A New Heat Source Model for
Keyhole Plasma Arc Welding in FEM
Analysis of the Temperature Profile
The model takes into consideration keyhole configuration
and decay of heat distribution along the workpiece thickness
BY C. S. WU, H. G. WANG, AND Y. M. ZHANG
ABSTRACT. It is a key issue to establish
an appropriate model of the heat source in
the simulation of keyhole plasma arc welding (PAW). It requires that the model account for the keyhole effect and have the
characteristic of volumetric distribution
along the direction of the plate thickness.
For available heat source models, neither
Gaussian nor double ellipsoidal modes of
heat source is applicable to the keyhole
PAW process. Considering the force of the
high-speed plasma jet and the associated
strong momentum, a modified threedimensional conical heat source model is
proposed as the basis for the numerical
analysis of temperature fields in the keyhole PAW process. Further, a new heat
source model for quasi-steady state temperature field in keyhole PAW is developed to consider the "bugle-like" configuration of the keyhole and the decay of heat
intensity distribution of the plasma arc
along the direction of the workpiece thickness. Based on this heat source model, finite-element analysis of the temperature
profile in keyhole PAW was conducted
and the weld geometry was determined.
The results showed that the predicted location and locus of the melt-line in the
PAW weld cross section are in good agreement with experimental measurements.

Introduction
Plasma arc welding (PAW) offers significant advantages over conventional gas
tungsten arc welding (GTAW) in terms of
penetration depth, joint preparation, and
thermal distortion (Rcfs. 1, 2). The arc
used in PAW is constricted by a small nozzle and has a much higher gas velocity
(300-2000 m/s) and heat input intensity
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(lO^-lOi" w/m2) than that in GTAW (gas
velocity 80-150 m/s, heat input intensity
10M0 9 w/m2) (Refs. 3, 4). As the plasma
arc impinges on the area where two workpieces are to be joined, it can melt material and create a molten liquid pool. Because of its high velocity and the
associated momentum, the arc can penetrate through the molten pool and form a
hole in the weld pool, which is usually referred to as a keyhole (Ref. 5). Moving the
welding torch and the associated keyhole
will cause the flow of the molten metal surrounding the keyhole to the rear region
where it resolidifies to form a weld bead.
The keyhole mode of welding is the primary attribute of high-power density
welding processes (PAW, laser welding,
and electron beam welding), which makes
them penetrate thicker pieces with a single pass. Compared to laser welding and
electron beam welding, keyhole PAW is
more cost effective and more tolerant of
joint preparation, though its energy is less
dense and its keyhole is wider (Ref. 4).
Thus, keyhole PAW has found applications on the welding of many important
structures (Refs. 6-14). Although keyhole
PAW has the potential to replace GTAW
in many applications as a primary process
for precise joining (Ref. 1), the stable state
of the keyhole is an important issue in applying PAW (Ref. 15). In keyhole PAW, the
quality of the weld depends on the keyhole
stability, which itself depends on a large
number of factors, especially the physical
characteristics of the material to be
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welded and the welding process parameters to be used (Ref. 5). Thus, keyhole
PAW is susceptible to the variation of
welding process parameters, which makes
it have a narrower range of applicable
process parameters for good weld quality
so that keyhole PAW is still limited in its
wide application in industry (Ref. 16). The
temperature profile around the weld pool
has great influence on the formation and
stability of keyhole. Through numerical
simulation of the temperature field and
the weld pool behavior in keyhole PAW,
the process parameters can be optimized
for obtaining high-quality of weld structure. Therefore, it is of great significance
to model and simulate the temperature
distribution and weld pool geometry in the
keyhole PAW process.
The key issue for numerical analysis of
temperature field in keyhole plasma arc
welding is how to develop a heat source
model that reflects the thermo-physical
characteristics of the keyhole PAW
process. Because of the complexity of the
phenomena associated with the formation
of a keyhole, only a limited number of theoretical studies treating the PAW process
have been reported, each of varying degrees of approximation, and each focusing
on different aspects of the problem (Refs.
11, 17-21). General Gaussian or doubleellipsoidal heat source models used widely
in simulation of arc welding processes are
not suitable for keyhole PAW. As the first
step in a series of study, this paper focuses
on developing a suitable heat source
model for finite-element analysis of temperature profile in keyhole PAW.

Models of Heat Source in
Keyhole PAW
As mentioned above, the key problem
in FEM analysis of keyhole PAW is how to
model the welding heat source. Most researchers employed a Gaussian distribution
of heat flux (W/m2) deposited on the sur-
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Fig. 1 — Schematic of TDC mode!.

3; il

Fig. 2 — Schematic oj'MTDC model.

Weld pool

Fig. 3 — Schematic of keyhole and weld pool.

face of the workpiece (Refs. 22-24).
Although such a surface mode of heat
source may be used for the shallow penetration arc welding processes like GTAW, it
does not reflect the action of arc pressure on
the weld pool surface so that it is not suitable for modeling the welding processes
with deeper penetration like gas metal arc
welding (GMAW). Goldak proposed a double-ellipsoidal heat source model, which has
the capability of analyzing the thermal history of deep penetration welds like G M AW
(Ref. 25). However, the double-ellipsoidal
distribution of heat intensify (W/m-1) is still
not applicable to the high-density welding
processes with high ratio of the weld penetration to width, such as keyhole PAW (Ref.
26). Keyhole PAW produces a weld with
high ratio of depth to width. The cross section of the weld is of the "bugle-like" configuration. To consider the strong action of
the plasma jet and the resulted bugle-like
weld configuration in keyhole PAW, new
types of welding heat source models must
be proposed.

Fig. 4 — Schematic of QPAW model.

Three-Dimensional Conical Heat Source

Three-dimensional conical heat source
(TDC) is a volumetric heat source that
considers the heat intensity distribution
along the workpiece thickness. As shown
in Fig. 1, the heat intensity deposited region is maximum at the top surface of
workpiece, and is minimum at the bottom
surface of workpiece. Along the thickness
of the workpiece, the diameter of the heat
density distribution region is linearly decreased. But the heat density at the central
axis (z-direction) is kept constant. At any
plane perpendicular to z-axis, the heat intensity is distributed in a Gaussian form.
Thus, in fact, TDC is the repeated addition of a series of Gaussian heat sources
with different distribution parameters and
the same central maximum values of heat
density along the workpiece thickness. In
this way, the heating action of the plasma
jet through the workpiece in keyhole PAW
is considered.
At any plane perpendicular to the z-

axis, the heat intensity distribution may be
written as
I
2
Qv [r,z) = Go exp - —
I '0 )
(1)
where Q 0 is the maximum value of heat intensity, r0 is the distribution parameter,
and r is the radial coordinate. The key
problem is how to determine the parameters <2o and r0.
As shown in Fig. 1, the height of the
conical heat source is H = ze - z,, the zcoordinates of the top and bottom surfaces arez f andz ; , respectively, and the diameters at the top and bottom are re and
rh respectively. The distribution parameter /•() is linearly decreased from the top to
the bottom surfaces of the conic region,
and it can be expressed as

1>tt =

(2)

Through complete derivation (see Appendix), Equation 1 is of the following form
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Fig. 6 — The thermal conductivity vs. temperature.

Table 1 — The Parameters Used for Heat Source Modes
Heat Source Modes
TDC
MTDC
QPAW

re (mm)

;; (mm)

ze (mm)

z, (mm)

7.0
7.2
1.2

2.6
1.05
1.05

9.5
10.7
10.7

2.2
1.2
1.2

D,, (mm)

6.8

Table 2 — Keyhole PAW Welding Process Parameters
Case
1
2

Welding Current Arc Voltage Welding Speed Plasma Gas Flow
(V)
(mm/min)
Rate (L/min)
(A)
4
250
31.7
12(1
4
240
31.2
120

source, the distribution parameter r0 decreases no longer as linearly as for TDC,
but in a curvilinear way.
As shown in Fig. 2, the height of the
modified three-dimensional conical
(MTDC) heat source is H = ze - Z;, the zcoordinates of the top and bottom surfaces arezt, andz,-, respectively, and the diameters at the top and bottom are re and
rv respectively. Let r0 represent the distribution parameter atz. r0 is decreased nonlinearly and can be expressed as
:

Shielding Gas Flow
Rate (L/min)
10
10

a\nz + b

(4)

After complete derivation and manipulation (see Appendix), the heat intensity for
MTDC can be written as
,

3rfiJle*

1

'

3,-2

,3_,U

Table 3 — Comparison of the Predicted and Experimental Weld Width

(?)

where
Top Weld Width (mm)

Bottom Weld Width (mm)

Heat Source
redicted

TDC
MTDC
QPAW

Measured

Predicted

Measured

14.35
14.35
14.35

4.25
2.30
2.30

2.11
2.11
2.11

13.60
12.90
13.90

// + C , ) l n - ( / / + r , )

A = ir

la(a-b)

H + z,)\n(H + z

+ b'H
(6a)

Qv(>-:)-

4M)
'

7T ex P
I,
(^-~,-)( r < 2 + V / + ' / 2 )

3 , ^

'b /
(3)

where n, is the plasma arc power efficiency,
U is the arc voltage, and / is the welding
current.
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Although the three-dimensional conical heat source takes consideration of the
heat intensity distribution and decay along
the workpiece thickness, its characteristic
of linear decline is not appropriate. In keyhole PAW, a bugle-like weld configuration
was the result. To reflect this feature, a
modified three-dimensional conical
(MTDC) heat source is proposed, which is
shown in Fig. 2. For the MTDC heat
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Fig. 7— The heat transfer coefficiency and specific heat vs. temperature.

Fig. 8 — Comparison of predicted PA W cross section with experimenta
results.
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Fig. 9 — The cross section of a plasma arc weld under welding condition Case LA — The predicted result based on model QPA W; B — macrogra

Quasi-Steady State PAW Heat Source

As aforementioned, the arc used in the
PAW process is constricted by a small nozzle and has a much higher gas velocity and
temperature than that in GTAW. The high
plasma gas velocity and the associated momentum force the plasma jet to penetrate
the base metal, forming a keyhole in the
weld pool of complete penetration. Thus,
the plasma jet emerges from the underbead at the bottom of the workpiccc —
Fig. 3. As the torch moves along the weld,
this keyhole progressively cuts through the
metal with the molten metal flowing behind to form the weld bead. The size and
shape of the keyhole produced by PAW
depend mainly on the pressure of the impinging gas. It was found that a typical
plasma arc keyhole in 6-mm-thick stainless steel, 3-mm nozzle bore diameter, and
8-10 mm torch standoff is a conical hole
with a circumferential diameter of 5 mm
at the top and about 1.5-2 mm at the bot-

tom end (Ref. 27). The forces that tend to
form and maintain the keyhole include the
plasma stream pressure, vapor pressure,
and recoil pressure (Ref. 27). The existence of keyhole, on one hand, makes the
heat intensity from the plasma arc distribute through the workpiccc thickness, but
on the other hand, causes some vaporization, which results in some heat losses.
Therefore, the net heat input is not deposited on the workpiece totally. To consider this point, part of the heat density at
the upper section of the keyhole is excluded. As shown in Fig. 4, the heat intensity is distributed within a domain
bounded by the curves/ () (z) and/| (z) at
the upper section of the keyhole, while at
the lower section of the keyhole, the heat
intensity is distributed as a modified conical heat source. This model of heat source
is proposed for the quasi-steady state
PAW process, so it is referred to as QPAW
for short. It can be expressed as
For the upper part, (ze - Df,)<z <ze

Qv(>

3T]IUe-

n(ey-\)A

-exp

'

3r 2 ^

{

fi(z)

/l(z)<r</0(z)
where

(7)

, , > fc-'Qxlnk)
MZ)

-ln(ze)-ln(Zi)

, >ixln(z f )-r f xln(z,.)
(8)

Xi<

(9)

For the lower part, z, <z < (ze - Dh), it is
of the same expression as Equations 5 and 6.

FEM Analysis
After establishing a suitable heat
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Fig. 10 — Comparison between the predicted and measured weld
cross section for Case I.

source model for keyhole PAW, the temperature profile and weld pool geometry
are able to be determined by the finite element method (FEM). In a moving coordinate system o-xyz in which the origin coincided with the intersecting point
between the torch centerline and the bottom surface of workpiece, A'-axis along the
welding direction andz-axis normal to the
workpiece surface, the quasi-steady state
temperature field during keyhole PAW is
governed by the following equation

"° dxj
d
3vl

Bx{ dx

k—\+pk—\+Qv
3v J dz\

dz )

10)

where p is density, CP is specific heat, v0 is
welding speed, Tis temperature, k is thermal conductivity, and Qv is volumetric
heat source. The boundary conditions for
Equation 10 are as follows:
On the workpiece surface,
-k — = aT T-T„
az

(11)

where T„ is the ambient temperature, and
a T is the combined heat transfer coefficient.
At the symmetric plane xoz,
^ =0
°y

(i2)

So only half of the workpiece is taken as
the calculation domain. The workpiece dimension is 200 mm in length, 80 mm in
width, and 9.5 mm in height.
The half domain is divided into 8-node
hexahedrons. As aforementioned, part of
heat density at the upper section of keyhole
is excluded because of evaporation loss and
keyhole effect. To reflect this characteristic
and match the distribution mode of heat
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source QPAW, some elements in the upper
section of the keyhole
are treated as "dead."
The discrete grids are
shown in Fig. 5.

Results
The workpiece material is stainless steel
304. Its thermal conductivity k, specific
heat CP, and the combined heat transfer coefficient a T are shown
in Figs. 6 and 7. Its den- Fig. 11 — The cross section of a plasma arc weld under welding condition
sity is p = 7860 (kg Case 2. A — The predicted result based on model QPA W; B — macrom - 3 ), and ambient tem- graph.
perature is T„ = 300 K.
Secondly, the developed heat source
The parameters used for describing heat
model for quasi-steady state keyhole PAW.
source modes arc given in Table 1. Keyi.e., QPAW, is employed to calculate the
hole PAW experiments are conducted
weld geometry. Figures 9-12 show the
under two welding conditions (Table 2).
comparison of experimental results with
The arc power efficiency r\ takes a value of
the predicted ones based on QPAW model
0.66 based on the literature (Ref. 3). After
for welding conditions Case 1 and Case 2,
welding, a macrograph of the weld is made
respectively. In Figs. 9A and 11 A, the dotto show its cross section.
ted lines are drawn along the isotherm of
Firstly, two kinds of volumetric heat
melting temperature. It can be seen that
source models, i.e., three-dimensional
the predicted weld geometry agrees well
conical (TDC) and modified three-dimenwith experimental measurements. Since
sional conical (MTDC), are used to prethe model QPAW depicts the character of
dict the plasma arc weld geometry. Figure
the keyhole PAW process through consid8 shows the comparison of the experimenering the "bugle-like" configuration of the
tal results with the predicted ones based
keyhole and the decay of heat intensity
on different models. Table 3 gives the data
distribution of the plasma arc along the diof weld width. From the point of view of
rection of the workpiece thickness, the
agreement, the calculation precision of
calculation precision of the weld geometry
TDC is poorer. It can be seen that TDC is
at the cross section is quite satisfactory.
not suitable for determining keyhole
plasma arc weld dimensions. Though the
precision of MTDC is improved comConclusion
pared to TDC, especially the weld width at
both top and bottom surfaces, the calculaBecause of the keyhole effect, a plasma
tion precision for the location and locus of
arc weld has a large penetration-to-width
the melt-line in the weld cross section is
ratio. For numerical analysis of welding
still lower.
temperature profile in keyhole PAW, an
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Appendix 1
Derivation for Heat Intensity
Distribution Equations
For a volumetric distribution of heat
intensity, the following assumptions are
made:
1) The heat intensity deposited region
is maximum at the top surface of workpiece, and is minimum at the bottom surface of workpiece.
2) A l o n g the thickness of the workpiece, the diameter of the heat density distribution region is decreased in some way.
But the heat density at the central axis (zdirection) is kept constant.
At any plane perpendicular to z-axis,
the heat intensity distribution may be written as

Qv (r.z) = Q o e x P

3r z
(Al)

where Q 0 is the maximum value of heat intensity, /•() is the distribution p a r a m e t e r ,
and r is the radial c o o r d i n a t e . T h e key
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problem is how to determine the parameters Q{) when the decay
rule of ;•() is known.
Because of thermal energy conservation, we have
riUl =

Because
r, = a

l"jl*l*Qv(r,z)rdrdedh

= Jo 0 < ' > e x p
nQo

(H

Jo '"lo" exp

«fib(l-e~3)ffl

_3r^

inZj+b

>;, = a

\nz„+b

thus

rdrdddh

r

0 J

(3,n,
9

3, 2
'
r v >i' ,l

1 nz„ - 1 nz.i

dh

,

b=

(A2)
where r\ is the plasma arc power efficiency, U is the arc voltage,
and / is the welding current.

r:\nze

,

Three-Dimensional Conical
Heat Source (TDC)

m( Z e )-i„U.)
i)Xln{ze)-rexln(zj)

ln(c(,)-ln(-,)
Let h = z-Zi.

(A3)

(a\nz + b)-dh = \o

In 2 (h + Zj) dh + lab \

Based on the Mathematics
In uclii = ulnit-ii

or

(All)

Since

J (| r<fdh = j o
= a2\

1) (z) = '•<.-('>-'-, ) —

(AIO)

(r<-ri)xln(z)

|

height
of the
diamdistri-

-relnZj

1 nzc - 1 IK,

Substituting A9 and A10 into A8,
roW=

As shown in Fig. 1, r() decreases linearly for T D C . T h e
of the conical heat source is H = ze - z,, the z-coordinates
top and bottom surfaces are ze and z,, respectively, and the
eters at the top and bottom are re and /-,-, respectively. T h e
bution parameter r() can be expressed as

(A9)

[aln{h + Zi)+b]

dh

Zi)dh+b2H

ln(h +

(A12)

Handbook,

+C

In" udu = wln u — 2 In ttrfu = win M —2(«lni<—«)+C
'0

//

(A4)

Since
J

r02tf/i = a 2 |

l n 2 ( A + r, )dft + 2 a / 3 J " In(/; + -, )dh + b2H

= a2[{h + zi)ln2{h
Jo "

Jii

U

'' H J

+ zi)-2{h

+ ziMh

3

+2ab[(h+zi)ln(h

+ zi)-{h

+ Zj)]\o

= a2[{H+z,)\n2{H

+

z,)-z,\n2zi]

+ zi) + 2{h +

zi)f

+b2H

(A5)
Substituting A5 into A2, then
3

*0 o #(i-<r )
T]UI =

'•„

-2a(a-b)[(H

+reri+rf

+ z.i)ln(H + z.j)-z,\nz;

-H~\ + b2H

Let
1
A = jQ

rZdh = a2[{H

+ zi)\n2{H

+

zi)-zi\n2zi]

(A6)
-2a(a-b)[(H

+zi)ln(H

zi)-z,-lnzi-H~\+b2H

+

(A13)

Finally, substituting A6 into A l , we get
Substituting A13 into A2
,

,

9r]Ule3

* « -1

J

rjUl2

3r ^
(:«.-;, )(r/ + V;+<f)

exp

I

'b J

,{2dh =

if
3

J

o

Qo =

(A7)

AK-1)

(A14)

Substitute A14 into A l , we obtain

As shown in Fig. 2, the height of the modified three-dimensional conical ( M T D C ) heat source is H = ze - zh the z-coordinates of the top and bottom surfaces are ze andz,-, respectively, and
the diameters at the top and bottom arc; - ( , and /',•, respectively. Let
/•o represents the distribution p a r a m e t e r at z. /•(, can be expressed
as

Qv(r,Z.) =

1An[e3-\]

rexp

Appendix 2 — Nomenclature
a

variable, defined in
Equation A9
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3

3r]UIe3

Modified Three-Dimensional Conical
Heat Source

r0(z) = a l n z + f e

i

(A8)

A

variable, defined in

(A15)

!T^n!7!?T
Equation A13

b

cP
D
h

e

/o
/i

tion function
variable, defined in
Equation A10
specific heat
variable, defined in
Fig. 4
base
of
natural
lagarithm
function, defined in
Fig. 4
function, defined in
Fig. 4

h
II

z-zt

k

thermal conductivity
maximum value of
heat intensity
heat intensity distribu

0o
(2v

r
r

Q

rc
''i

T

r.
u

V

Q

x, y, z
z

c

c~ i

Z\

a,

v'x2 + y2

radial coordinate in
heat source mode
variable, defined in
Figs. 1,2,4
variable, defined in
Figs. 1,2,4
temperature
ambient temperature
arc voltage
welding speed
coordinate
variable, defined in
Figs. 1,2,4
variable, defined in
Figs. 1,2,4
heat loss coefficient

n
e
p

arc power efficiency
angular variable
density
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