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Abstract: To study the impacting mechanism of variable polarity frequency (VPF) on the weld pool stability in variable polarity
plasma arc welding (VPPAW), the thermal-mechanical coupling process of the keyhole weld pool was analyzed by a variable-polarity
finite element model. The model was developed based on the computational fluid dynamics (CFD), which can realize the periodic
variation of thermal and mechanical effects of variable polarity arc on the weld pool. Moreover, in order to more accurately express
the heat and force distribution on the keyhole boundary along the keyhole depth, the secondary compression effect of the keyhole on
heat flux and arc pressure was taken into account. The thermal-mechanical “oscillations intensity” on the keyhole boundary and the
force balance of the molten bridge were compared at different VPFs. The results show that the “oscillation intensity” of the arc
pressure, heat flux and the flow velocity on the keyhole boundary decreases with increasing the VPFs during the keyhole formation.
In addition, the variation of the temperature field in the weld pool caused by different thermal-mechanical oscillations results in the
change of surface tension and the force balance condition of the molten bridge is changed, which affects the keyhole weld pool
stability. When the VPFs are more than 33 and less than 83 and the duty radio of current in EP phase is 1/5, the thermal-mechanical
“oscillations intensity” on the keyhole boundary is weak, and the molten bridge can stay force balance in the critical state of being
penetrated, so the weld pool can maintain stable. When the VPFs are less than 33, the “oscillations intensity” is strong and the force
balance of the molten bridge is broken, and the weld tends to be cut. If the VPFs are more than 83, the weld pool is unstable due to the
broken force balance of the molten bridge although the “oscillations intensity” is weak. Finally, the accuracy of the developed model
was verified by the comparison of the fusion zone, the keyhole penetration time and keyhole dimensions on the backside of the weld.
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VPPAW has great application potential in aluminum alloys
welding, which can be used to realize the double-sided
formation through single-sided welding, and the oxide film on
the surface of aluminum alloy can be cleaned by cathode
atomization'!. VPPA vertical welding is regarded as a primary
welding technique for many important structural components
in space and aeronautics™. Yao et al proposed that the
welding process of FSW, VPPA and VPTIG can be applied
comprehensively to realize the weld with low stress, nearly no
distortion and military defects of the key structure of
propellant tank. However, the stability of the keyhole weld
pool is poor, resulting in a much narrower parameter window
compared to conventional methods.
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With the typical asymmetric square waveform of the
welding current, the outstanding feature of VPPAW is that the
negative and positive polarity current, time and plasma gas
flow can be adjusted independently. Due to the complexity of
its physical process, the research on VPPA keyhole vertical
welding of aluminum alloy mainly adopts experimental
method, and the theoretical analysis is less. Han et al® studied
the characteristics of arc stability and energy transfer in
VPPAW. Scholars®® reported the influence of welding current
and plasma gas flow rate on weld formation. In these
experimental studies, the VPFs between 40 and 48 were
recommended, but the impacting mechanism of VPF on weld
pool stability has rarely been reported.
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In VPPA welding process, the arc during EN phase acts on
the center of the weld pool to achieve deep and narrow
penetration. The heating area of the arc in EP phase is larger
than that of EN phase”. VPPA switches the positive and
negative polarity at high speed under high constraint state,
which will cause the thermal-mechanical oscillation on the
keyhole boundary. The variable polarity time has a great
influence on the central arc pressure and the excessive central
pressure will destroy the weld pool stability™”. Pei et al'"
confirmed that the temperature distribution at the time of
penetration is the decisive factor affecting the stable forming
of arc striking. However, the weld pool involves complex
thermal-mechanical coupling process. Obviously, it is not
comprehensive to analyze the weld pool stability from the
point of central arc pressure or temperature distribution of the
weld pool alone.

The oscillation of heat flux and flow velocity at the keyhole
boundary is difficult to detect with the current detection
methods. In recent years, numerical simulation can be used to
understand the mechanism and physical interaction of various
welding processes!'”.
stainless steel, the shear force is the dominant driving force

for the weld pool flow, and the keyhole dimension has a clear
[13,14]

In plasma arc welding (PAW) of

effect on metal flow which contributes to targeted
stability control. However, due to differences in material
properties and arc output, the keyhole weld pool dimensions
and flow pattern of the VPPA welding of aluminum alloys are
different from those of the PAW of stainless steel"”'”. Yang et

I8

analyzed the material flow behavior in the weld pool
during the keyhole evolution of aluminum alloy with 6 mm
in thickness. Nevertheless, the variation in heat and force
output of the arc in EN and EP phase was ignored in
modeling. The keyhole has secondary compression effect on
heat flux and arc pressure in PAW process'*'"”. However, the
above studies did not consider the keyhole secondary
compression effect.

In this work, a variable-polarity model was established,
which realizes the heat and force variation of the VPPA and
the secondary compression effect of keyhole on heat flux and
arc pressure. The impacting mechanism of VPF on the weld
pool stability was revealed from the perspective of thermal-
mechanical oscillation at the keyhole boundary and the force
balance of molten bridge.

1 Experiment

The VPPA vertical welding system is schematically
shown in Fig. 1, which consists of a welding power source
(VPPA-3), plasma arc welding torch (PAW-300), water-
cooling facility, automatic wire feeder and high-speed camera
(Red Lake Y4) etc. The workpiece employed was a 2A14
aluminum alloy (AA2A14) with a dimension of 120 mmx60
(lengthxwidthxthickness). The welding
parameters are summarized in Table 1P. The chemical
composition of the base metal and wire™"*"
Table 2.
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Fig.1 Schematic diagram of experimental setup

Table 1 VPPAW process parameters'

Parameter Value Remark
I1/A 180 Preheating current
ty/s 2 Preheating time
T/ p 240/280  Current in EN and EP phase
o/ (tan + 1) s Duty' radio of current
in EN phase
30/6 Case a
25/5 Case b
ten/tep 20/4 Casec
1072 Case d
5/1 Case e
O/L-min”! 3 Plasma gas flow rate
Q./L-min’"' 15 Flow rate of shielding gas
v/mm-min”' 120 Welding speed
v,,/mm-min”! 2.8 Wire feeding speed
Upi/Us 26/30 Arc voltage in EN phase
and EP phase
d/mm 4.0 Nozzle diameter
o 6 Distance from torch

to workpiece

Table2 Chemical composition of AA2A14 and ER4043 (wt%)""?"!

Material  Cu Mg Mn  Fe Si Ti  Zn Al
AA2A14 3.9~4.8 0.4~0.8 0.4~1.0 <0.7 0.6~1.2 <0.15 <0.3 Bal.
ER4043 <03 <0.05 <0.05 <0.8 4.5~6.0 <0.2 <0.1 Bal

2 Modeling and Simulation Consideration

2.1 Model description

The related physical parameters are shown in Table 3. The
mathematical model was developed by introducing the
following assumptions.

(1) Molten metal is considered as a laminar incompressible
Newtonian fluid affected by the plasma arc pressure, surface
tension, electromagnetic force and gravity™™.

(2) A Boussinesq approximation was used to treat the

buoyancy term .
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Table 3 Nomenclature

Symbol Physical interpretation
TJ/K Solid temperature
T/K Liquid temperature
T /K Boiling temperature
Ty/K Reference temperature
o Magnetic permeability
/A Welding current
o/m Current distribution parameter
hy,/m Keyhole depth
G Adjustment factor of the arc pressure
r/m Radius
r,/m Plasma arc radius on the workpiece
ry/N-m>K™! Temperature coefficient
h/W-m™>K! Convective heat transfer coefficient
o/W-m?-K' Stefan-Boltzmann constant
e Radiation emissivity
L /I kg Latent heat of fusion
CPJ'kg" K Specific heat
X, y, z/m Coordinate of x, y and z axes
L/m Workpiece thickness
K/W-m™ k™! Thermal conductivity
my, my, f1, /> Energy distribution coefficient

(3) The thermal conductivity, specific heat, surface tension
and viscosity are related to temperature, whereas the other
thermo-physical parameters are constant™".,

The continuous equation™ can be expressed through Eq.(1):

aplat +V - pv =10 )
where p is the mixture density, ¢ is the time, v is the velocity
vector.

The momentum conservation equation”™ in the x, y, z
directions can be written as follows:

pliau+uau+vau+wau:|—ap

ot 0x ady ow 0x
+ S 2)

X

2 2 2
W(Mﬁuﬁu

+ S, 3)

axt ot ozt @
where u, v, and w are the velocity in x, y, and z directions,
respectively, p is the mixture density, and u is the viscosity.
The momentum source terms S, S, and S, can be expressed
as follows:
S, =A.+F, )

S, =4, +F, (6)

S,=A4,+F, +P,/ (7)
where 4, 4, and 4, are the momentum loss in the solid-liquid
two-phase region; F, F,, F, are the electromagnetic force in
the x, y and z direction, respectively; P,’is the arc pressure.

The momentum loss of a solid-liquid zone is treated by an

[27]

enthalpy-porosity technique“”, and calculated as follows:

A=Ay (1= BYul (B2 +8) ®)
A, = Ay (1= BV + ) ©
A= A (1= B)W (S + &) (10)

where A, is the mushy zone constant, f is the volume
fraction of the liquid phase, and ¢ is the non-zero decimal
denominator. The relationship between £ and temperature 7 is
shown as follows:

0, T<T,

p=1L
(T~ T)/(T,~ T)),

T>T, (11)
I,<T<T

The electromagnetic forces are expressed as follows:

)[l—exp<— : )]ajff (12)

7

20/2

tol?
F =- exp (—
Y Anto’r p(

2
2
. 20j

F =- Hol” exp (- r )|[1-exp (- r’ ) (17£)2X (13)
7 41r20j2r P 20'j2 P 20-].2 L’ r
ﬂolz r r? z
F.=- exp (— 1-exp (- 1-— 14
i Xp ( 20/_2)[ xp ( 20/2) ( L) (14)

where r=(x+1)"".

The energy conservation® can be expressed through
Eq.(15):
oT oT oT oT
pcf’[m+u<9)c+v(9y+W82]
(15)

9  or. o9 T o aT
= (k) (k= )t (k) + 8+
ax Kax )Ty (K gy )ty (R )+ SutsS,

where S, is the energy change caused by the liquid phase
T

transition and S, = href+J' CpdT + AH in which AH =
TU

PL. 1. 1s the reference enthalpy; S, is the heat source.
2.2 Keyhole tracking

A two-phase (gas and aluminum alloy) flow model was
used™.

AF/at+(V-v)-F=0 (16)
where volume fraction function =1 corresponds to cell that is
full of metal fluid, while F=0 corresponds to cells without
metal fluid. Cells with F between 0 and 1 locate in the free
surface.

2.3 Boundary conditions

The plasma/liquid interface is free surface, on which the

normal pressure balance is expressed as follows"™:

-

av, , 1 1
_P+2ﬂ.§=_Pa+y.(R7+R7) (17)
1 2

where P is the liquid pressure in the normal direction, x is the
dynamic viscosity, P, is the improved arc pressure, v, is the
velocity vector, R, and R, are the principal radii of curvature
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of the free surface, 7 is the normal component, y is the surface
tension which is adopted using the continuum surface force
(CSF) model ™ and calculated as follows"*:

0.825 T=T,

= . (18)
0.825 - 0.5 x 10T T,<T<T,

Y
where T'is the real-time temperature of the weld pool.

In consequence of the variation of surface tension
coefficient with temperature gradient, Marangoni shear stress
7, at the free surface can be described as follows:

v, d T

U 0O W

on dT  9s

where 5 is the tangential component of the free surface.

(19)

Fig.2 shows a schematic diagram of the surface boundary,
the conditions are set as indicated in Table 4, where 97/dn is
the temperature gradient, 47/0y is the variance ratio of
temperature along the y axis; du/dy and ow/dy are the velocity
variation rates along the y and z axes, respectively. The actual
heat dissipation is simulated by setting the heat transfer
coefficient and thermal emissivity.

2.4 Heat input during VPPAW process

Fig.3 shows that the arc distribution range in the EN phase
is more concentrated than in the EP phase, which is caused by
the gradual cleaning of the oxide film from the center to the
periphery of the arc.

Here, periodic variable heat source distribution parameters
and thermal efficiencies are used to realize the output heat
variation of the VPPA arc. The combined heat source model is
schematically shown in Fig.4.

The heat source model S, consists of a double ellipsoid
heatsource™ on the top and a logarithmic curve rotating body
heat source with linearly increasing peak value”' below. The
asymmetry of the double ellipsoid heat source distribution

12«/§U1m111f1 -3x2 *3y2 -3
= exp ( 2 b2 B 2
h Cp

ny T abe ag

123 Ulm, nf, 32 -3y 32
= Xp( 2 B b 2 B 2
h Ch

q. €
n T abc a,

(ENphase: /=1, U=U,,n=13y,a,=a

en?

q¢ )

)

ren?

ep> rep> “f
where a a,b,,c, are the distribution parameters of the
double ellipsoid heat source.

The heat flux distribution of the curve rotating body heat

l-x  1-x 3r?

Fig.2 Schematic diagram of the surface boundary

Table 4 Surface boundary conditions

Boundary Momentum Thermal energy

EFNM v=0 k(8T/on) = —h, (T-T,)—oe(T*~T;)
CDLK v=0 k(8T/on) = —h, (T-T,)—oe(T*~T;)
CEKM v=0 x(aT/on) = ~h (T-T,)
KLNM v=0 x(aT/on) = ~h (T-T,)
DFNL v=0 xk(aT/on) = ~h (T-T,)
v=20
ABHG uldy =0 aT/ay =0
awlay =0

exactly reflects the asymmetry of the weld pool caused by
gravity. The logarithmic curve rotating body heat source
model with linearly increasing peak value can meet the
characteristics of increasing heat flux along the thickness
direction due to the secondary compression of the keyhole.

The heat flux distribution of the double ellipsoid heat
source is described as follows:

x>0, -0.006<z<0

x<0,-0.006<z<0 (20)

af = afen’ bh = bhen’ Ch = Chen)

(EPphase: I =1, U= U, = 1, @, = Ay, @y = Qgyyr by = by €, = Cpepy)

source model with linearly increasing peak value can be
described by Eq.(21).

z

qv:QO( z Ze+l)exp(7

z,~ z;

where z, and z, are the z coordinates for the top and bottom
heat source surface, respectively; ¢ is the adjustment

=7

e_ i e i l +
( Inz, - Inz, e
3UInm
0, = |- : )
—e)|—S (4+B+O)+(1 - —2
n(l - e?) — (A+B+C)+(1 Pl
(EN phase: I = Icm U= Ucn’ ’7 = 7/011’ m2 = mZCn’ rc = rccn’ ri
(EPphase: [ =1, U= U, 11 = Ny My = My, o = Ve 1V = 1

) -0.012 < z < -0.006
rinz, - r.Inz,
Inz, -~ Inz,
€2y
)
)

coefficient of heat flux density along the thickness direction of
the workpiece; 4, B, C, and D are the calculation coefficients.
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Axis line
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Fig.3 Captured arc shape in the EN (a) and EP (b) phases
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Fig.4 Schematic diagram of the heat source distribution in the EN
and EP phase

The heat source distribution parameters are initially
determined according to the size of the weld pool. Fig. 3
shows that the distribution range of the arc in EP phase is
about 1.5 times larger than that in EN phase. Thus,
Ay = 15010 Dy = 1.5b400 Crop = 1.5Ckens Tegp = 157 s 7

1.57,,. The heat source distribution parameters are finally
(32)

iep =

determined though debugging. Han

phase is twice as efficient as EN phase. Namely, 2U, /.7, =

U1
The average efficiency is 0.55 used in Ref.[21], so, here set

N = 0.66 and 77, = 0.44.

2.5 Arc pressure for VPPAW process

et al proposed that EP

and 7., = 1.59,.

epnep

The arc pressure model was always developed as follows™:

_ NG 1 ¢

+
Yo4An? (rzz—rlz)

P

,rz
€X

20} p( 20} )

’ (22)

(EN phase: I= [cm rl T lens Iy = chn)

(EPphase: [ = 1,7, = 71, 7 = T'ip)

ep> ' 1

where 7, and r, are the plasma arc radii on the workpiece and

at the nozzle, respectively.
Wu proposed that the keyhole has secondary compression

0419 Assuming

effect on heat flux and arc pressure in VPPAW
that the keyhole begins to appear at time of 7, and is
penetrated at time of #,. The arc pressure model P, can be

improved as follows:
h
Py=P,x(1+ ("))t <1< 1y,) (23)

where ¢ is more than zero and less than one and is introduced
to consider the variation of the arc pressure with the change of
weld pool depth, Cj is introduced to consider the influence of
different VPF on the arc pressure.

The arc in EP phase is gradually divergent due to cathode
cleaning. The divergence time is shortened with increasing the
VPF. In addition, the thermal inertia of arc makes the change
of arc lag the change of current, which further shortens the
expansion time of the arc. So, the arc distribution range in EP
phase is reduced. Cong™ et al reported that arc is essentially a
kind of gaseous conductor composed of charged particles, and
there is interaction force between the charged particles. With
increasing the VPF, the increased force between particles
makes the arc contracted. Here it is assumed that the
distribution parameters of heat source and arc pressure
decrease linearly by 0.05 times with increasing the VPF.

2.6 Simulation consideration

The size of established computational domain is 30 mm in
length (x-axis), 15 mm in width (y-axis) and 16 mm in
thickness (z-axis), which is divided into three layers, namely
air layer, metal layer and air layer from top to bottom. The
thickness of the air layer and the metal layer is 2 and 12 mm,
respectively. The minimum mesh size is 0.3 mm. The
governing differential equations are solved by the PISO
algorithm. The convergence criteria for the sum of the
normalized residues have been set to be 10~ for the continuity
and momentum equations and 10° for the energy equation.
The time step of 5x10° s was used to track the keyhole
accurately. The main thermo-physical properties of AA2A14
are set in Table 5.

3 Results and Discussion

3.1 Simulation results

Fig.5 shows that the arc pressure of the weld pool in EN
phase is larger and more concentrated than that of EP phase,
and the peak value of the arc pressure generally decreases
from 7930 Pa to 6020 Pa and from 7110 Pa to 5820 Pa in the
EN and EP phase, respectively as the VPF increases (here, a
complete variable-polarity time period corresponding to 2.5 s
is taken for comparison). The range of arc pressure values is

B4 which confirms

basically consistent with the study of Han
the accuracy of the arc pressure model. What’s more, the
difference become smaller (from 820 Pa to 200 Pa) as the VPF
increases.

The contours of the heat flux distribution on the weld pool
show that the peak value of the heat flux in EN phase is larger

and more concentrated than in EP phase, and the difference
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Table 5 Thermo-physical properties of AA2A14"*

Parameter Value Temperature/K

838 646

Cikg K 880 746
P

964 846

1090 946

168 646

WW-(mK)" 176 746

180 846

180 946

w/*x10” kg-m™-s™ 118 3

1.0 973

0.8 1023

40 300

h/W-m* K 00 200

80 800

80 1000

becomes smaller (from 4x10° W-mm™ to 9x10° W-mm?) as
the VPF increases.

Fig. 6 shows that the flow velocity in EN phase is higher
than in EP phase, and the flow velocity decreases and the

[

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 7930

Case a-EN

-0.002
-0.004.
E-0.006
-0.008
-0.01

-0.012
-o.

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7250
Case b-EN

-0.002
-0.004
£-0.006

8=
§-0.008
-0.01
-0.012
-6 -0.01  .0.005 ]

0.005 0.01

|
1500 2000 2500 3000 3500 4000 4500 5000 5500 ANNN ARAN
Case c-EN

1000

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6070 6200
ase d-|

-0.002
-0.004
£-0.006
=
§-0.008
-0.01

-0.012
ko

0.005 0.01

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6020

Case e-EN

difference becomes smaller with increasing the VPF.

The VPFs in Fig. 7 are 27, 33, 41, 83 and 166. The arc
pressure AP, heat flux AHF, flow velocity AV of the weld pool
decrease from 820 Pa to 200 Pa, 4x10° W-m™ to 9x10°* W-m?,
and 0.4 m's" to 0.1 m's', respectively with increasing the
VPF.

To sum up, the thermal-mechanical “oscillation intensity”
at the keyhole boundary is generally reduced as the VPF
increases, which is conducive to maintaining the weld pool
stability.

Fig.8a shows that the workpiece surface is first heated and
an arc crater forms. With the accumulation of heat, the
expanded molten metal flows upward from the center to the
upper edge of the weld pool under the action of arc pressure
and surface tension. At 2.13 s, the weld pool with a width of 3
mm and a depth of 2 mm is formed. Under the thermal-
mechanical coupling of the arc, the sizes of the weld pool and
the keyhole increase. The increasing rate of weld width and
depth decreases gradually (from 0.43 to 0.08 and 0.89 to 0.22,
respectively). At 3.36 s, the workpiece is penetrated and form
a melting bridge, and it takes about 0.11 s for the melting
bridge to be penetrated. The molten metal in the bottom of the
weld pool flows downwards and outwards, shown as O in
Fig. 8f, at the maximum velocity of 0.8 m/s. The weld pool

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7110

Case a-EP

-0.002
-0.004
-0.006

o
0.005 001 po Y

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 6620
Case b-EP

[4) 0.005 0.01

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6070
Case c-EP

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 5870
= Case d-EP

-0.015 -0.01 -0.005

[

[

Fig.5 Arc pressure distribution in EN and EP phase as the VPF increases in different cases
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Fig.6  Flow velocity in the weld pool in the EN and EP phase as the VPF increases in different cases
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Fig.7 Variation of arc pressure, heat flux and flow velocity at the

keyhole boundary with different VPFs

temperature at the line of z=—10 mm is selected as a reference
to calculate the temperature gradient of the bottom weld pool,
and the temperature gradient is 133 K/mm when the VPF
is 27.

Fig. 9 shows that the penetration time increases and the
maximum flow velocity at the bottom of the weld pool

decreases with increasing the VPF.

Fig. 10 shows that the weld pool temperature gradient
decreases and the highest temperature of the bottom weld pool
increases with increasing the VPFs due to the prolonged
heating time of the weld pool.

3.2 Experimental results

As shown in Fig.11 when the VPF is 27, the top side of the
weld is uneven, and the back-side of the weld is cut
intermittently. The weld pool is stable when the VPFs are
between 33 and 83. When the frequency is 166, the weld pool
is unstable and discontinuous bulges appear on the back of the
weld.

3.3 Discussion

As shown in Fig. 12b, the gravity F, of the molten bridge
increases when the surface tension F, decreases with
increasing the VPFs. This is because there is a large amount of
molten metal in the front molten bridge, and the temperature
gradient decreases due to the prolonged perforation time. In
addition, P, decreases with increasing VPF, which makes the
curvature radius of the bottom boundary of the weld pool
decrease, and the additional pressure P, increases. In the
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Fig.8 Temperature and material flow fields on longitudinal section of the keyhole weld pool in Case-a: (a) 2.13 s, (b) 2.34 s, (c) 2.69 s, (d) 3.05
s, (e) 3.36 s, and () 3.47 s

42 0.9 stability. The resultant force of P, and F, which promote the
% 4.1F :::\K,:ﬁfliye penctration e keyhole expansion is larger than that of F, and P, which
p4.0_0-8. '0'8_ accelerate the keyhole closure if VPFs are less than 33. In
_§ 39F 107 E addition, the arc shear force 7 is large, and the molten metal
%3.8- 3.89 = rushes out of the weld pool at a high velocity (0.8 m/s).
é 3.7F 0o a7 10 6% According to the law of mass conservation, the weld pool
236F 0. ' 1057 tends to be cut, as shown in Fig.11. When VPF is larger than
%3.5 - 3N i 83, the resultant force of F, and P, is larger than that of P, and
M 34 BT e g 104 F,, the heat and arc pressure is accumulated, resulting in

" 20 40 60 80 100 120 140 160 180 bulges on the back of the weld. The molten bridge is
SHz penetrated when P! accumulates to a certain extent, then P
drops dramatically (molten bridge is penetrated and the P, is
Fig.9 Weld pool penetration time and the maximum flow velocity at released) and it is necessary to accumulate the heat and force
the bottom of weld pool with increasing the VPF at the bottom of the molten bridge to realize the next
penetration. So as to cycle, discontinuous bulges form, as

1050 shown in Fig.11 when the VPF is 166.

3.4 Experimental validation

The test plates were sectioned, and metallographic
treatments were implemented to reveal the fusion line
boundary. Fig. 13 shows a comparison between the experi-
mental macro morphology of the welded joints and the
calculated ones. Here, liquidus (7=783 K) is used as the
fusion line of AA2A14 aluminum alloy. Detailed comparative
data are shown in Table 6.

Temterature/K

7;5)%015 0.0020 0.0025 0.0030 00035 0.0040 0.0045 The results show that the deviation between the calculated

x/m and measured sizes of the front and back weld pool is less

than 3%, that is, the calculated fusion lines are in good

Fig.10 Temperature distribution of the bottom weld pool at different agreement with the experimental ones. The accuracy of the
VPFs thermal-mechanical coupling model established is verified.

Fig. 14 shows that the experimentally measured and
critical state of the molten bridge being penetrated, the force calculated keyhole dimensions of the bottom agree well (the
state of the front molten bridge is crucial to the weld pool relative error of measured and simulated keyhole width and
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Weld formations with increasing the VPF
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Fig.12 Schematic of force state of the molten pool (a) and force balance analysis of the molten bridge with different VPF (b)

fusion line
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Measured
fusion line|

fusion line}

Fig.13 Comparison between calculated results of the fusion zone and experimental macromorphology of the welded joints at the transverse
cross-section of the weld beads: (a) VPF=27, (b) VPF=33, (¢) VPF=41, (d) VPF=83, and (¢) VPF=166

Table 6 Comparison of the front and back dimensions of the

weld pool
Measured/mm Calculated/mm  |Relative Error|/%
Case Front Back Front Back Front  Back
a 12.11 9.03 12.25 8.83 1.16 2.21
b 13.35 9.55 13.14 9.34 1.60 2.22
c 13.82 7.68 13.96 7.76 1.01 1.04
d 13.53 6.89 13.67 6.98 1.03 1.30
e 14.05 7.02 13.88 7.23 1.21 2.99

length are 4.6% and 8.5%, respectively). The deviations of
keyhole width and length of Case a~e are within 8.0% and
8.5%, respectively.

In addition, the experimental keyhole image of the back of
the weld beam captured by the high-speed camera agrees well
with the calculated ones. The relative errors of measured and
simulated keyhole width and length are 4.6% and 8.5%,
respectively. As shown in Table 7, the deviations of keyhole
width and length in Case a~e are within 8.0% and 8.5%,
respectively, which further verifies the accuracy of the
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Fig.14 Comparison between experimental image (a) and calculated result (b) of the keyhole geometry of the bottom in Case-a

Table 7 Comparison of the keyhole penetration time and the back size of the keyhole width and length

Measured/Calculated

|Relative Error|/%

Case Keyhole Keyhole width on Keyhole length on Keyhole Keyhole width Keyhole length
penetration time/s the bottom/mm the bottom/mm penetration time on the bottom on the bottom
a 3.47/3.75 4.36/4.16 4.80/5.21 8.0 4.6 8.5
b 3.51/3.69 4.37/4.09 4.76/5.13 5.1 6.4 7.8
c 3.70/3.88 4.28/4.43 4.74/5.05 49 35 6.5
d 3.89/4.11 4.25/4.38 4.63/4.82 5.7 3.1 4.1
e 4.13/4.36 4.12/4.40 4.61/4.89 5.6 6.1 6.1

thermal-mechanical coupling model.
4 Conclusions

1) The variable-polarity finite element model can be used to
reveal the impacting mechanism of variable polarity
frequency (VPF) on the weld pool stability in variable polarity
plasma arc welding (VPPAW).

2) The model can realize the periodic variation of thermal
and mechanical effects of variable polarity arc on the weld
pool. Moreover, the secondary compression effect of the
keyhole on heat flux and arc pressure is taken into account.

3) The thermal-mechanical “oscillation intensity” on the
weld pool is weakened with increasing the VPF, which is
beneficial to the weld pool stability.

4) When the VPFs are more than 33 and less than 83, the
thermal-mechanical “oscillations intensity” at the keyhole
boundary is weak, and the molten bridge can stay force
balance in the critical state of being penetrated. The weld pool
can maintain stable.

5) When the VPFs are less than 33, the resultant force of P/
and F is larger than that of F, and P, In addition, the arc
shear force 7 is large, and the molten metal rushes out of the
weld pool at a high velocity (0.8 m/s). According to the law of
mass conservation, the weld pool tends to be cut.

6) If VPFs are larger than 83, the resultant force of /', and
P is larger than that of P] and F,, and the heat and arc
pressure are accumulated, which makes bulges on the back of
the weld. The molten bridge is penetrated when P is
accumulated to a certain extent, then P! drops dramatically

and it is necessary to accumulate the heat and force at the
bottom of the molten bridge to realize the next penetration.
The weld pool is unstable.
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