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Abstract: Slip deformation in Ti—6Al—4V titanium laser welds was observed. Laser welding was used to prepare the titanium welds.
Macrostructure, microstructure, mechanical property and structure of laser welds were studied using optical microscope, scanning
electron microscope, compression experiment, transmission electron microscope (TEM) and high resolution TEM. Subsequently, slip
deformation mechanism occurred in fracture and etched weld was discussed. The results indicate that the maximum compression
strength reaches 1.191 GPa. Slip deformation easily happens in titanium laser welds and the minimum slip bands are 600 nm and 75

nm respectively in fracture and etched laser welds.
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1 Introduction

The need for fatigue resistance, mass reduction and
corrosion resistance in the aircraft industry has raised
interest in using titanium alloys with higher specific
strength to replace stainless steel and high temperature
alloy in some structural and mechanical parts [1,2]. It is
required to have a reliable joining process for
anti-fatigue purpose. However, welding of titanium alloy
still faces many challenges.

Titanium alloys can be joined by different welding
processes: gas tungsten arc welding (GTAW) [3], friction
welding (FW) [4—6], electron beam [7] and brazing
welding [8]. The absence of porosity in the joint and
enlargement of the weld nugget significantly improves
the bonding strength of the spot brazed joint [9]. Besides
Ti/Ni bonding, the parameters such as composition of
brazing alloy and welding current can be used to control
the quality of resistance spot-welded joints in titanium
alloy [10]. Among the single thermal source welding
methods, electron beam welding is always used to
manufacture high-end titanium product for its narrow
HAZ region, high quality and high vacuum. It was
widely used in the aviation industry, especially for the
aircraft [11]. During electron beam welding, the

researches indicate that driving force of phase
transformation of Ti—6Al—4V alloy welded joint comes
from the difference of chemical free energy between the
new phase martensite and the parent phase [11,12].
Beside the above methods, ultrasonic welding is another
choice [13]. The application of laser-arc hybrid welding
can improve the bonding strength but increase the weld
width and HAZ range [14].

With the development of laser science and
technology, laser welding has been adopted to weld
titanium alloys in civil aviation aircraft instead of
electron beam welding, e.g. A380 air bus. Laser welding
exhibits some advantages such as a narrow heat affected
zone, high-velocity and deep penetration, free of vacuum
and low residual stress [15,16]. However, when the
thicker plate was welded, gas porosity appeared easily,
especially near the weld root to lower the mechanical
properties. In addition, during welding of titanium alloys,
deformation such as slip deformation, deformation
twinning is easily formed [17-20] and leads to fatigue
failure.

The goal of present study is to investigate the
microstructure and mechanical properties of titanium
laser welds. Deformation behavior occurred in titanium
laser welds and its mechanisms are further discussed.
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2 Experimental

Welds chosen for this study were prepared using
CO;, laser at different welding velocities. The base metal
was 200 mmx100 mmx6 mm Ti—6Al-4V alloy.
Titanium was alloyed with small amounts of aluminum
and vanadium, typically 6% and 4% respectively, by
mass fraction. The contents of the impurities are as
follows: O 0.20%; Fe 0.3%; H 0.015%; C 0.06%; N
0.05% (mass fraction). During welding, a copper backing
strip with claps was used with narrow bead of weld and
low angle distortions of the joints. The laser beams
focused on the surface of the plate with a radius of 1 mm.
A front and back shielding gas in gas trailer (He) was
used to protect the molten pool and heat affected zone
(HAZ). The flow rate was 28 L/min. The parameters for
laser welding were laser power, P=6 kW, welding
velocity, v=2.0 m/min, v=1.6 m/min, v=1.4 m/min,
respectively; defocusing amount 0 mm.

The microstructures of laser welds were
characterized by means of OM, SEM with an
energy-dispersive spectrometer (EDS). Polished samples
were etched with a Kroll’s reagent (3 mL hydrofluoric
acid, 6 mL nitric acid and 100 mL water). Compression
experiment was carried out to evaluate mechanical
properties of titanium laser welds using AG—25TA
electronic universal material testing machine. The
accuracy was controlled in the range of + 0.5% of
indicated value or +0.25% of the measurement range.
The original dimensions were 5.9 mm x 5.9 mm x 15
mm. The fracture morphology was characterized using
Hitachi S—4800 SEM.

A further confirmation of slip deformation was
carried out using JEM 2010. TEM samples were
prepared using standard procedures involving ion milling.
The parameters were: voltage 200 kV; dark current 96
pA; emission current 128 pA; current density 109.8
pA/cm’; explosive time: 1-8 s.

3 Results

3.1 Macrostructure of laser welds

The macrostructures of laser welds are shown in
Fig. 1. With the increase of welding heat input, the laser
welds manifest wider weld. We also notice that excess
weld metal exists at the end and elliptical shape-like
concave forms at the beginning of laser welds (see
Fig. 1(a)) when welding velocity is 2.0 m/min. Moreover,
the laser flash and zigzag appearance are formed at the
back side of weld (see Fig. 1 (b)). When welding
velocity is 1.6 m/min, well metallurgical bonding is
obtained either front side or back side (see Figs. 1(c) and
(d)). When welding velocity decreases to 1.4 m/min, the

welding heat input is overload. Excess weld metal at the
end and concave forming at the beginning of laser welds
are similar to semicircle (see Figs. 1(e) and (f)). The
excess HAZ at the top side and the back side of laser
welds will lower the mechanical properties of laser
welds.

Fig. 1 Optical images of titanium laser welds: (a) Top side, P=
6 kW, v=2.0 m/min; (b) Back side, P=6 kW, v=2.0 m/min;
(c) Top side, P=6 kW, v=1.6 m/min; (d) Back side, P=6 kW,
v=1.6 m/min; (e) Top side, P=6 kW, v=1.4 m/min; (f) Back side,
P=6 kW, v=1.4 m/min

3.2 Microstructure of laser welds

Figure 2 illustrates the microstructure of laser welds
while welding velocity is 1.6 m/min. The typical
microstructure consists of superfine acicular a, o+f and
prior f-grain boundaries. Besides, there are non-
equilibrium interphase (p—otp transition),
widmanstaten or martensite o’ and serrated o-Ti. The
superfine acicular a, fine acicular o+f and prior f-grain
boundaries are observed. The widmanstaten or
martensite o’ distributes in some regions and is formed at
o/p interface in the fine acicular a and £.

In order to reveal the microstructure, further
investigation of laser weld was carried out and the result

Fig. 2 Typical microstructure of titanium laser welds
(Microstructure containing superfine acicular a (E), fine
acicular o and f (F), prior p-grain boundaries (G),
non-equilibrium interphase during L—a—a+f(H), black arrow
indicating widmanstaten or martensite o’ at a/f interface in fine

acicular a and £ microstructure(/) and serrated a-Ti(J))
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is shown in Fig. 3 (v=1.6 m/min). It is observed that
there is one black massive microstructure which is
separated by the other gray microstructure. Consequently,
it is observed that the black massive microstructure
consists of different lattices which appear at grain
boundary between base metals and HAZ. In addition, the
nearer to welded seam, the more the lattice formed in
laser welds. During laser welding, deformation in some
regions along certain slip systems is observed under the
effect of thermal effect and welding residual stress. In
polycrystalline grains, some regions deform along certain
slip system to accommodate deformation in neighboring
grains. Different from those shear bands formed during
deformation, it is noticed that there are much more
discontinuous and inhomogeneous deformations.

Fig. 3 Lattice structure and shear bands formed in laser welds

3.3 Compression

The compression true stress — strain curve are
displayed in Fig. 4. The 0.2% offset yield strength of
welded joint (v=2 m/min) is 1.113 GPa, higher than that
of base metal. The weld achieves an impressive ultimate
strength of 1.191 GPa. The strong working hardening
and microstructure distribution provoke non-uniform
deformation and slip deformation in different positions
of fracture, leading to a slow ascending curve in the
compression test, unlike titanium alloys that show
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Fig. 4 Room-temperature compression true stress — strain
curves of titanium laser welds at different welding velocities

plunging compression curves peaking every early in
plastic deformation. In contrast, the compression curve
of specimen (v=1.6 m/min) terminates at 7.97% plastic
strain. The peak stress reaches 1.016 GPa. When welding
velocity decreases to 1.4 m/min, compression curve of
specimen terminates at plastic strain of 12.72%. The
peak stress is 1.121 GPa.

4 Discussion

Much higher strains are achievable in compression
test than tensile test, consequently, the activate energy for
slip deformation is provided. As shown in Fig. 5(a),
because specimens are not well lubricated and the
height-to-diameter ratio (A/d) is larger than 1.5 (h/d=2.83
in current research), failure breaking occurs and the
fracture indicates that the failure is triggered by flaws
(the most likely source of flaws is the hydrogen pores) or
the other crack nucleation sites under the high stresses in
the sample. Figure 5(b) shows that the fracture manifests
such features as barriers, compression deformation (B in
Fig. 5(b)), slip deformation (C and D in Fig. 5(b)) and
failure fracture (£ in Fig. 5(b)). The results indicate that
there are non-homogeneous strains at different regions.
So, fracture failure occurs once the forces surpass the
yield limit.

Fig. 5 SEM images of fracture of compression fracture (a) and
region A4 (b)

The SEM image of compression deformation in
region B in Fig. 5(b) is shown in Fig. 6(a). From the
image, the grain boundary (GB, black arrows in Fig. 6(a))
in region B is driven by the external force accompanied
by spreading vertical to the external force. Therefore,
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some grain boundaries enlarge, others are compressed.
GB between two adjacent grains migrates from original
position to the new position and exhibits a large
deformation parallel to the external force (upper right in
Fig. 6(a)). In addition, some particles are also observed
in the bottom of some grain boundaries (white arrow in
Fig. 6(a)). Compression deformation in region B exhibits
inter-crystalline cracking blocked by GB barrier.

Figure 6(b) illustrates the slip deformation of region
C in Fig. 5(b). Slip is the process by which plastic
deformation is produced by dislocation motion. By
external forces, part of the crystal lattice glides along a
slip direction, resulting in a changed geometry of the
titanium laser welds. More specially, slip occurs between
planes containing the smallest Burgers vector [21,22]. In
titanium alloy, there are three different possible
Burgers-vector types instead of one and eleven different
slip systems could operate in principle [23]. The
dislocation structure, slip deformation in laser welds are
much more complicated. Some slip systems might be
activated by welding residual stress even if there is no
any external force. However, some slip systems cannot
be activated because of the large variation of the critical
resolved shear stress from one slip system to others
[24,25].

In current research, we assume that multiple slip
bands [25] have the same thickness (/;) in primary a-
grain and they are separated by uniform distance (d,), as
illustrated in Fig. 7. The wavelength (w,) of the slip band
is wy=[,+dy; 0 is the slip offset and 4 stands for the total
deformation. Actually, even though the total deformation

¢ Ny ; / Lt \ /I
Fig. 6 SEM images of deformation: (a) Compression
deformation B in Fig. 5(b); (b) Slip C in Fig. 5(b)

:Slip direction

Fig. 7 Schematic illustration
primary phase (average offset J might be several hundreds
atoms diameters; average distance d; between active slip planes

might be several micrometers)

A4 is the same, slip system is more heterogeneous in
titanium laser welds.

The results indicate that slip deformation can be
activated in laser welds without external forces.
Therefore, slip systems can occur, and are only affected
by welding residual stress or the intrinsic stress caused
by large CTE difference between two adjacent grains and
temperature gradient. Consequently, slip deformation
plays an important role in the plastic deformation of HCP
titanium materials. A major discussion of this study is the
slip deformation that the onset of compression process
and corrosion process observed in titanium welds is
found to correlate with the intrinsic stress and external
stress. In current research, two kinds of slip deformations
are observed. One is slip deformation in compression
fracture driven by compression stress and residual
intrinsic stress simultaneously (see Fig. 8); the other is
observed in as-eroded specimen mainly resulting from
the residual stress and intrinsic stress generated by CTE
(see Fig. 9).

Figure 8(a) indicates the slip deformation of region
D in Fig. 5(b). From the figure, slip boundary (SB) and
two kinds of slips, broad structured slip and thin slip, are
observed. Generally speaking, broad structured slip
contains much more thin slips if only there is enough
energy in the system. The thin slip is formed
simultaneously with the primary slip, and the primary
and thin slips built a complex and narrow slip front, with
motion occurring cooperatively. Clearly, for the slip
deformation mechanism, the width of structured slips (1)
is 600 nm, as indicated in Fig. 8(c). In some region, if the
slips formation energy is enough, thin slip will form in
the structured slips.

The minimum slip band is 120 nm (see Fig. 8(a)).
Slips formed in laser welds are mainly activated by
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Fig. 8 SEM images of slip deformation in fracture under
compression at different magnifications (Black arrows stand for
SB, white arrows stand for thin slips in Fig. 8(a))

external forces, welding residual stress and intrinsic
stress. However, different from broad structured slip
system, thin slips can be activated by residual stress and
intrinsic stress caused by CTE difference without any
external force (see Fig. 9(a)). When the external forces
are utilized, the width of slip increases. And slip becomes
thicker by two layers via the glide of single grains
(600 nm, see Fig. 8(c)) contrast with slips without any
external force (400 nm, see Fig. 9(a)). When the slip is
only activated by welding residual stress and intrinsic
stress, the slip space and thickness become smaller. The
minimum slip band is 75 nm. The conjugate slip is
observed (see Fig. 9(b)). In addition to the slip shear of
plane at the boundary, the other type must undergo a
shear-type shuffle. The initial stacking fault is
assimilated into the slip boundaries, and there is no trace
within the slip.

For further investigation, TEM results indicate that
slip deformation consists of slip plane and slip boundary
(Fig. 10(a)). In Fig. 10(a), d;, d, and d; stand for the
distance of two lattice planes. The width of distance

between two adjacent slip bands is 600 nm. The slip
deformation is confirmed by HRTEM results, as shown
in Fig. 10(b) and the width of lattice is 2 nm.

Fig. 9 SEM images of slip deformation at different
magnifications (as-eroded)

i £ " g
Fig. 10 TEM image of slip deformation and its SAED pattern
(a) and HRTEM image (b)

5 Conclusions

1) Slip deformation in titanium laser welds can be
activated by external forces. However, if there is no
external force, the broad structured slip deformation
cannot be activated but the thin slips can be activated.
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The minimum width values of slip are 600 nm and 75 nm
respectively in fracture and etched laser welds. Slips
formed in laser welds are mainly activated by external
forces, welding residual stress and intrinsic stress.

2) The titanium laser welds achieve an impressive

ultimate strength of 1.191 GPa. GB between two
adjacent grains migrates from original position to the
new position and exhibits a larger deformation parallel to
the force and SB consists of slip plane and slip
boundaries.
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