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Abstract

The laser welding of Ti6AI4V alloy to 304 stainless steel using a 1-mm-thick Cu interlayer was developed by changing the laser
power. The fracture characteristics of joints were analyzed by SEM, EDS, and XRD. The fracture examinations indicated that
both the joint strength and the fracture occurrence location in the joints depend on the laser power settings. The optimal value for
the maximized tensile strength of the joints, up to 300 MPa, was obtained at a power of 4 kW. Increasing the laser power by 4 kW
increased the tensile strength; it decreased as the laser power exceeded 4 kW. In the 4-kW samples, the fracture characterization
indicated that the higher remaining Cu deposited on the Ti sheet that caused the fracture path tended to make the fracture
propagate toward the Cu interlayer. The fractography investigations illustrated that the fracture surface of a 4-kW joint had a
greater rough area than that of either the 3- or the 6-kW joints. The XRD results demonstrated that the most of solid solution
phases, such as «Ti, (V), and (Ni) coexisting with various types of Al-intermetallics could occur on the fracture surface of a 4-kW
weldment.
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1 Introduction according to design and performance, while at the same time

offering mass-saving advantages by using titanium alloys

High-strength joints between titanium (Ti) alloys and stainless
steel (SS) provide many technological advantages in chemi-
cal, petrochemical, cryogenic, microelectronics, medical, nu-
clear, thermal power station, aerospace, spacecraft, acronau-
tics, and astronautics industries. They do so by providing a
reliable and low-cost way of tailoring the location of materials
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[1-3]. In order to achieve compatibility between material costs
and function, Ti alloys are used for applications requiring
chemical properties such as corrosion resistance, stability in
aqueous media, and high specific strength [4]. Austenitic
stainless steels are used for applications that require greater
levels of workability [5].

The direct welding of Ti alloys and SS suffers from two
major challenges. The first challenge is the brittle intermetallic
compounds (IMCs) formed at the joint, such as brittle TiFe,
and TiCr, phases. This is due to the limited miscibility of iron
and titanium. According to the Fe-Ti phase diagram, the sol-
ubility of Fe in Ti is very low (0.1% at room temperature).
Beyond this, the brittle intermetallic phases FeTi and then
Fe,Ti (600 and 1000 HYV, respectively) begin to form. The
second challenge is the formation of cracks and residual
stresses, caused by the large differences in thermal expansion
and heat conductivity coefficients between Ti alloy and SS.
The thermal expansion coefficients of Ti6Al4V and 304 SS
are 8.7x 10 ° K" and 16 x 107° K™, respectively. Also, the
heat conductivity coefficients of Ti6Al4V alloy and 304 SS
are 6.7 and 14.6 W/m.K, respectively. The specimens fracture

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-018-0586-6&domain=pdf
mailto:lizg@sjtu.edu.cn

948

Weld World (2018) 62:947-960

spontaneously when sufficient amounts of IMCs have formed.
Therefore, preventing the formation of brittle IMCs is the key
to achieving reliable joining of Ti alloys and SS [1, 3, 6-10].

The mechanical stability of the weld between Ti alloys and
SS can be increased by the insertion of intermediate metal
foils that change the character of the interaction in the melted
zone (MZ) and lead to the formation of phases other than Ti-
Fe-rich intermetallic phases [11, 12]. The most popular of
these “bond layer” materials are Ni, Cu, Ag, Al, Mg, as well
as some other more complex alloys which form IMCs with Ti.
These act by prohibiting the atomic diffusion between Ti and
Fe, Cr, or Ni [13].

Another group of candidates for joining stainless steels to
titanium alloys are the metals that do not form intermetallic
phases with Ti, such as V, Zr, Nb, Mo, Ta, and Hf. The most
popular of these is pure V, which forms continuous solid so-
lutions with Ti and has a close fusion temperature (1670 °C for
Tiand 1914 °C for V) [1]. It is well known that titanium does
not form intermetallic phases with pure Zr, Nb, Mo, Ta, V, or
Hf, which could be examined as potential interlayers.

The high cost of all of these metals, and the problems of
their weldability with stainless steel result in the use of more
available and relatively low-cost materials such as Cu, Ni, and
their alloys [12]. These interlayers have been used to prevent
the formation of Ti-Fe IMCs during welding [10]. The me-
chanical resistance of such welds can be enhanced by adding
an intermediate metal foil that modifies their final phase com-
position [1].

Among the metals mentioned above, Cu potentially
would be a good choice to meet the needs of industry.
Cu is compatible with Fe and does not produce brittle
IMCs with Fe, Cr, Ni, or C. The Cu interlayer improves
the metallurgical reaction of the weld pool, which leads
to the formation of Ti—Cu IMCs by reducing the pro-
portion of FeTi and Fe,Ti IM phases. The formation of
Ti,Cu, phases is compensated by the high ductility and
toughness of Cu, which leads to acceptable strength.
Additionally, the IMCs phases produced with Cu are
tougher and have a lower hardness than the Fe-Ti
IMCs [8, 14, 15]. Moreover, Cu is a soft metal which
may deform easily to reduce inner stress concentrations
during laser welding and relax the residual stresses pro-
duced by linear expansion mismatch [16]. The proper-
ties of Fe-Cu-Ti systems indicate that the temperature
stability of the joint is far inferior to that of steels and
titanium alloys, due to the low-temperature transforma-
tions between Cu-containing phases [1].

The direct bimetallic joining of austenitic 304 stainless
steel and Ti6Al4V has been performed through diffusion
bonding [17-20], brazing [21], explosive bonding [22], and
roll bonding [23], as well as electron beam welding [7, 24].
Fusion welding is confronted with a great challenge in joining
Ti alloys to steel. In traditional arc welding, it is very hard to
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manage the molten pool of the Ti-SS mixture due to metallur-
gical incompatibilities, so a mass of IMCs is formed during
such welding.

In diffusion bonding of Ti to SS, a great care is needed for
surface preparation. Using huge sheets of Ti and SS for this
process is impossible, because it requires applying the large
stresses on the materials and high-volume production capaci-
ty. It would also require a huge heat treatment system. Joint
interfaces should have high standards of cleanliness, due to
the long-term heat treating in a high-vacuum furnace [1, 3,
25-27]. Friction stir welding presents a big challenge for the
stir pin when the welding is performed on high-melting-point
metals such as Fe and Ti alloys, especially during long-term
usage of the stir pin [3, 27]. Explosive welding has also been
applied to join Ti and SS, but the process flexibility is very low
when compared with the liquid state welding processes [26].
Brazing is not a good choice for high-temperature applications
[27]. Ultrasonic welding is limited to apply on hard alloys
such as Ti alloys [28].

Recently, the development of high-energy beam welding
methods such as laser beam and electron beam welding has
made fusion welding of Ti alloy to SS possible [9, 29]. Laser
welding is used for the joining of dissimilar alloys because it
provides a very localized heat supply, fast heating/cooling
gradients, and high levels of precision in the weld [1].
Because of these advantages compared to other welding pro-
cesses, laser welding is used for joining Ti alloy and SS using
composite interlayers.

To achieve the maximum joint strength on Ti-SS
welds, it is important to investigate the influence of
changes in laser power as perhaps the most important
parameter in the laser welding process on the strength
of the joint. More specifically, the influence of laser
power on the fracture surface characteristics of the
weldments has not been investigated before.

Shanmugarajan [2] indicated that high-power density laser
welding will enable welding at high speeds with a cooling rate
of more than 1000 °C/s, creating favorable conditions in dis-
similar materials joining through a reduction in the number
and sizes of intermetallic phases in the fusion zone. The pres-
ent work examines heretofore-uninvestigated influences of
laser power on the phase characterization of the Ti-side of
MZ through energy-dispersive spectroscopy (EDS) and X-
ray diffraction (XRD). Using these techniques, we not only
correlate the influence of laser power on the joint strength but
also on the phases occurred on the Ti-side of MZ.

2 Experimental procedure

The materials used in this study were 2-mm-thick plates of
AISI 304 stainless steel, o-3 Ti6Al4V alloy, and 1-mm-thick
intermediate layer of pure copper. The size of the sheets used
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Table 1 Chemical composition

of welded materials Material Chemical composition (at.%)
Al Ti \% Cr Fe Ni Cu Mn Si
AISI 304 - - - 18.28 70.15 8.05 - bal. -
Ti6Al4V 8.8 87.6 3.6 - - - - - -
Pure copper - - - - - - 99.9 - -
Fig. 1 Schematic drawing of 50
tensile test specimen (dimensions
in mm)
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Fig. 2 a The schematic of laser welding setup with different focal positions, and the surface morphology of the joints welded with a Cu interlayer at a
speed of 2 m/min and a power of 3 kW; the laser was focused on b the Cu-Ti interface, ¢ the Cu center, and d the Cu-SS interface
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was 200 x 100 x 2 mm®. Their chemical compositions are
listed in Table 1.

A high-power (10 kW) fiber laser welding machine (IPG
10000) with a wavelength of 1070 nm, a welding-head focal
distance of 300 mm, and a focal beam diameter of 0.6 mm
were used to convey the laser beam onto the specimens. First,
the sheets were polished using a rough emery sheet to ensure
the joining surfaces were smooth. Next, the joining surfaces
were cleaned using acetone to remove dirt, oil, grease, and all
other foreign materials, as was the Cu. The Cu interlayer was
then fixed to the edge of the SS plate by laser pulses on both
sides of the joint. The Ti6Al4V and steel plates were then
pressed together in butt configuration and maintained by me-
chanical fixation to avoid misalignment due to thermal expan-
sion in a butt-weld geometry. The processing optical system
was arranged at a 5° inclination from the vertical to avoid
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Fig. 4 The stress-strain curves of joints welded at different laser powers
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damage to fiber ends due to reflected light. A supplementary
gas protection device covering the top and the bottom of the
melted zone was used to minimize the risk of oxidation and
plasma suppression that can lead to joint brittleness. Argon
was used as the shielding gas and the total flow was
20 L.min " at the top and 10 L.min""' at bottom of the joint
through an 8-mm-diameter coaxial nozzle. The top nozzle was
placed with the inclination angle of approximately 45° to the
specimen surface and the distance of 10 mm from the scan-
ning point. The laser beam was positioned at the Cu-SS inter-
face, Ti-Cu interface, and also Cu centerline in different inves-
tigations to obtain the best laser scanning path for joining
Ti6Al4V to 304 SS. Different scanning paths are shown in
Fig. 2a. The welding speed chosen was 2 m/min.
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Fig. 5 The relationship between the ultimate strength and joint efficiency
as affected by laser power
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Welded samples were sectioned, using wire electrical dis-
charge machining, into small dog-bone samples for tensile
testing, as well as cross-section analysis. Samples for cross-
sectional analysis were ground using carbide paper and then
polished using alumina slurries. The samples for microstruc-
tural characterization were prepared metallographically and
then were etched in a reagent of 20 mL HNO;, 20 mL HF,
and 80 mL H,O [30]. The analysis of microstructures of the
samples was studied by scanning electron microscopes
(NOVA NanoSEM 230, FEI, and Sirion 200, FEI) with fast
EDS analyzers (Aztec 80 mm? SDD, Oxford Instruments, and
INCA X-act, Oxford Instruments). The precision of element
analysis was to 1 at.%.

The phases of the fracture surfaces were identified by XRD
(SmartLab Ultima IV) using a CuK,, radiation at an angle
range 20 from 30 to 90° and at a scan speed of 1 (°)/min.
The phases were identified according to the standard PDF card
and Jade software.

To evaluate the tensile properties, the cross-weld tensile
samples were prepared as the drawing in Fig. 1. To reduce
surface roughness, all surfaces of the tensile specimens were
polished by 400# abrasive papers. The tensile properties of the
joints were measured by a universal testing machine (Zwick

Ti Kal Cu Kal

R e

s |
1mm

1Imm

7.100) operating at a constant tensile rate of 1 mm/min at room
temperature. The final tensile results reported were calculated
from the mean of six samples from each weld. Vickers
microindentation measurements were carried out using a 15-
s load time and a 100-mN load.

3 Results and discussion
3.1 Laser weldability of the Ti/Cu/SS joint

In order to evaluate the benefits of laser welding, inves-
tigations were undertaken to join 2-mm-thick Ti plates
to similar thickness of 304 SS with a 1-mm Cu inter-
layer. The joining was done following the identification
of the best offset position via observation of the quality
of the joint surface. Therefore, the welding experiments
were first conducted according to three offset positions
of laser focusing.

The schematic of the laser welding setup with different
focal positions is shown in Fig. 2a. In this figure, three scan-
ning paths that were considered for the laser radiation on the
surface were the Cu-Ti interface, Cu-SS interface, and Cu

Fe Kal

Cr Kal

— —
1mm Fe Kal 1mm Cr Kal

[y
1mm

Fig. 6 X-ray distribution element maps in the welds obtained at laser powers of a 3 kW, b 4 kW, and ¢ 6 kW
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centerline. Figure 2b indicates that the shifting of laser beams
at the Cu-Ti interface caused an increase in participation of Ti
atoms as the active element in the brittle intermetallics forma-

tion in the weld.

Fig. 7 The Ti-side microstructure of the MZ for samples welded at a 3 kW, b 4 kW, and ¢ 6 kW laser power

According to the Cu’s low adsorption coefficient by the

laser beam [31], the focal position on the centerline of the
Cu interlayer was also not successful (as shown in Fig. 2c).
As such, the best position for laser position was found to be

Table 2 Spot EDS analysis on the Ti-side of MZ for different laser-welded samples (at.%)
Power (kW)  Phase POSITION Al Ti v Cr Mn Fe Ni Cu Potential phase Phase diagram
3 - 0.00 49.66 0.27 146 0.25 998 1.11 3726  FeTi+CuTi+CuTi,  Fe-Ti-Cu

- 0.10 38.60 0.19 142 0.03 10.05 089 4872 T,

Right 0.05 46.66 0.10 0.90 0.09 339 073 48.08 715+ FeTi+CuTi

Left 0.19 46.86 0.26 1.07  0.15 426 077 4643  Ts+FeTi+CuTi

Top 024 17.69 0.00 0.76 040 391 086 76.12 Cu+m,

Top, right 021 27.85 0.02 .11 0.11 548 1.10 64.11 Cu

Top, left 0.20 7.85  0.02 025 035 151 041 8941 Cu Cu-Fe and Ti-Cu

Bottom 0.31 6.60  0.00 028 0.25 145 052 9059 Cu+m,

Bottom, right 0.03 4.37  0.01 0.83 041 277 032 9127 Cu

Bottom, left 0.04 5.07  0.08 131 035 382 052 8881 Cu Fe-Ti-Cu

- 0.07 13.69 021 1741 020 5769 2.84 790  o«(Fe, Cr)+y(Cu)  Cu-Fe-Cr
4 - 029 98.86 0.25 0.04 0.06 0.15 0.12 022 «Ti Ti-Cu

- 0.17  53.13  0.30 252 034 1344 144 28.65 CuTi+CuTi,

— 024  69.09 0.08 225 031 6.89 1.10 20.03 «Ti+CuTi,

Top 0.17 63.15 0.12 0.50 0.11 133 0.77 33.86 CuTi,

Bottom 0.14  59.02 0.15 1.71  0.23 9.01 143 2831 CuTi,

Top, right 0.09 6046 0.10 1.20  0.18 4.64 1.07 3226 CuTi+CuTi,

Top, left 0.17 4796  0.00 1.87 032 1234 233 3501 CuTi+CuTi,

Bottom 0.13 4792 0.07 193 043 1190 233 3529 CuTi+CuTi,

Top 0.14 39.13  0.02 1.99 029 536 149 51.58 CuyTiz

Bottom 0.14 3828 0.21 232 0.18 717  1.69  50.01  CuyTiz

- 021 3541 0.06 2.10 046 823 1.68 51.84  Cu;Tiy + CuyTis

- 026 1240 0.00 0.17  0.57 1.08 044 8509 Cu+pCuTi

- 0.18 3217 0.03 1.78 0.25 917 237 5404 Cu+m, Fe-Ti-Cu
6 - 0.09 792 032 222 0.65 832 076 79.72 Cu+Fe,Ti Fe-Ti-Cu

- 0.00 10.66 0.44 421 067 1314 1.75 69.13 Cu+FeTi

- 0.17 740  0.27 093 0.76 3.10 036 87.01 Cu

- 0.00 6238 1.59 215 042 774  1.09 24.62  FeTi+CuTi, + oTi

- 0.18 4479 1.01 196 043 1272 158 3732 FeTi+t,

- 0.00 2938 0.73 1349 051 4286 198 11.04 Fe,Ti Fe-Ti-Cr
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the Cu-SS interface which had been extended to the crack-free
joint (Fig. 2d). The focusing of laser direction on the Cu-SS
interface, a high stainless steel enriched weld, can be formed
from the SS side, due to the high solubility of Cu in iron,
chromium, and nickel.

3.2 Mechanical strength of the joints

The stress-strain curves of pure 304 stainless steel and titani-
um alloy sheets are shown in Fig. 3. This figure shows that
304 SS has more strength and ductility than Ti6Al4V.

The fracture surface morphologies of both of these are
shown in Figs. 3b, c after tensile testing. The pure SS fracture
morphology depicts more ductile fracture modes, including
dimples and micro-voids, while the Ti fracture surface in-
cludes a mixed mode of ductile and cleavage facets.

In order to investigate the effect of laser power on the
mechanical strength of the joint, the welding process was per-
formed at the powers of 3, 3.5, 4, 4.5, 5, 5.5, and 6 kW at the
same welding speed of 2 m/min. When the laser power was
lower than 3 kW, no wetting of the melted zone happened on
the Ti alloy. Meanwhile, the sound joints were not obtained at
the laser powers settings higher than 6 kW, according to the
huge fluctuation of the elements in the melted zone. This was
particularly true between Ti and Fe atoms, the presence of
which caused more brittle IMCs to be formed in the weld.

The tensile curves of the joints welded with different pow-
ers are shown in Fig. 4. The curves show that the dissimilar
joint welded at a power of 4 kW had the highest strength/
ductility value while that welded at 6 kW had the lowest of
the samples tested.

The heat input of the laser welding process was calculated
using the following expression:

P

where H.I. = heat input, P = laser power, S=welding speed,
and 7 = welding efficiency for a laser welding process.
Joint efficiency was expressed as:

Joint Efficiency

_ Strength of the joint
~ Lower strength of the parent materials

(2)

According to Fig. 3a, the ultimate strength of Ti6Al4V and
304 SS are 670 and 802 MPa, respectively.

The relationship between the ultimate strength and joint
efficiency at various laser powers is depicted in Fig. 5.
Figure 5 indicates that as the laser power increases toward
4 kW, the strength, as well as the joint efficiency, increases.
However, as laser power exceeds 4 kW, the strength, as well as
the joint efficiency, begin to decrease. The maximum strength
and joint efficiency that can be reached at a laser power of
4 kW was up to 300 MPa and 45%, respectively (which is
35% more than the strength reported by Gao [6], when laser
welding of the same pairing materials was previously
investigated).

3.3 Microstructure examination

In order to investigate the influence of the incremental in-
crease of laser power on the microstructural evolutions and

Fig. 8 The location of joint cracks at different laser powers after tensile testing
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the mechanical properties of the joints, samples welded at 3, 4,
and 6 kW were chosen.

Figure 6 shows the major X-ray distribution element maps
of the welds obtained at laser powers of 3, 4, and 6 kW. As is
visible in these figures, Ti and SS base metals were located on
the left and right sides of the images, respectively. Figure 6
indicates that Fe and Cr atoms in all samples diffused simul-
taneously from the SS-side of the weld toward the center of it,
after laser radiation on the SS-Cu interfaces. Meanwhile, the
remainder of the MZs was occupied by copper. However, a
few Ti atoms diffused from the Ti alloy toward the MZs.

Ti is an active element and tends to form IMCs with metal
elements. Therefore, the Ti-side microstructures of melted
zones were analyzed. The Ti-side microstructure of the melted
zone (MZ) for the 3, 4, and 6 kW samples is shown in Fig. 7.
This figure only shows the compounds that exist roughly
60 pm from the Ti-side of the MZ. The chemical compositions
of the Ti-side of the MZ from different laser-welded samples
are shown in Table 2. The potential phases were extracted by
combining the EDS results with Ti-Fe, Ti-Cu, Cu-Fe, Ti-Cr-
Fe, Cu-Fe-Cr, and Ti-Fe-Cu phase diagrams. “Phase Position”
in Table 2 marks the positions with the same potential phases.
Some brittle IMCs such as T,, FeTi, 15, Fe,Ti, and CuTi as the
most brittle phases of the Ti-Cu or Ti-Fe-Cu systems [13, 14]
were formed at the Ti-side of the MZ at 3 and 6 kW; however,
no FeTi and Fe,Ti can be found in the 4-kW sample.
Furthermore, minimum content of CuTi exists in the 4-kW
sample. No defects were found at the Ti-side of melted zones.

Since the hardness of FeTi/Fe,Ti compounds is much
higher than other phases of the Fe-Ti-Cu system, the Ti-MZ
interface in the 6 and 4 kW samples make for joints with the
minimum and maximum strengths, respectively.

3.4 Fractography

Following the tensile experiment, the fracture side that in-
cludes the Ti6Al4V base metal is identified as the Ti-side,
while the other which includes both 304 SS base metal and

the Cu interlayer is identified as the SS-side. All of the welded
samples joined at different laser powers were fractured at the
Ti-side after tensile experiments (Fig. 8).

To investigate the fracture behavior of the weldment caused
by increasing laser power, fractography of the samples welded
at 3, 4, and 6 kW was performed on the Ti-side of fracture
surfaces after tensile testing. The fracture morphologies are
shown in Fig. 9.

Figure 9 shows that some secondary cracking can be observed
on the fracture surfaces of all samples, due to the difference in the
thermal expansion coefficient between Ti and SS that caused the
cracking on the side of the weaker material. The close observa-
tion of the fracture surface of the 4-kW sample shows that most
of the fracture surface area of this sample has a rough area which
is characterized by the ductile-brittle fracture characteristics, con-
taining obvious equiaxed dimple patterns and a few quasi-cleav-
ages. This type of morphology means that the fracture behavior
of this sample is more ductile than that of the samples laser
welded at 3 or 6 kW.

However, cleavage surfaces and river patterns were formed
more on the fracture surfaces of the samples joined at 3 and
6 kW. It is clear from the comparing of Figs. 9a, c that the
tendency for surface cleavage in the sample that was welded at
6 kW was higher than that of the sample welded at 3 kW.

In Fig. 9c, a relatively smooth area has been marked that
was caused by a brittle rupture and some tearing ridges that are
also evident from the river patterns. Consequently, it was
found that the ratio of the rough area to the whole area on
the fracture surface increased as the laser power increased,
up to a power of 4 kW; but this ratio decreased as the laser
power rose above 4 kW.

3.5 Fracture analysis of the weld

Figure 10 shows the X-ray diffraction analysis performed on
the Ti-side fracture surfaces of the joints welded at different
laser powers. Since many compounds were created at the frac-
ture surfaces of the samples, the volume percent of each

Fig. 9 The fracture surface morphology of the Ti-side of Ti-Cu-SS joints welded at the laser powers of a 3 kW, b 4 kW, and ¢ 6 kW
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Fig. 10 X-ray diffraction analysis of the fracture surface of the joints welded at a 3 kW, b 4 kW, and ¢ 6 kW laser powers

compound is low. Some solid solution phases, as well as some
IMCs, formed in the fracture surface of welded samples.
Figure 10 indicates that the only solid solution phase formed
in all samples was ocTi, while the only solid solution com-
pound formed at 4 and 6 kW was pure (V). However, the
fracture surface of the dissimilar Ti-Cu-SS pair welded at
4 kW not only contains «Ti and (V), but also some (Ni) solid
solution compounds. All mentioned solid solutions formed in
the fracture surfaces have a lower hardness than the IMCs [8,
9]. Meanwhile, FeTi and Cr,Ti, recognized as the most brittle
intermetallics, can be formed in the Ti-Cu-SS system [14].
Since the binary system of Fe-Cr is mutually soluble in the
solid state at high temperatures [9], the Cr atoms can replace
the Fe atoms in the IMC lattice and then the Fe,Ti can be
replaced with Cr,Ti in the 6-kW sample. Therefore, it can be
concluded that the brittleness of the 4-kW welded sample was

minimum, while it is at a maximum value for the 6-kW laser
power weldment.

There were some noises in some diffraction signals, due to
the nature of the fracture surface. Therefore, less than three
peaks were detected for some IMCs [6, 15].

The chemical compositions of the fracture surfaces of laser-
welded samples are shown in Table 3. To perform accurate
analysis on the fracture surfaces, both the cleavage and quasi-
cleavage surfaces were examined by EDS. The EDS analysis
was also performed on both the SS-side and Ti-side of the
fracture surfaces.

The examination of the SS-side was only performed on the
right-side of the fracture surface; the resultant phases are
shown in Fig. 11. The Ti-side examination was performed
on both the right-and-left-sides of the fracture surfaces, shown
in Fig. 12. The potential phases were extracted by combining
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the EDS results with Ti-Fe, Ti-Cu, and Ti-Fe-Cu phase dia-
grams which are depicted in Fig. 13. The points in Figs. 11
and 12 that have the same potential phases are marked by
numbers.

3.6 Fracture mechanism

In order to study the influence of laser power on the joint
strength between the Ti and SS sheets, the copper content
within the predominant phases was measured.

According to Figs. 11 and 12, the fracture surfaces in
the 3- and 4-kW samples are mainly composed of
«Ti+ CuTiy; however, in the 6-kW sample, they are
composed of «Ti+FeTi. The analyzed points that ex-
hibited the mentioned phases were 6, 9, and 7 points

for the samples welded at 3, 4, and 6 kW, respectively.
These points were counted from both the SS and Ti-
sides, and from both the cleavage and the quasi-
cleavage surfaces of the fracture surfaces. This means
that the «Ti+ CuTi, and oTi+ FeTi eutectoid phases at
the MZ-Ti6Al4V interface are the weakest zones within
the joints welded at 3 kW/4 kW, and 6 kW,
respectively.

According to the phase diagram of Fig. 13c, the po-
tential phases that were extracted were 3Ti+ Ti,Cu and
BTi+FeTi. The XRD results from PDF cards indicated
that the (Ti) phase has a space group of P6;/mmc and
lattice parameters of @=2.950 A, »=2.950 A, and c=
4.683 A, which is consistent with the results shown for
o«Ti in reference [8].

Table 3 Spot EDS analysis on the fracture surface of laser-welded samples (at.%)
Power (kW) Side Surface zone No. Al Ti \% Cr Mn Fe Ni Cu Potential phase Phase diagram
3 SS Right 2 8.14 6098 004 074 020 488 091 2412 «Ti+TiCu Ti-Cu
028 64.16 033 149 0.17 639 1.08 2677 «Ti+Ti,Cu Ti-Cu
Ti Left 039 5476 039 1.79  0.13 9.57 1.17 3258 TiCu+Ti,Cu Ti-Cu
2 040 7237 1.00 2.02 0.03 480 0.73 20.63 «Ti+Ti,Cu Ti-Cu
3 0.18 6739 047 075 002 256 0.67 2893 «Ti+Ti,Cu Ti-Cu
Right 0.55 5514 026 195 0.07 996 101 3160 TiCu+Ti,Cu Ti-Cu
1.74  3.81 0.11 033 0.82 91.78 0.09 1.54 yFe Ti-Fe
2 0.14 06472 034 1.18 0.07 519 096 2820 «Ti+Ti,Cu Ti-Cu
1 037 66.77 0.87 1.04 0.07 428 0.85 2749 «Ti+Ti,Cu Ti-Cu
4 SS Right 1 0.12 65.81 051 1.01  0.03 441 0.81 2832 «Ti+Ti,Cu Ti-Cu
2 032 6696 0.34 1.03 0.04 371 092 2735 «Ti+Ti,Cu Ti-Cu
Ti Left 1 028 6824 042 0.67 0.16 220 042 2876 «Ti+Ti,Cu Ti-Cu
2 030 6292 049 145 0.07 407 0.85 30.82 «Ti+Ti,Cu Ti-Cu
3 0.76 6534 033 090 0.07 298 0.72 29.70 «Ti+Ti,Cu Ti-Cu
026 5229 044 214 005 1393 128 3048 TiCu+Ti,Cu Ti-Cu
Right 3 029 6835 055 0.66 0.11 230 0.77 2828 «Ti+Ti,Cu Ti-Cu
2 0.11 6240 0.17 1.19 024 573 132 29.17 «Ti+Ti,Cu Ti-Cu
1 0.09 6651 056 095 0.09 383 0.80 2847 «Ti+Ti,Cu Ti-Cu
4 037 67.04 033 098 0.17 352 089 2736 «Ti+Ti,Cu Ti-Cu
6 SS Right 1 026 4790 0.12 491 028 2678 3.24 1675 FeTi+aTi Ti-Cu-Fe
3 0.14 4898 030 4.05 027 2503 3.57 1825 FeTi+aTi Ti-Cu-Fe
030 29.85 0.17 1399 036 4794 3.16 423 FeTi+Fe,Ti Ti-Fe
Ti Left 0.13 4990 0.53 384 030 2573 4.09 1654 FeTi+aTi Ti-Cu-Fe
2 034 5534 045 490 028 2290 196 14.72 FeTi+aTi Ti-Cu-Fe
0.09 4675 028 252 032 789 2.04 4068 TiCu+Ti,Cu Ti-Cu
4 0.53 5329 029 555 056 2241 198 1598 FeTi+aTi Ti-Cu-Fe
0.38 40.03 0.08 832 028 37.05 438 9.65 FeTi+Fe,Ti+Cu Ti-Cu-Fe
Right 1 0.09 3543 021 1276 0.57 4256 1.81 6.57 FeTi+Fe,Ti+Cu  Ti-Cu-Fe
2 0.03 5030 023 473 037 2507 227 1746 FeTi+aTi Ti-Cu-Fe
3 0.44 2503 0.18 1044 0.55 3978 424 1970 FeTi+Fe,Ti+Cu  Ti-Cu-Fe
4 023 4725 034 538 043 2498 248 1959 FeTi+aTi Ti-Cu-Fe
0.10 2156 004 088 098 249 0.51 7344 Ti,Cuz;+pTiCuy Ti-Cu
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According to Fig. 13b, the minimum equilibrium tempera-
ture for BTi — oTi transformation is ~800 °C. This was a
strong transformation and therefore «Ti was produced due
to the rapid cooling rate of the MZ during the laser welding
process. The average Cu content within the oTi + Ti,Cu and
oTi + FeTi phases that existed on the fracture surface of each
sample was calculated. The relationship between the Cu con-
tent in the fracture surface of each joint and changes in laser
power is shown in Fig. 14.

According to Fig. 14, a lower presence of Cu in the fracture
surface indicates that the fracture surface primarily contains
elements from Ti6Al4V. That is, the surface of the Ti6AI4V
sheet contains some remaining Cu from the weld metal.
Quantitative analysis and fracture characterization of the low
Cu content fracture surface revealed that the crack occurred on
the Ti surface. It can therefore be concluded that the low Cu
content surfaces correspond to locations that lacked a suffi-
cient interfacial layer; this kind of metallurgical joining leads
to poor strength and joint failure. It therefore indicates that the
fracture path passed close to the Ti alloy.

The sample welded at 6 kW had the lowest Cu content at
the fracture surface, which means it had the lowest strength, as
shown in Fig. 5.

Ti+Fe,Ti |
e ]

Figure 14 also indicates that the «Ti+ Ti,Cu phase was
displaced by the «Ti + FeTi phase at the highest laser power.
This is because at 6 kW, the melt pool fluctuation increased,
leading to the enhanced penetration of the Fe element toward
the Ti alloy. Therefore, the Ti and Fe atoms met on the Ti-side
of the MZ and formed FeTi.

The stability regions of the eutectoid phases, as circled in
Fig. 13c, means that at the highest laser power the chemical
composition of the Ti-Cu interface changed from a «Ti+
Ti,Cu region to a «Ti+ FeTi region. Since the hardness of
FeTi is much higher than Ti,Cu, the Ti-MZ interface in the
6-kW sample is more brittle than those in the 3- and 4-kW
samples.

Compared to those in the 3- or 6-kW samples, the
increased presence of Cu atoms in the fracture surface
of the 4-kW sample was due to the Cu weld metal
remaining more in the Ti alloy. Therefore, the fracture
occurred much farther from the Ti surface than in sam-
ples with a lower level of Cu. In the 4-kW sample, Cu
atoms could diffuse more inside the Ti surface and thus
a stronger metallurgical joining could occur; this result-
ed in an increase up to 300 MPa in the bond strength
between Ti6Al4V and Cu. This joint strength was higher
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than the strength of pure Cu, which is 210 MPa.
Consequently, the fracture path occurred toward the Cu
interlayer.

Meanwhile, the Ti-MZ interface at the 6- and 4-kW
samples are the most brittle and ductile interfaces, due
to the higher hardness of oTi+ FeTi compared with that
of oTi+ Ti,Cu. The schematic for the fraction paths in
the Ti-Cu interface at different laser powers is depicted
in Fig. 15.

4 Conclusion

This paper is the first one to have investigated the fracture
characteristics and strength of Ti6Al4V-304 SS joints welded
at different laser powers. This has demonstrated that joint
strength and the fracture paths of the weldments strongly de-
pend on the degree of laser power. The joint strength increased
as the laser power increased up to 4 kW and then decreased
when the laser power exceeded 4 kW.
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Fig. 13 a Ti-Fe, and b Ti-Cu binary phase diagrams, and ¢ isothermal section of Ti-Fe-Cu phase diagram at 849 °C
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Fig. 14 The relationship between the Cu content in the fracture surface of
weldments and laser power variation

As determined by fracture characterization of welded
joints, the influence of various laser power settings during
welding on the mechanical strength can be summarized as
follows:

1. Maximum joint strength occurred when high values of Cu
deposit remained on the fracture surface. Conversely,
minimum strength was a result of low remaining Cu de-
posited on the fracture surface. The higher values of Cu on
the fracture surface showed that Cu atoms diffused into
the Ti surface to a greater extent, which allowed an opti-
mal metallurgical joining to occur. This increased the
strength between Ti6Al4V and Cu to a point beyond that
of pure Cu. Consequently, the fracture path happened to-
ward the Cu interlayer. A low Cu content on the fracture
surface occurred due to an insufficient interfacial layer
between Ti6Al4V and Cu and resulted in a metallurgical
joining with a low strength and high failure characteris-
tics. Therefore, the fracture path passed close to the Ti
alloy.

2. The EDS characterizations of fracture surfaces showed
that «Ti + FeTi was displaced from the ocTi + Ti,Cu phase
at the highest laser power. According to the higher

Laser Beam

Fracture paths

304 SS

Fig. 15 Schematic of the fracture paths in the dissimilar Ti6A14V-Cu-304
SS joint at different laser powers

brittleness of FeTi relative to Ti,Cu, the interface between
Ti6AI4V and MZ in the 6-kW sample was more brittle
than those of the samples welded at 3 and 4 kW.

3. Theratio of the rough area to the whole area in the fracture
surface increased as laser power increased up to 4 kW.
However, as laser power increases beyond 4 kW, it then
decreased. This means that the majority of the fracture
surface of a 4-kW weldment had a rough area character-
ized by ductile-brittle fracture characteristics. The 4-kW
fracture surface contained obvious equiaxed dimple pat-
terns and a small number of quasi-cleavages. It was also
clear that the tendency for cleavage surface formation in
the sample welded at 6 kW power was higher than that of
the sample welded at 3 kW.

4. There are visible peaks of various solid solutions: «Ti,
(V), (Ni) coexisting with numerous kinds of Al-IMCs in
the fracture surface of 4 kW weldment; however, the only
solid solution phases formed in 3 and 6 kW samples are
oTi and (V), respectively. Due to the lower hardness of
solid solutions when compared with the IMCs, the brittle-
ness of a 4-kW laser-welded sample is lower than that of
the 3 or 6 kW weldments.
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