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Introduction
     Arc force is the main factor for arc
behavior during the arc welding
process, which is composed of
electromagnetic and plasma jet forces
(Ref. 1). The welding current has a
huge effect on arc behavior, including
the method of pulsed arc welding
(Ref. 2). With pulsed welding, the
electromagnetic force in arc plasma
changed with pulse frequency. Radial
and axial elements were also both af-

fected (Ref. 3). And radial force was
the key for the significant arc
constriction and stiffness. Simultane-
ously, the energy density of arc
plasma increased, and a large
penetration was obtained with the
pulsed arc welding process (Refs. 4,
5). The axial element was the one of
two main compositions of arc force
with axial electromagnetic force,
which was known as the reason for
surface depression of the molten pool
(Ref. 6). With the larger arc force, the

deeper penetration can be found with
the previous experimental results
(Ref. 7).
     Fluid and geometry of the molten
pool is important for weld appearance,
microstructure, and properties (Refs.
8, 9). And the surface deformation is
the key factor for the fluid and solidifi-
cation (Refs. 10–12). Large depression
on the surface is a benefit for the
molten process of base metal as more
direct heat input (Ref. 13). Meanwhile,
the arc force has a more significant ef-
fect for the liquid metal status (Ref.
14), which may also alter driving
forces in the molten pool. As known
previously, surface tension,
electromagnetic and plasma drag
forces, plus buoyancy are the driving
influences for the fluidity of the
molten pool (Refs. 15–17), which are
different with various materials and
surface deformation. As a result,
different welding methods and materi-
als will cause different surface depres-
sions. The reason for surface
depression is realized as composed
forces, such as surface tension, gravity,
arc force, and pressure in liquid metal.
And the depression happened in the
interface between arc plasma and
molten metal, which made it to be
complex. With a conventional welding
process, the previous results (Ref. 13)
indicated that the surface depression
caused by arc force was no more than
5% h (h is the thickness of the base
metal) that could be ignored (average
welding current Iavg < 110 A). The
error of penetration was less than 5%
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without surface depression during
simulation by stainless steel.
     Ultrahigh-frequency pulsed gas
tungsten arc welding (UHFP-GTAW)
created a much larger arc force that
caused significant surface depression.
With more than 20 kHz, the arc force
increased by 200% at least, compared
with conventional gas tungsten arc
welding (C-GTAW). The more obvious
surface deformation was made by the
large arc force that had a huge impact
on fluid status in the molten pool.
With simulation by stainless steel,
the arc force was added in the axis of
arc plasma under plane assumption.
The results indicated that double cir-
culation existed in the molten pool
with UHFP-GTAW. And such double
circulation was recognized as the rea-
son for increased penetration (Refs.
18–20). Also, fluidity and
temperature distribution,
respectively, were improved. The ex-
perimental results demonstrated the
larger arc force and penetration can
be found under titanium alloys (Ti-
6Al-4V) with UHFP-GTAW. With the
large arc force, the surface depression
will exist, which may be still
important for weld penetration and
geometry. In addition, titanium alloy
was paramagnetic so that its
magnetic permeability μm was substi-
tuted by μ0.

     The paper
produced the
study on surface
depression by
the arc force dur-
ing UHFP-
GTAW. The weld-
ing process was
carried out for
supporting
experimental re-
sults. The depression height would be
calculated that was the transient status
for simulation. Surface tension, gravity,
and liquid pressure were known as the
three key factors for mathematic calcu-
lation. The reason for penetration was
discussed with Ti-6Al-4V. The study
will also analyze the fluid and tempera-
ture distribution with depression
caused by arc force.

Experimental Procedure

Welding Experiments

     Ti-6Al-4V titanium alloy was the
base metal with dimensions of 100 ×
60 × 2.5 mm. Under UHFP-GTAW, the
switch frequency is 20~80 kHz with
current upslope/downslope rate
(di/dt) more than 50 A/μs. The
schematic welding currents are
illustrated in Fig. 1. In the figure, Ib is

the background current and Ip is the
pulsed current. The times of the back-
ground and pulsed currents are tb and
tp, respectively; as a result, the pulse
circle time is represented as T = tb + tp
and the frequency f = 1/T. The duty
cycle of the pulse duration is deduced
to be δ = tp/T.
     The parameters of the pulsed
current are shown in Table 1. The elec-
trode radius was 1.2 mm and made of
2% cerium and 98% tungsten. The dis-
tance between the electrode and the
workpiece was 3 mm. Metallographic
specimens were prepared using the
etchant HF:HNO3:H2O = 3:10:100.
The microstructure of the welds was
captured by Olympus BX51M.
     Figure 2 shows the measurement
apparatus for the arc force during the
welding process. The data of arc force
transported from the sensor to acqui-
sition card and then displayed by soft-
ware with a changing curve of the arc

Fig. 1 — Schematic welding currents.

Fig. 2 — Measurement apparatus for the arc force during the weld
ing process.

Table 1 — Parameters of Welding Process for Ti6Al4V Titanium Alloys

Experiment No. Ib/A Ip/A f/kHz δ (%) Argon (99.99%) qc /(L∙min–1) Welding Speed v/(mm∙min–1)

Torch Trailer Back 

1 80 — — — 15 20 5 150
2 40 100 20 50 15 20 5 150
3 40 100 40 50 15 20 5 150
4 40 100 60 50 15 20 5 150
5 40 100 80 50 15 20 5 150

YANG SUPP AUGUST 2014_Layout 1  7/14/14  5:01 PM  Page 313



WELDING RESEARCH

WELDING JOURNAL / AUGUST 2014, VOL. 93314-s

force during the welding process. The
trestles under the workpiece made the
distance between the arc plasma and
sensor, which was helpful for eliminat-
ing electromagnetic interference. The
measured results for every group of
parameters were captured at least
three times.

Calculation and Simulation

     Surface depression caused by the
arc force during UHFP-GTAW was cal-
culated with surface tension, gravity,
and liquid pressure. The conditions of
the computing process are discussed in
the results section. The depressions
with different parameters were the ev-
idence for simulation of the molten
pool. Physical properties of Ti-6Al-4V
are displayed in Table 2. The heat flux
on every boundary was zero except for
surface depression.
     A 2-D model with surface
depression was produced for transient

status under the effect of arc force
that is illustrated in Fig. 3. It would be
carried out in the discussion section to
explore the accuracy with 80 kHz. The
quad elements with submap type were
used for grid mesh. The calculation
scale was 10 × 2.5 mm with 2860
nodes, 2725 quadrilateral cells, and
5316 mixed interior faces. The
assumptions were as follows:
     • The liquid in the molten pool
could be recognized as viscous, incom-
pressible, laminar fluid;
     • Density variations follow the
Boussinesq approximation;
     • The parameters of material are in-
dependent of temperature except for
specific heat capacity, thermal conduc-
tivity, viscosity, and surface tension
coefficient.
     The heat input followed Gauss dis-
tribution that was represented in
Equation 1. As described in Ref. 3,
there is a mathematical correlation be-
tween the radius of arc plasma and
pulsed frequency. Thus, the character-

istics of UHFP-GTAW would be repre-
sented with various radiuses.

     Where Q = heat input; η =
efficiency; U = average arc voltage; I =
average welding current; Rarc = radius
of arc plasma; and r0 = radius of
random position under arc plasma.
     Driving forces, such as surface ten-
sion and buoyancy, were known as
the source term by the momentum
equation of x/y direction. And inter-
dendritic flow force was regarded as
the source term that was indicated by
function y = f(fl), in which fl was rep-
resented as Equation 2. The model
follows the mass conservation equa-
tion, momentum conservation equa-
tion of the x/y direction, and the en-
ergy conservation equation. The elec-
tromagnetic force was the source
term of momentum conservation in
both x and y directions with Equation
3 that could be product from the
power J × B. The derivation of
electromagnetic force with 2-/3-D
model has been studied by several
scholars over the years (Refs. 24, 25);
thus, it is not provided in this paper.
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Fig. 3 — A 2D model with surface depression for simulation.

Table 2 — Physical Properties of Ti6Al4V

Physical Properties Value

Liquidus temperature T1(K) 1928
Solidus temperature Ts(K) 1878
Liquid density ρ (kg/m3) 4300
Liquid viscosity μ (kg/ms) 0.0049
Solid phase effective thermal conductivity ks (J/ms∙K) 5.4
Liquid phase effective thermal conductivity k1 (J/ms∙K) 15.9
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 dγ /dT (N/mK) –0.00028
Thermal expansion coefficient β (K1) 1.1 × 10–5

Magnetic permeability μm (N/A2) 1.00005
Magnetic permeability of vacuum μ0 (N/A2) 1.26 × 10–6

Melting heat L (J/kg) 3.57 × 105

Surface tension σ (mN/m) 1650
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 Where Ts = solid phase
temperature, Tl = liquid phase temper-
ature; fl = 1 in the liquid phase region;
0 < fl < 1 in the solid-liquid region; fl =
0 in the solid phase region.

     Where Rarc = groove radius of arc
plasma; h = arc length; x = x
coordinate; and y = y coordinate.
     The boundary of surface
depression was the interfere between
gas and liquid. The velocity of depres-
sion was driven by surface tension or
Marangoni convection that could be
derived with temperature coefficient
dγ/dT. The heat flux distribution fol-
lowed the heat input of welding. And
the initial temperature of surface de-
pression T0 = 1700 K as the
depression happened during the
melting process. Heat insulation was
used at the other boundaries; thus,
heat flux at the axis and edge were
both ∂φ /∂y = 0, and similarly, the
surface and bottom were ∂φ/∂x = 0.

Results

Calculation Process

     During the welding process, molten
metal owned the free surface — Fig.
4. It was the interface of liquid metal
and arc plasma where the force
balance happened. Arc curve assump-
tion was carried out for volume
approximate calculation; thus, virtual
radius R equaled the distance from
the center O to the interface. The
mathematic correlation between an-
gles and scales was represented in
Equation 4, from which virtual radius
R can be described with Equation 5.
     Where R = virtual radius of virtual
sphere; h = depth of surface
depression; r = radius of weld (half of
width); θ = half angle of spherical
cap; and α = half corner of spherical
cap.

     Further, the surface depression of
the molten pool can be recognized as
the spherical cap of the virtual sphere
that is illustrated in Fig. 5. The
volume of the spherical cap is repre-
sented with Equation 6. The gravity
of squeezed liquid can be deduced fol-
lowed by Equation 6.

     The force balance happened on the
interface of the liquid metal and arc
plasma that is illustrated in Fig. 6.
The arc force was the main
component downward in axis. On the
other side, the surface depression had
caused some volume of liquid to be
squeezed out. The feedback of such
liquid metal would own reversed
gravity opposite to the arc force. The
pressure of liquid had the same effect
with gravity. And the surface tension
made drag force through the liquidus
line, which was also upward against
the arc force. Integrating Equations 5
and 6, the function of resultant is
represented in Equation 7.
     Where φ = half random angle of
the spherical cap.
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Fig. 4 — Geometry of surface depression in the molten pool. Fig. 5 — Spherical cap of the virtual sphere.
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     Where F = arc force; G = gravity of
squeezed liquid metal; P = liquid pres-
sure; S = surface area; and σ sum =
sum of surface tension on the
liquidus line.
     The zero solution of Equation 7
meant force balance in the interface.

The approaching curve was produced
for the solution process, and the
results were illustrated in Fig. 7 and
Table 3. With conventional GTAW, the
surface depression was 0.11 mm,
which was just about 4% of thickness
(2.5 mm). As a result, the surface de-
pression could be ignored during the
conventional welding process that had
been mentioned in the introduction.
     Table 3 also displayed the
correlation between the arc force and
surface depression. The results
demonstrated that surface depression
increased with the arc force, which had
the same trend following by pulsed
frequency. A larger arc force with
UHFP-GTAW caused the bigger
depression h, which was a benefit for
larger weld penetration. From
previous work, compared with conven-
tional GTAW, the weld width
decreased by more than 12% and by
35% with more than 70 kHz.
Meanwhile, the depth and penetration
rate increased, respectively.
     Above all, arc force with UHFP-
GTAW had been enhanced that caused
surface depression in the molten pool.

The depth of depression was
calculated with the resultant, and the
results indicated that a larger arc force
caused deeper depression, which had
been proved by the experiments.

Discussion
     First of all, the calculation process
in the results section ignored the
effect of gas shear on the surface
depression. Historical research
demonstrated the effect of a higher
current level (> 200 A) was significant
on the plasma jet force with a huge im-
pact on the molten pool (Ref. 26).
However, the average current for the
study is less than 100 A. As a result,
compared with surface tension, the
drag force of gas shear was not
referred in this study.
     Secondly, in the results section, the
discussion above was under the condi-
tion of h ≤ R, which was available for
most of the normal conditions. That
indicated an angle of spherical cap 
was the acute angle. And h = R was the
critical condition with Equation 8 that
indicated critical depression was deter-
mined by the arc force.

     The condition of h > R (angle of
spherical cap θ > 90 deg) could be dis-
cussed with Fig. 8. According to the
principle of triangle, there should be
such conservation as shown in Equa-
tion 9. That indicated the virtual ra-
dius R still followed Equation 5; thus,
the condition of h > R can be written
as h > r. Similarly, the function of
forces and its first derivative are rep-
resented in Equations 10 and 11, re-
spectively. With calculation, f′(h) < 0
can be gained, which proved Equation
10 was also a monotonic function.
The radius r in this study belonged to
[1.3, 2.08], which demonstrated the
only one zero solution h[0] for it. This
condition had been checked with a
limited value that was the depression
equaled thickness of base metal. The
results demonstrated that f(2.5) =
5.513 > 0, which meant the zero solu-
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Table 3 — Approaching Results of Surface Depression

Pulsed Frequency Arc Force Weld Width Weld Depth Penetration Rate Surface Depression 
f/kHz F/mN B/mm H/mm φ/% h/mm

0 1.79 4.16 2.29 55.1 0.12
20 4.19 3.1 1.75 56.5 0.31
40 7.00 2.77 1.85 70.1 0.53
60 8.84 3.21 2.15 67.0 0.67
80 16.06 2.59 2.06 79.5 1.63

Fig. 6 — Force balance on the interface.
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tion was out of effective region. The
assumption of h > R was not
available.

     Furthermore, with pulsed
frequency f = 80 kHz, surface depres-
sion equaled 1.63 mm > 1.33 mm
(R[h80 kHz]) that was in the region of h
> R. It was described above that the as-
sumption of h > R was not available.
That demonstrated the arc curve
assumption was ineffective with 80

kHz. An ellipsoid cap would be more
accurate under the condition of the
larger arc force that was illustrated in
Fig. 9. With ellipsoid assumption, de-
pression can be more than the radius
when the angle of the spherical cap 
was acute angle. As a result, the ellip-
soid molten pool geometry can be the
reason for large depression with 80
kHz.
     A surface depression with 80 kHz
was used for the 2D model. The tran-
sient status of the molten pool was
discussed with the molten condition,
fluid convection, and temperature dis-
tribution; those are illustrated with
Fig. 10A–C. An ellipsoid cap assump-
tion was used.
     Figure 10B displays the fluid status
during the welding process. Compared
with simulated results by stainless
steel, double circulation also exists
with surface depression in the molten
pool. The clockwise circulation was
driven by surface tension that was still
the most important factor for fluidity
of the molten pool. The maximum ve-
locity of it reached up to 1.74 m/s. On
the other side, counterclockwise circu-
lation was found near the bottom of
the surface depression. That was
driven by electromagnetic force as de-
scribed in the experimental procedure
section.
     Further, except for the surface
depression, the larger arc force also
caused a huge impact with 80 kHz,
which made the impulse to the liquid
metal. And the impulse could push the
fluid downward to the bottom. Such im-
pulse would follow the distribution with

the original line distribution
represented as Fr = Fpeak·exp(-a|r|) for
the 2D model. As a result, the
maximum impact by arc force happened
near the axis of the arc plasma that was
meaningful for the surface depression
of the molten pool. As described before,
various depressions were recognized as
the important reason for the
distribution of counterclockwise circula-
tion that was driven by electromagnetic
force. However, the average velocity of it
was up to 0.522 m/s, which was much
less than clockwise circulation (1.74
m/s). This result demonstrated the
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Fig. 7 — Solution curve of the force balance function. Fig. 8 — Geometry with the condition of h > R.

Fig. 9 — Ellipsoid cap assumption of the
surface depression.
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dominance of surface tension about
fluid velocity status.
     The temperature distribution of the
molten pool is illustrated in Fig. 10C,
which indicates the spread speed of
temperature was little as low thermal
conductivity. This result also proved
the significant grain growth of
titanium alloys that had been known
in the research field (Refs. 23, 27, 28).
Further, the downward heat input
made a high temperature at the
bottom that was believed for large
penetration. And it was the main
effect of the arc force on the surface
depression of the molten pool.
     Figure 11 indicates the pressure con-
tour of liquid metal. The maximum
value (6.56 kPa) happened near the
edge of the weld that was also the edge
of the surface tension driving area. In
contrast, the pressure at the bottom of

the surface depression (1.91~4.57 kPa)
was about half less than the edge. That
demonstrated the importance of
surface tension for the fluidity of the
molten pool, which had been proved
with velocity previously. And the pres-
sures at the bottom and the edge of de-
pression were caused by the arc force
and surface tension, respectively. Simul-
taneously, significant pressure distrib-
uted at the bottom of depression
indicated the effect of the arc force and
also the impulse of arc plasma.
     In addition, the area of liquid pres-
sure was actually arc surface, and it
was recognized as plane instead in the
results section. The discussion below
will check the availability of plane as-
sumption. The area of plane was writ-
ten as π r2, compared with it, the area
of spherical cap was 2 πRh. Similarly
to Equation 7, the function of result-
ant is represented as Equation 12.
With the same approaching analysis,
the depressions of different
parameters can be obtained as 0.12,
0.3, 0.53, 0.67, and 1.54 mm, respec-
tively.

     Compared with Table 3, the error
was less than 3.2% during 0–60 kHz,
and the maximum error was less than
5.5% at 80 kHz. That meant the differ-
ence between arc surface and plane as-
sumption would be little when study-
ing liquid pressure. That is also the
reason for using plane assumption in
this research.

Conclusion
     1. The high-frequency pulsed arc
welding process created the larger arc
force and penetration. The arc force
caused surface depression of the
molten pool that pushed the heat
source downward to the deep. As a re-
sult, the fluid status and geometry of
the molten pool would be changed.
     2. The depression can be calculated
with the resultant. Arc curve assump-
tion was used for normal conditions
(0~60 kHz), and the surface
depression increased with pulsed fre-
quency. The conditions with acute
angle of the spherical cap were known
to be accurate. With a larger arc force
(80 kHz), the assumption was
improved to ellipsoid that condition
guaranteed θ > 90 deg.
     3. Ellipsoid assumption was used
for simulation with 80 kHz. Surface
depression improved the penetration,
although the low heat conductivity of
titanium alloys, which was
inconsistent with the experimental re-
sults. Double circulation displayed in
the molten pool was caused by electro-
magnetic force and surface tension.
The velocity demonstrated the impor-
tance of surface tension with a max of
1.74 m/s. Compared with it, the veloc-
ity of circulation by electromagnetic
force was up to 0.522 m/s that proved
the effect on penetration.
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Fig. 11 — Total pressure distribution in
the molten pool.

Fig. 10 — Transient status of the molten
pool (80 kHz). A — Molten pool; B — fluid
velocity vectors; C — temperature distri
bution of the molten pool.
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