus bulk brittle phases
in the interfacial layer do not form. Another alternative against brittle phases is the change of the
chemistry of fusion zone. Sambasiva Rao et al. [8] reported the dissimilar metal gas tungsten arc
welding of aluminum to titanium alloy using Si-containing filler wire. Chang et al. [9] used vacuum
brazing method to investigate the role of additional rare-earth elements for aluminum/titanium
joining performance.

One of the major problems with dissimilar metal welds is their reduced inter-metallic mechanical
property. Vaidya et al. [10] reported that the inter-metallic brittle phase TiAl3 formed at the weld
interface between AA6065 and Ti6Al4V sheet by laser in conduction mode and affected mechanical
properties: the tensile strength of the junction was found superior to the strength of aluminum alloy
and the fracture happened on Al side. Chen et al. [11] tried to use a specific Si-containing filler wire
during the laser brazing and indicated the influence of Ti7Al5Si12 on decreasing the growth of brittle
TiAl3 phase. Majumda et al. [12] reported that the insert of Nb foil barrier allowed suppressing Ti/Al
inter-metallic formation and enhanced tensile strength from 57 to 120 MPa. By offsetting the laser
beam, different additional inter-metallic phases were observed and affected the mechanical properties.
Recently, the micro-hardness, lap shear strength and fracture energy of AA2139-TiAl6V4 joints by
ultrasonic welding were investigated by Zhang et al. [13]. They indicated that the peak load and
energy of welds increased with an increase in welding time and then reached a plateau.

Recently, laser beam welding opens an attractive perspective for joining strongly dissimilar
materials. One of the main advantages of laser beam welding is providing very local energy supply
that allows obtaining a good quality weld. The other advantage is that laser beam welding can
induce small interaction zone and high welding speed to promote high thermal gradients, which are
helpful for local and potential phase content optimization. Thus, the importance of mixing and
diffusion phenomena can be mitigated. Furthermore, the mismatch in thermo-physical properties
of dissimilar materials is easy to accommodate by changing the laser beam to one of the substrates.
Casalino et al. [14] investigated the dissimilar butt joint of AA5754 and T40 by using Yb:YAG laser
offset welding. Fabbro [15] reported that, particularly for Nd:YAG pulsed laser welding technology,
thickness of Ti/Al intermetallic layers near Ti/Al interface has been controlled to a relatively low level.
Ren et al. [16] showed that the interface zone of Ti/Al diffusion bonding included transition zone on
Ti substrate, aluminized coating and transition zone on Al substrate. Intermetallic potential phases
TiAl and TiAl3 were formed in the transition zone on Ti substrate and aluminized coating, but, in the
transition zone on Al substrate, no additional intermetallic phase was found. Tomashchuk et al. [17,18]
investigated the intermetallics in dissimilar Ti6Al4V/copper/AISI 316 L in Nd:YAG laser joints through
simulation and microstructural testing methods. However, intermetallic layer in the weld joint still
had high crack sensitivity, and most of the joints were fractured at Ti/Al interface under mechanical
loading conditions. Therefore, it is important to investigate the mechanism and estimation of welding
cracks during the thermal welding. However, up to now, few studies on the initiation mechanism
and propagation paths of welding cracks produced by Nd:YAG laser welding have been published
in literature.

In the present work, the weldability of Ti6Al4V/AA6060 dissimilar metal alloys using Nd:YAG
pulsed laser welding and the interface characteristics of lap joint were addressed. The influence of
key laser welding process parameters on weld morphology, microstructure and mechanical properties
were investigated by means of microstructure characterizations and experimental design approach.
Initiation mechanism and estimation of interfacial crack was analyzed as well as the exploration of
interfacial phase constituents.

2. Base Materials

In this study, commercially available Ti6Al4V and AA6060 with dimensions of 35 mm × 14 mm
× 0.8 mm and 35 mm × 14 mm × 1.5 mm, respectively, were used as the studied base metals.
The chemical compositions of two studied materials are listed in Table 1. Element Si has been
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demonstrated to be effective for the growth of Ti/Al brittle intermetallic [19]. The thermal physical
properties of the received Ti6Al4V and AA6060 were provided by Titanium International Group
SRL in Italy and EXTRUSAL S.A in Portugal, as listed in Table 2. Both base materials are active
light metals compared to traditional steels. The detailed data information about shear strength of
AA6060 can be referred to in the publication of the previous work [20], and the shear strength of
Ti6Al4V can be referred to in the work of He et al. [21]. It also can be seen that the thermal physical
properties, particularly the melting point and specific heat and thermal expansion coefficient, have
wide discrepancies for the two studied base metals. This means that diffusion bonding or joining of
dissimilar titanium and aluminum alloys is a challenging task, and the welding parameters should
play a considerable role in the weld quality.

Table 1. Chemical composition of base materials used in the present study in wt%.

Ti6Al4V
Al V Fe O Si C N H Other

Elements Ti

5.5–6.8 3.5–4.5 0.3 0.2 0.15 0.10 0.05 0.01 0.5 Balance

AA6060
Al Si Fe Cu Mn Mg Cr Zn Ti

Balance 0.3–0.6 0.1–0.3 ≤0.10 ≤0.10 0.35–0.6 ≤0.05 ≤0.15 ≤0.10

Table 2. Thermal physical properties of the as-received Ti6Al4V and AA6060.

Material Density
(Kg/m3)

Melting
Point (◦C)

Specific
Heat

(J/Kg·◦C)

Thermal
Conductivity

W/(M·K)

Thermal
Expansion

Coefficient (◦C)

Shear Strength
(Mpa)

Ti6Al4V 4.44 × 103 1660 610 7.955 8.6 × 10−6 760

AA6060 2.70 × 103 657 934.8 167 23.4 × 10−6 56

Microstructure morphologies of the as-received Ti6Al4V and AA6060 are shown in Figure 1.
For Ti6Al4V, the α-Ti phase is shown in dark and in the form of equiaxed grains and the β-Ti phase is
represented by the bright regions [22,23]. The microstructure contains a volume fraction of 93.9% of
the α-Ti phase and 6.1% of the β-Ti phase. Aluminum alloy AA6060 heat treatable series alloys are
the most widely used for the industrial applications. Louvis et al. [24] reported that the amount of
solid solutions such as Mg and Si is very important for the strength of the welds as well as the size and
precipitate particle distributions.
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3. Experimental Procedures

3.1. Pulsed Nd:YAG Laser Welding

In this work, pulsed Nd:YAG laser system at Department of Mechanical Engineering, University
of Aveiro, i.e., SISMA SWA300, (SISMA, Vicenza, Italy) was used to perform welding experiments,
as illustrated in Figure 2. The process configurations for this apparatus are listed in Table 3.
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Figure 2. Experimental apparatus of pulsed Nd:YAG laser welding.

Table 3. Process configurations of pulsed Nd:YAG laser welding for SISMA SWA300.

No. Process Configurations Parameters

1 Source type Nd:YAG (flash lamp)

2 Laser beam transport Fiber-coupled

3 Average laser power 300 W

4 Peak laser power 12 kW

5 Wave length 1064 nm

6 Spot diameter 0.6–2.0 mm

7 Maximum pulse energy 100 J

8 Pulse range 0.2–25 ms

9 Argon shielding gas purity 99.99%

10 Maximum focusing optics 120 mm

To avoid an accidental movement of the welding sample, a characteristic sample fixture was
developed for the stable and consistent laser welding tests. It is relatively simple and user-friendly for
the fixture of sheet samples. The welding samples can be snapped into place and clamped with screws.
A porthole inlet structure of assisted gas flow was designed to ensure welding samples have full gas
shielding protection during the whole laser welding process. This can lead to the possibility to reduce
the oxidation on the surfaces of the welding sample.

3.2. Interface Characterizations

In this work, typical lap joints with dissimilar lightweight Ti6Al4V/AA6060 were produced by
pulsed Nd:YAG laser welding, which is basically categorized into fusion and solid state, respectively.
At the stage of the fusion bonding, the heat source induces an inhomogeneous temperature field or a
nonlinear variation of thermal field. At the stage of non-uniform solidification, the microstructural
variations in the fusion zone, melted area and heat-affected zone dominate the evolutions in the of
interfacial joints. The present task was focused on revealing the potential interface crack initiation and
micro-structural characterizations, e.g., the changes with Ti/Al intermetallic layer in the dissimilar



Metals 2019, 9, 71 5 of 13

joint. Developments of possible metallic phases in the interface as well as crack initiation were
also observed by means of scanning electron microscopy (SEM), while the distribution of chemical
composition across the welded joint was determined by using energy dispersive X-ray spectroscopy
(EDS). A comprehensive understanding of the microstructure mechanics of adhesion at the dissimilar
metal interface represents the first step towards improvement of inter-metallic mechanical properties
and weld quality.

Both Ti6Al4V and AA6060 are active lightweight alloys, and all sheet surfaces should be
cleaned before laser welding. Oxidation films as-received on the surfaces of base materials were
eliminated by polishing process. The sample was firstly cut to a suitable size using a diamond wire,
and then progressive wet ground with 600–5000 grit sandpaper. Later, 2.5 µm diamond grinding
cream and glue-free fabric cloth and Al2O3 polishing liquid were used for the final polish. Finally,
the microstructural testing samples were cleaned by 75% alcohol solution and ultrasonic cleaning
machine. After welding, typical cross-sections of the lap joints perpendicular to the welding direction
were prepared for microstructure characterization near Ti/Al interface. Nova NanoSEM 230 field
emission scanning electron microscopy (FE-SEM, FEI company, Hillsboro, OR, USA) and Quanta
250 energy-dispersive X-ray spectroscopy (EDS, Malvern Panalytical, Eindhoven, The Netherland)
were used for microstructure analyses. The samples were ground and polished according to the
standard metallographic methods. The surfaces of Ti6Al4V plates were cleaned in acidic solution,
namely Keller reagents (1 mL HF + 1.5 mL HCl + 2.5 mL HNO3 + 95 mL H2O). Each erosion time
was about 3–4 min. Then, 10% HF was used for further erosion of the sample. This persisted time
is short about 5–7 s. The surfaces of AA6060 plates were cleaned in alkali liquor (NaOH 8 vol.%,
H2O 92 vol.%). Finally, all plates were cleaned using an ultrasonic cleaner, and then dried through air.

3.3. Mechanical Test

To investigate the pulsed Nd:YAG laser parameters on mechanical resistance of the Ti/Al lap joints,
tensile shear testing of at least three samples for each process configuration was performed, as shown
in Figure 3, using a Shimadzu AG 10 kN tensile test machine (Shimadzu, Japan). The sizes of weld
pieces for Ti6Al4V and AA6060 were 30 mm × 14 mm × 0.8 mm and 35 mm × 14 mm × 1.5 mm,
respectively.
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4. Results and Discussions

4.1. Influence of Pulsed Nd:YAG Laser Parameters on Tensile Shear Strength

Since pulsed Nd:YAG laser welding is a complex multi-physical process coupling multi-factor
interactive effects, the orthogonal experimental design method was introduced to determine the roles
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for deciding process parameters. The design of experiment was set up as L9_4_3 orthogonal tests,
considering the power percent, duration, overlap and laser beam diameter. The selected factors of the
orthogonal design and the corresponding results ARE shown in Table 4. K1, K2 and K3, respectively,
indicate the average of factors in each level. It should be noted that the shear strength of Ti/Al lap
joint is about up to 56–78% compared to that of the single AA6060. One of the reasons may be that
the tested samples with Ti/Al lap joint were not heat treated. Furthermore, there were some potential
microcracks in the interface, which led to the reduction of shear strength.

Table 4. Factors and results of L9_4_3 orthogonal tests.

Sample No. Power Percent
(%)

Duration
(ms) Overlap (%) Laser Beam

Diameter (mm)
Peak Shear

Strength (MPa)

TA1 80 8 50 0.8 35.87

TA2 80 9 60 0.9 37.25

TA3 80 10 70 1.0 32.06

TA4 90 8 60 1.0 37.81

TA5 90 9 70 0.8 35.27

TA6 90 10 50 0.9 37.44

TA7 95 8 70 0.9 29.74

TA8 95 9 50 1.0 43.43

TA9 95 10 60 0.8 34.52

K1 35.060 34.473 38.913 35.220

K2 36.840 38.650 36.527 34.810

K3 35.897 34.673 32.357 37.767

Variation Range (R) 1.780 4.177 6.556 2.957

Sensitivity Order 4 2 1 3

Optimal Value 90 9 50 1.0

To achieve exhaustive high-quality lap joint after laser beam welding, it was necessary to
investigate the welding process optimization. After some “trial and error” experimental tests, it was
evaluated that the suitable power for the laser welding in this case should be between 80% and 95%.
Then, further optimization was carried out to analyze the influence of Ti/Al interface characteristics.
According to the results of orthogonal experiments, the sensitivity of laser beam power on peak shear
strength of Ti/Al lap joint was the least significant. The overlap was related to the selection of pulse
duration, spot size (diameter), and traverse velocity for a specific mean power. The suitable overlap
should be from 50% to 70% for the studied Ti/Al lap joint by pulsed Nd:YAG laser beam welding.
Although the selected overlap hardly affected penetration, it had a significant effect on peak shear
strength of Ti/Al lap joint.

The tensile shear strength of the above tested samples was found obviously inferior to the
resistance of aluminum alloy: the fracture happened at near Ti/Al welded joint. Many previous
efforts [10,25] tried to increase the tensile strength of Ti/Al dissimilar butt joints, but the mechanical
strength was still at the level of about 60–70% of aluminum alloy. The other key source of mechanical
strength decrease was the thickness reduction of the intermetallic layer caused by the Si loss during
the laser welding. That is why some researchers [1,26] attempted to use filler wire containing high
silicon content for changing the intermetallic type and obtaining a beneficial effect on depressing
the growth of intermetallic layer. The sensitivity order of the selected key process parameters on
peak shear strength was: overlap, duration, laser beam diameter and power percent. One group of
relative optimal process parameters was 90% power, 9 ms duration, 50% overlap and 1.0 mm laser
beam diameter. However, under this optimal process configuration, there were still some welding
defects, e.g., crack initiation, surface oxidation and splash, as shown in Figure 4. This is because the
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impact of laser welding affects the physical properties of the welded dissimilar materials. In other
words, the aluminum base material encompasses inherent characteristics including oxide surface
films, low absorptivity to laser beam, low boiling point elements and a tendency to form low melting
constituents [27]. Therefore, it was essential to further investigate the interface characteristics associated
with the microstructural evolution.
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(a) macro-defects; and (b) micro-defects.

4.2. Estimation of Interfacial Crack Initiation of Dissimilar Ti6Al4V/AA6060 Lap Joint

The major problem with dissimilar welds originated from the different thermal expansion and
contraction, leading to the reduction of the jointing properties after welding. The microstructure
mechanics of adhesion (e.g., chemical potential) at the dissimilar metal interface and the
non-homogeneous crack initiation under different process conditions were not ensured. Ti/Al hybrid
structures have advantage in comparison to single material for both performance and lightweight
requirements. Since titanium and aluminum have low inter-solubility and brittle intermetallic,
they easily form interface crack during thermal welding, which would seriously degrade properties of
the Ti/Al joint. Thus, it is vital to produce sound Ti/Al weld joints without defects.
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Typical cross-section of the lap joint with almost full penetration is illustrated in Figure 5.
Numerous cracks crossing interface are visible. It can be supposed that they generated or formed
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immediately after the solidification of the weld as a result of local accumulation of residual stress.
In other words, the shrinkage of the melt served as the initiator of interface cracks. Microstructures of
weld zone near Ti/Al interface at different locations are marked as A–D zones. Because pulsed Nd:YAG
laser welding process has high temperature gradient in the thickness direction, weld thermal cycle
suffered at Ti/Al interface as top/side and bottom/root of the lap joint were different. Due to direct
heating by laser beam, titanium material was fully melted and partially mixed with base aluminum
in the interface. Since the Ti/Al intermetallic layers have intrinsic brittleness, cracks could initiate
easily with welding-induced residual stress. Eventually, formation of brittle interfacial phases would
affect properties of the lap joint for having an evident crack sensitivity. In the side areas, Zones A and
C, peak temperature at Ti/Al interface was too high, and titanium as fully melted. A thick serrate
reaction layer was generated. In the root area, Zone B, due to insufficient reactions between titanium
and mixed aluminum, a thin serrate reaction layer was observed. In the center area, Zone D, because
titanium was not directly combined with aluminum, there are almost no obvious reaction layers.

The lap joint was cut from the Ti/Al interface, and then analyzed the interface microstructure by
using SEM and XRD. The test results are shown in Figure 6. The potential phases TiAl, TiAl2, and TiAl3
were observed near the Ti/Al interface. Near the layer interface, there are two main zones: Al-rich
and Ti-rich. Figure 6 shows that Al dominates on interface of Ti/Al lap joint. This means that phase
change is situated mainly in Al-rich melted zone. However, sometimes it crosses interface and even
touches Ti-rich melted zone as some quantities of intermetallic phase also present. For example, brittle
TiAl3 phase was found in low quantities, as shown in Figure 7. The combination of relatively fast flash
speed and large laser power enables performing laser welding in capillary mode with short time.

Metals 2019, 9 FOR PEER REVIEW    8 

 

other words, the shrinkage of the melt served as the initiator of interface cracks. Microstructures of 

weld  zone  near  Ti/Al  interface  at  different  locations  are marked  as A–D  zones.  Because  pulsed 

Nd:YAG  laser welding  process  has  high  temperature  gradient  in  the  thickness  direction, weld 

thermal cycle suffered at Ti/Al interface as top/side and bottom/root of the lap joint were different. 

Due to direct heating by laser beam, titanium material was fully melted and partially mixed with 

base aluminum in the interface. Since the Ti/Al intermetallic layers have intrinsic brittleness, cracks 

could initiate easily with welding‐induced residual stress. Eventually, formation of brittle interfacial 

phases would affect properties of  the  lap  joint  for having an evident crack sensitivity.  In  the side 

areas, Zones A and C, peak temperature at Ti/Al interface was too high, and titanium as fully melted. 

A thick serrate reaction layer was generated. In the root area, Zone B, due to insufficient reactions 

between titanium and mixed aluminum, a thin serrate reaction layer was observed. In the center area, 

Zone D, because titanium was not directly combined with aluminum, there are almost no obvious 

reaction layers.   

The lap joint was cut from the Ti/Al interface, and then analyzed the interface microstructure by 

using SEM and XRD. The test results are shown in Figure 6. The potential phases TiAl, TiAl2, and 

TiAl3 were observed near the Ti/Al interface. Near the layer interface, there are two main zones: Al‐

rich and Ti‐rich. Figure 6 shows that Al dominates on interface of Ti/Al lap  joint. This means that 

phase change is situated mainly in Al‐rich melted zone. However, sometimes it crosses interface and 

even touches Ti‐rich melted zone as some quantities of intermetallic phase also present. For example, 

brittle TiAl3 phase was found in low quantities, as shown in Figure 7. The combination of relatively 

fast flash speed and large laser power enables performing laser welding in capillary mode with short 

time. 

 

Figure 6. X‐ray diffraction profiles of the Ti/Al lap joint interface. 
Figure 6. X-ray diffraction profiles of the Ti/Al lap joint interface.

The propagation path of phase change in the Ti/Al interface can be explained by mismatch in
thermo-physical properties and by thermodynamic factor. As the Ti6Al4V has much higher fusion
temperature than AA6060 (Table 2), the volume of melted aluminum was much larger than volume of
melted titanium. Due to the high solidification rates proper to laser welding, the main solidification
process was the local equilibrium at solid–liquid interface and the convective mixture between melted
materials is poor. The previous study indicates that the solidification associated with thermodynamic
properties of Al-Ti system begins from solid solutions and β-Ti phase. Besides the coexisting Al-rich
liquids, the key change of Al in Ti-rich melted zone was dependent on lower Gibbs energy of (β-Ti)
formation. In addition, diffusion coefficient of aluminum in liquid titanium overestimates that of
titanium in liquid aluminum. Thus, compared to the concentration of Ti in Al-rich zone, Al in Ti-rich
zone was more active during the separation of the materials through the contact interface. As for the
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stage of solidification, Ti-rich melted zone was relatively slowly depleted in Ti. Then, some (β-Ti) solid
solutions having high Al content were formed. Consequently, in Ti-rich zone, these (β-Ti) solutions
could be transformed into α-Ti and/or Ti3Al at the further cooling stage, which should be depending
on Al content.Metals 2019, 9 FOR PEER REVIEW    9 
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Based on the above analysis, it can be indicated that the rapid rate with respect to cooling or
solidification rate seriously affected the crack initiation. It should be noticed that the time available
for the residual liquid to refill and heal the initiated cracks may be mitigated by high cooling rates.
Kanazawa [28] showed that the higher susceptibility of hot tearing and porosity could be obtained
at lower duty cycles through pulsed Nd:YAG laser welding. In other words, the shorter is the
average beam interaction time, the higher is the average temperature gradient of the interface and
the faster is the cooling rate. Thus, it is generally recommended to shorten the off-time of the pulse
or to use high duty cycle to reduce the solidification time of the molten pool. For the pulsed laser
welding, some defects such as crack may be prevented if the next pulse occurs before the initiation of
solidification cracking caused by the previous pulse. Another control strategy to reduce interfacial
crack is to apply preheating to the work-piece because of an influence on cooling rate. For example,
Ion [29] indicated that preheating to 500 ◦C could reduce solidification cracking in a series of aluminum
alloys by reducing the cooling rate. It may be explained as it allows voids to heal before solidification is
complete. Nowadays, the preheating control strategy is widely adopted during industrial applications.

4.3. Interface Microstructural Characterizations of Dissimilar Ti6Al4V/AA6060 Lap Joint

The distribution order of intermetallic in the selected reaction layers near Ti/Al interface was
determined using EDS. The selected interface without micro-cracks, as illustrated in Figure 8, is helpful
for the analyses of phase change and chemical potential. Chemical compositions of the selected
locations marked P1–P5 on the interface were analyszd. As shown in Figure 9, the atomic ratio of Ti
to Al at Point 1 was about 2:1. The layer was supposed to contain α-Ti solution and to some extent
TiAl. Atomic percent of Ti at Point 2 was nearly equal to Al, thus the layer was mainly composed of
intermetallic TiAl. At Point 3, atomic ratio of Ti to Al was about 1:2. The layer was mainly composed
of intermetallic TiAl2. At Point 4, atomic ratio of Ti to Al was about 1:4. The layer was composed of
intermetallic TiAl3 and α-Ti. The atomic percentages of Ti and Al at Point 5 were 94.71% and 5.01%,
respectively. The results suggest the layer is α-Ti solution. Some other potential phases, e.g., Ti5Si3,
might exist in the interface. Because TiAl/TiAl3 is prone to be eutectic mixture structure with the
potential Ti5Si3, it should be further investigated using nanoparticle observation. However, the authors
think the amount of Ti5Si3 would be scant if it existed in the interface.
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element distribution along the selected interface.

Owing to different physical performance, including the coefficient of linear expansion and lattice
structure, the Ti/Al intermetallic layers have different solidification processes. The divergence of
two dissimilar base materials resulted in high edge dislocation density near interfaces of the Ti/Al
multi-layers. Due to welding-induced residual stress [30,31], dislocations migrated and accumulated
to the interface, and some micro-crack sources formed along the interface, as shown in Figure 10.
Once welding micro-crack initiates in the melted zone, propagation tendency of welding micro-cracks
would be along the interface with high dislocations density. Welding cracks mainly propagate along
the longitudinal direction of the interface between TiAl layer and TiAl3 layer. It should be noted that
there are still some potential phase and discontinuous distribution in the micro-crack tip. It might be
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Ti5Si3 or other brittle phases, which would mitigate the mechanical strength or performance of the
welded joint.
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It should be noted that the effect of the thickness of intermetallic layer on the mechanical strength
or other properties of the Ti/Al joint is considerable. Although microstructures in the laser beam
Ti/Al dissimilar joint by using silicon filler wire and the effect of intermetallic layer morphology in the
fracture behavior of the joint were demonstrated by Chen et al. [1,8], the authors preferred to focus
on the laser welding of dissimilar Ti/Al alloys without the addition of filler wire. This is because
the formation of dissimilar Ti/Al alloys without additional fillers is prone to industrial applications.
Of particular interest was continuous distribution of potential phase in the Ti/Al interface, as shown
in Figure 11. It is not common but generated in the TA8 sample in this study. The sample was obtained
under the following laser welding parameters: 95% power percent, 9 ms duration, 50% overlap and
1.0 mm laser beam diameter. It was found that the mechanical resistance of the Ti/Al lap joint is
prominent compared to the other welding configurations. The continuous intermetallic layer can lead
to a sound jointing performance under Nd:YAG laser welding process.Metals 2019, 9 FOR PEER REVIEW    12 
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Figure 11. Continuous distribution of potential phase in the Ti/Al interface: (a) continuous intermetallic
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5. Conclusions

The interfacial characteristics of dissimilar Ti6Al4V/AA6060 lap joint produced by pulsed
Nd:YAG laser beam welding was addressed. To better understand the interaction relationship of
interfacial characteristics and process parameters, the corresponding experimental optimization design
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and microstructural observations were performed as well as the sensitivity analysis of welding-induced
interfacial joining quality. The main conclusions can be drawn as follows:

(1) By using the orthogonal experimental design method, the sensitivity order of the selected key
process parameters on peak shear strength was: overlap, duration, laser beam diameter and
power percent. One group of relatively optimal process parameters was: 90% power, 9 ms
duration, 50% overlap and 1.0 mm laser beam diameter.

(2) The potential phases TiAl, TiAl2, and TiAl3 were observed near the Ti/Al interface. The phase
change was situated mainly in Al-rich melted zone. However, sometimes it crosses interface and
even touches Ti-rich melted zone as some quantities of intermetallic phase were also present.
The estimation of interfacial crack initiation was analyzed and discussed in detail.

(3) The discontinuous potential phases in the micro-crack tip can lead to mitigating the mechanical
strength or performance of the welded joint, and a better jointing performance under
pulsed Nd:YAG laser welding process may be obtained with the formation of continuous
intermetallic layer.
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