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Abstract Titanium alloy is one of the most popular ma-
terials in engineering applications. Pulsed arc welding
can obtain grain refinement of titanium that is a benefit
for mechanical properties. However, the study found
that the optimized effect decreased with some higher
frequencies. Hence, the study of Ti-6Al-4V was carried
out with higher-frequency region, and the reason was
discussed. The fluid of molten pool had effect on mi-
crostructure and mechanical properties of welding joints.
Simultaneously, the arc behavior with pulsing current
was known as the important factor for the fluid status.
Thus, the microstructural morphology, microhardness
gradient, and mechanical properties were detected,
which were also compared with other frequencies. With
high frequency more than 50 kHz, the fluidity of molten
pool decreased significantly with low ductility of joints.
The mechanism simulation was produced with plane and
ellipsoid assumptions, and the results indicated that the
conflux caused impact region of double circulation,
which was recognized as the main reason for the drops

of microstructure and properties with more than 50 kHz.
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1 Introduction

Titanium alloy had super plasticity, high toughness with ex-
cellent resistance for corrosion, and fatigue [1]. They have
been widely used in the industrial areas, such as aeronautics,
astronautics, and transportation engineering [2, 3]. Especially,
Ti-6Al-4V titanium alloys were popular in the engineering. As
high chemical activity, titanium alloys are easy to suffer from
harmful gas and others; hence, gas tungsten arc welding
(GTAW) is the preferred method [4]. However, conventional
thermal cycle with arc welding caused overheating to the base
metal, which is recognized as the reason for the obvious grain
growth [5, 6]. Several researchers proved that pulsed welding
had a significant impact on the refinement of weld grain [7, 8].
Furthermore, pulsed frequency welding can improve the me-
chanical properties of welding joints, such as ductility and
toughness [9]. Fluid status is the important factor for metal-
lurgical process that is essential to microstructure and joint
properties. And, fluid of the molten pool had effect on subse-
quent heat transfer and solidification of welds [10]. As known,
electromagnetic force, surface tension, buoyancy, and plasma
force are the main driving forces of fluid of molten pool [11,
12]. Since 1980s, several scholars indicated that fluid in
welding pool by electromagnetic force was downward to the
deep that caused large penetration [13, 14]. Further study
proved that the fluids driven by surface tension and electro-
magnetic force were opposite, which exist during welding
process [15, 16]. The effect on weld geometry was produced
with pulsed welding process, and the results indicated a sig-
nificant positive effect on most of the important bead param-
eters [17]. Previous results indicated that arc behavior had
huge effect on flowing fluid of molten pool [18], especially
arc force. Large arc force made surface depression of molten
pool that caused forced vortex fluid [ 19]. As a result, arc force
was downward as large driven force for the fluid. With high-
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Fig. 1 Welding current with UHFP-GTAW

frequency pulse welding process, the higher frequency, the
larger arc force was obtained [20, 21]. Axial arc force could
make surface deformation of molten pool, and weld depth was
determined by composite vortex intensity.

The previous work [22] mentioned titanium alloys with
0~40 kHz, which indicated that the microstructure and prop-
erties were improved with pulsed arc welding. However, the
experiments with >40 kHz were not mentioned. On the other
side, fluid in molten pool is important for metallurgical pro-
cess as double circulation. As the arc behavior had huge im-
pact on fluid metal while thermal process, different statuses
exist with different pulsed frequencies that caused microstruc-
tural characteristics. Hence, the study on effect of fluid in
molten pool with ultra high-frequency pulsed gas tungsten
arc welding (UHFP-GTAW) was produced. Welding experi-
ment was carried out with Ti-6Al-4V titanium alloy. And,
microstructure and joint mechanical properties were discussed

with different parameters. The simulation model was
established to analyze fluid convections, with which mecha-
nism research supplied proof to experiments.

2 Experimental methods
2.1 Welding experiments and joint tests

Ti-6Al-4V titanium alloy was picked with the dimensions of
200 mmx80 mmx 1.5 mm. As most of research were men-
tioned with less than 1 kHz, ultra high pulsed frequency of
10~80 kHz was carried out with current upslope/downslope
rate (di/df) more than 50 A/us. The schematic of the weld
current is illustrated in Fig. 1a, where /y/I, was the
background/pulsed current and f the pulse frequency. Time
of background and pulsed currents were £, and ¢,, respectively,

Table 1  Parameters of welding process for Ti-6Al-4V titanium alloys
No. of group I/A I/A flkHz 6 (%) Argon ¢/(L min") Welding speed v/(mm min ")
Torch Welds back Trailer

1 90 - - - 15 20 3 200

2 45 115 10 50 15 20 3 200

3 45 115 20 50 15 20 3 200

4 45 115 30 50 15 20 3 200

5 45 115 40 50 15 20 3 200

6 45 110 50 50 15 20 3 200

7 55 100 80 50 15 20 3 200
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Fig. 2 Specimen dimensions for

fatigue property tests

—

and duty cycle of pulse duration can be deduced as 6=1,/(t,+
1,). The waveform of arc voltage and welding current is shown
in Fig. 1b.

All of the welding experiments were processed with similar
condition of constant penetration. The welds were one-side
welding with backing during both conventional and pulsed
welding methods. The parameters are shown in Table 1. As
large penetration of welds by UHFP-GTAW that has been
approved from previous work, average welding current was
chosen a little less with more than 50 kHz. The 160-mm length
welds were obtained along the welding direction without a
wire. The conventional parameters were as follows: the elec-
trode radius was 1.2 mm and made of 2 % cerium and 98 %
tungsten; the arc length was 3 mm; the gas was 99.99 % argon.
Etch solution of HF/HNO5/H,0=1:6:13 (volume) was used
to remove the oxide film of workpiece. Then, the workpieces
were preserved in a dry-cleaning utensil until welding, and the
conserved time was less than 24 h.

Metallographic specimens were etched by a solution with a
volume ratio of HF/HNOz/H,0=3:10:100. The microstruc-
ture was captured with OLYPUMS BX51M. A digital Vickers
hardness tester (DHV-1000) was used to measure microhard-
ness, and 4.9 N load was carried out with 15-s loading time for
every test point and a constant distance of 0.2 mm between
every two locations. Three specimens were prepared for each

gL

| — S 1 —
—

Erram

parameter with mechanical property tests. The tensile tests
were completed with strain rate of 9% 10*s™! (DWD-50E).
The grain size was captured with intercept method. The
methods and specimen above have been described in previous
work [22]. SCHENCK 64kN was picked up for low cycle
fatigue test (10 Hz) with 600-MPa constant load that is
displayed in Fig. 2.

2.2 Simulation procedure

Fluid in molten pool was supposed to be the important factor
for microstructural morphology. Thus, the simulation was car-
ried out for supporting the mechanism study. Physical proper-
ties of Ti-6Al-4V are listed in Table 2. Titanium alloys are
paramagnetic materials; as a result, the magnetic permeability
4m Was substituted by 0. The heat fluxes on the other bound-
aries were zero, and welding heat input was at the surface
depression. Figure 3 indicates that 2D model with ellipsoid
surface depression was produced for transient status under the
effect of arc force. The followed assumptions were as follows:

a. The liquid in molten pool could be recognized as viscous,
incompressible, laminar fluid,;
b. Density variations follow the Boussinesq approximation;

Table 2 Physical properties of

Ti-6 Al-4V Physical properties Value
Liquidus temperature 73(K) 1928 [25]
Solidus temperature 73(K) 1878
Liquid density p(kg/m’) 4300
Liquid viscosity pu(kg/ms) 0.0049
Solid phase effective thermal conductivity ky(J/ms-K) 54
Liquid phase effective thermal conductivity (J/ms-K) 159
Solid phase specific heat capacity Cps(J/kg-K) 879
Liquid phase specific heat capacity Cps(J/kg-K) 678
Temperature coefficient of surface tension dry /d7(N/mK) —0.00028
Thermal expansion coefficient 5K ") 1.1x107 [26]
Magnetic permeability of vacuum zo(N/A?) 1.26x10°°
Melting heat L(J/kg) 3.57x10°
Surface tension o(mN/m) 1650
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Fig. 3 2D model with surface depression for simulation

c. The physics of material are independent of temperature
except for surface tension coefficient.

The heat input followed Gauss distribution that was repre-
sented in Eq. 1.

B Ul _3}%
0= 3.17.7r-R2 exp( RT) (1)

arc arc

Where,

0 heat input

n efficiency

U  arc voltage (average value)

1 welding current (average value)

R, radius of arc plasma

o radius of random position under arc plasma.

The model follows mass conservation equation, momen-
tum conservation equation of x/y direction, and energy con-
servation equation, which were represented in Eqgs. 2~4. Driv-
ing forces, such as surface tension, electromagnetic force
(Eq. 5), and buoyancy, were known as the source term by
momentum equation of x/y direction. That meant the source
terms in Eq. 3, Sy and S, equaled zero. There were no mass
exchange and internal/external energy source mentioned in
the simulation. As a result, the source terms in Eq. 2, 4 also
equaled zero, respectively.

For C-GTAW, plane assumption has been carried out as the
surface depression caused by arc force can be ignored. By
contrast, 2D model with 80 kHz followed Fig. 3. Notice that
the previous work on surface depression has analyzed the

Fig. 4 Grain growth with GTAW
thermal process

(a)Base metal

@ Springer

effect of arc force on molten pool. The arc force at 80 kHz
was much larger than others. And, ellipsoid surface depression
can be used with such condition. During the analysis in this
paper, the results with 80 kHz would be compared with C-
GTAW. The melting status and fluid velocity would be men-
tioned as the important factors, which were used to evaluate
the fluidity of molten pool.

%+V-(pV) =Sm 2)
NVs) g pyry) = v - g s,

oh) o o
= 4V (pVV,) = uV? V}_—a—y +5,

% +V-(pVh) = kV?h + S, (4)

o) o)) O
JxB), = exp( (—2-) )| (12
(Bl = e P <2R2 P\, (-3)

arc

= o em((22))] (-2)

arc

Where,

ac  groove radius of arc plasma
arc length
x coordinate
y coordinate.

=R X

The arc force distribution was added at the axis as the plane
assumption was picked with C-GTAW. However, the effect
area was less than 0.2-mm depth because the arc force was too
little. With UHFP-GTAW, the surface depression occurred
with melting status; thus, the initial temperature was 1800 K
that was nearly the solidus temperature.

3 Results and discussion
3.1 Microstructure of the as-weld condition
After the thermal cycle of GTAW process, grain growth of Ti—

6Al4V was significant compared with base metal as shown
in Fig. 4. The average grain size increased from 5 pm to about

(b) Conventional GTAW (c) =80 kHz
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Fig. 5 Microstructure with
80 kHz (x200)

basketweave

acicular
9

(a) Fusion zone

170 wm. The macrostructure of the welds is divided into the
following regions: fusion zone (FZ), coarse-grained region
(CGR), fine-grained region (FGR), transition zone (TZ), and
base metal (BM).

With higher pulsed frequencies 80 kHz, the average grain
size was 164 um in the FZ that was a little bigger than others
during 20~40 kHz. Figure 5a—c shows the microstructure with
different regions of 80 kHz. The basketweave and acicular o’
can be found in the FZ, and the distribution density was still
large with more than 60 % that can be calculated by area
measurement with the metallographic photo (Fig. 5d).

Fig. 6 Microstructure with

50 kHz
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(d) distribution density of basketweave

However, the microstructural morphology in CGR was much
more different than that with previous frequencies. The distri-
bution of basketweave decreased, and long acicular o'
paralleled, among which short needle existed. In contrast with
30-kHz pulsed frequency [22], the amount of long acicular
morphology decreased significantly. Furthermore, the
basketweave in the CGR (Fig. 5b) was difficult to distinguish.
The basketweave was believed to have effect on preventing
the crack propagation. As a result, the microstructural mor-
phology mentioned above caused low resistance for cracking
in CGR with 80 kHz. Figure 5c illustrates the FGR, and the

(b) Coarse-grain region(x500) (c) Fine-grain region(x200)

(d) distribution density of basketweave
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result indicated the basketweave and short acicular o’ distrib-
uted in the field of view, which also meant that this region also
owned high resistance to crack. The fracture can be predicted
to happen near the CGR with 80 kHz.

With 50 kHz, the grain size was 12 % bigger than other
frequencies; however, it still decreases by 14.8 % compared
with C-GTAW. Figure 6 illustrates few basketweave or acic-
ular o’ distributed, although such basketweave can be found in
FZ with considerable distributing density. Even in FGR, it was
hard to verify obvious basketweave compared with other fre-
quencies, which meant that the backward or drop of micro-
structure happened with 50 kHz. Furthermore, it is known that
the basketweave can decrease the possibility of crack propa-
gation due to microstructure-induced crack deflection,
branching, and closure [23]. Hence, it can be predicted that
the joints’ properties would change at some frequencies,
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Fig. 7 Fluctuation of microhardness gradient
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Table 3  Tensile properties

No. Elongation 4/% Percentage of reduction of area Z/%
1 37 5.7
2 5.8 9.1
3 49 16.1
4 6.2 14.2
5 5.1 16.2
6 5.7 8.5
7 6.2 7.4

which inferred the low cracking resistance happened. As de-
scribed before, the effect of arc behavior on fluid metal was
enhanced, which would have impact on microstructures. As a
result, it was necessary to check whether the properties
changed in the region of more than 50 kHz.

3.2 Microhardness gradient

Microhardness gradient was supposed to check microhardness
gap between the measured positions nearby, which showed
how much different between them. Here, the paper defined
variable F to evaluate fluctuation of microhardness gradient
by Eq. 4. Big fluctuation (F) indicated that the large differ-
ences existed, and small fluctuation () pointed out the corre-
sponding little difference, which can be recognized as the
degree of similarity of the weld microstructure. Thus, the pa-
per used the variable F' to evaluate the uniformity of micro-
structure.

F = Gradient(i)—Gradient(avg) (6)
Where,
Gradient(i) microhardness gradient of certain parameter

Gradient(avg) average microhardness gradient of certain
frequency.
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Variable F is illustrated in Fig. 7. The average gradient was
calculated to be the datum. The fluctuation was obvious be-
tween C-GTAW and 10 kHz. But, all the data distributed
around the average gradient. It can be found that fluctuation
of microhardness gradient was smaller with 20~40 kHz than
other frequencies. Most of the data distributed around the
average gradient. However, when the frequency was more
than 50 kHz, F fluctuated significantly, and most data derivate
from the average gradient. The measured results coincided
with the changing of the microstructural morphology in
Sect. 3.1. And, more mechanical property tests were necessary
to check the effect of such frequencies and also the mechanism
of metallurgical process.

3.3 Mechanical properties
3.3.1 Tensile test

Table 3 shows the tensile properties of specimens. The tensile
strength maintained a relatively stable state with both conven-
tional and UHFP-GTAW process, which was approximately
equal to that in the BM. That demonstrated that the impact of
double circulation had little effect on tensile strength. During
the further study for ductility of joints, the results by C-GTAW
were regarded as the standard while analyzing. Elongation, 4,
and reduction of area, Z, were measured for ductility of
welding joints. Compared with C-GTAW, the elongation in-
creased by 32~68 % with 10-80 kHz. Meanwhile, the reduc-
tion of area Z increased with larger frequency below 40 kHz,
and by more than 180 % at most. The heat input of each
parameter was calculated. The results showed that with the
same welding current, 30 and 40 kHz can obtain one-double
side welds with lower arc voltage, which created less heat
input than C-GTAW. The uniform basketweave and short
acicular «’ martensite distributed in the FZ, which can de-
crease the possibility of crack propagation. However, the in-
creased ratio decreased when pulse frequency was more than
50 kHz again, which declared the reduction of area dropped
during high frequencies. The distribution of basketweave that
decreased in the CGR (Figs. 5b and 6b) can be recognized as
the reason.
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3.3.2 Fatigue life test

Fatigue life test was carried out for evaluating ductility of
welding joints by cycle N. And, the results are illustrated in
Fig. 8. Compared with C-GTAW, it was improved absolutely
with UHFP-GTAW, especially at 30~40 kHz. In that region of
pulse frequency, the fatigue lives were 18,287 and 17,791,
respectively, which were four times larger than that with C-
GTAW. However, it decreased when frequency was more than
50 kHz either, which displayed similar trend with reduction of
area.

Above all, the microstructural morphology and joint prop-
erties were beyond the trend with high frequencies. In that
region, the basketweave and short acicular &’ were undistin-
guished in CGR which was known as the hazardous area of
fracture. The microhardness gradient fluctuated significantly
that inferred the reduction of microstrutural uniformity. Fur-
thermore, the joints’ ductility dropped down with decreasing
fatigue strength, which demonstrated the low cracking resis-
tance. The experiments and tests produced the weak area of
pulsed arc welding process with microstructures and proper-
ties. Hence, the mechanism study was carried out below with
fluid in molten pool.
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Fig. 10 Thermal observation for the top temperature in molten pool
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Fig. 11 Fluid velocity in molten
pool (colored by velocity)
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3.4 Fluid of molten pool

The simulated molten pool and temperature distributions were
displayed with different welding methods, which are illustrat-
ed in Fig. 9a, b. Simulated work with 80 kHz has been
discussed in reference [24]. The results would be discussed
with the C-GTAW in this section. As little surface depression
with C-GTAW, plane assumption was used with the error less
than 2 %. Large depression was caused by the arc force with
UHFP-GTAW in Fig. 9b, and ellipsoid assumption was car-
ried out with error also less than 2 %.

With thermal observation, the temperature of 40 kHz in-
creased 35~120 K at 60 A average current level. The fitting
curves are illustrated in Fig. 10. The gap between C-GTAW
and 40 kHz was more than 60 K at welding start time. Then,
the top temperature increased to the max value and the gap
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(b) =80 kHz

reduced. When the arc began to move, both of the top temper-
ature decreased. Finally, it came to be stable with moving arc.
Notice that the results with 80 A cannot be captured subjected

Impact of double-
circulation

Fluid flowing
strength

Fig. 12 Conflux of two circulations
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to the accuracy of the imager and filter lens. With 80 kHz at
80 A, the paper predicted that there was the larger temperature
gap than 60 A. As known, the temperature distribution was the
key for surface tension gradient and viscosity, which affected
fluidity of molten pool. The large temperature gradient can
create large velocity of Marangoni convection and decreasing
viscosity, which was important for the fluidity. Such distribu-
tion revealed large energy density of heat input with 40 kHz
that was a benefit for metallurgical process and microstructure
growth. However, too large fluid velocity may cause weak-
ness of molten pool that would be discussed below.

The fluid statuses with C-&UHFP-GTAW are illustrated in
Fig. 11. C-1, Marangoni convection, was driven by surface
tension distributing around surface of pool, and C-2 by elec-
tromagnetic force (Fig. 11a) was the fluid with C-GTAW. The
results indicated that double circulation fluid can be ignored as
the little arc force. Except for the interface of liquid and arc
plasma, little velocity existed with less than 0.12 m/s. The
maximum value happened in the region of the arc force that
was up to nearly 0.36 m/s. And, the larger arc force had been
the main factor for the surface depression of molten pool with
80 kHz. The velocity of C-2 was 0.17~0.52 m/s with the
average more than 0.4 m/s. And, the maximum value also
happened in the region of the arc force that was 1.5 m/s.

In Fig. 11, the velocity of Marangoni convection was
1.2 m/s with C-GTAW. In contrast, with 80 kHz, it was
1.74 m/s during UHFP-GTAW that increased by 45 % than
former. On the other side, the velocity of C-2 increased by
more than 300 %. Thus, the fluidity of molten pool was im-
proved significantly with UHFP-GTAW according to the sim-
ulation results.

Furthermore, the average velocity of C-2 was less than
0.12 m/s with C-GTAW. It was just 10 % of C-1 (1.2 m/s)
by surface tension, and it could be ignored in some case. With
80 kHz, the velocity increased by 3 times as the effect of larger
arc force, and the average velocity was more than 0.4 m/s.
During UHFP-GTAW, the velocity of C-1 increased to
1.74 m/s, compared to which the velocity of C-2 was 25 %
of it. That meant that the velocity of C-2 took more portion of
C-1 with high pulsed frequency.

In the molten pool, Fig. 12 displays the conflux mentioned
above, where two circulations crashed together. With less ve-
locity of C-2, the effect of crashing between two circulations
can be ignored. However, the velocity of the two circulations
increased with more than 50 kHz significantly. That will en-
hance the strength of the crash. While the surface depressed
with large arc force, the impact of C-2 to C-1 became signif-
icant. The conflux obtained little fluidity although both circu-
lations 1 and 2 had larger velocity. The transferred heat flux
would slow down with liquid metal. As a result, the micro-
structural uniformity and temperature distribution would be
influenced. That can be recognized as the reason for the drops

of microstructure and joint properties with more than 50 kHz.

4 Conclusions

The drops of microstructure and joint properties were found
with experiments that indicated the backward exist during
some higher frequencies; however, it was also much better
than that with C-GTAW. The results supplied evidence with
metallographic study, microhardness, and mechanical tests.
With high frequency more than 50 kHz, the basketweave
and short acicular o' were undistinguished in coarse-grain
region where fracture happened frequently, which indicated
the lack of cracking resistance. The microhardness gradient
fluctuated more obviously, which inferred low microstrutural
uniformity. And also, reduction of area and fatigue decreased
that revealed worse ductility of joint. The mechanism study
was carried out, and the simulation was produced with arc
behavior. As lager fluid velocity driven by electromagnetic
force, double circulation can be found during pulsed arc
welding of Ti-6Al-4V, and the fluidity of molten pool de-
creased because of the crashing region, fluid conflux. The
conflux region of double circulation was at middle of the weld
cross section. And, the impact of two circulations was consid-
ered as the reason for changing of microstructural morphology
with higher frequencies of 50~80 kHz.
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