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Analytical Solutions for Transient Temperature of
Semi-Infinite Body Subjected to 3-D Moving

Heat Sources

Analytical solutions for 3-D moving heat sources were derived and experimentally
validated by transient temperature measured at various points in bead-on-plate
specimens and by means of weld pool geometry

BY N. T. NGUYEN, A. OHTA, K. MATSUOKA, N. SUZUKI AND Y. MAEDA

ABSTRACT. The analytical solution for a
double-ellipsoidal power density moving
heat source in a semi-infinite body with
conduction-only consideration has been
derived. The solution has been obtained
by integrating the instant point heat
source throughout the volume of the
ellipsoidal one. Very good agreement
between the predicted transient
temperatures and the measured ones at
various points in bead-on-plate
specimens has been obtained. The
predicted geometry of the weld pool is
also in good agreement with the
measured one. This may pave the way for
the future applications of this solution in
the problems such as microstructure
modeling, thermal stress analysis,
residual stress/distortions and welding
process simulation.

Introduction

The temperature history of the welded
components has a significant influence
on the residual stresses, distortion and
hence the fatigue behavior of the welded
structures. Classical solutions for the
transient temperature field such as
Rosenthal’s solutions (Ref. 1) dealt with
the semi-infinite body subjected to an in-
stant point heat source, line heat source
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or surface heat source. These solutions
can be used to predict the temperature
field at a distance far from the heat source
but fail to predict the temperature in the
vicinity of the heat source.

Eagar and Tsai (Ref. 2) modified
Rosenthal’s theory to include a two-
dimensional (2-D) surface Gaussian dis-
tributed heat source with a constant dis-
tribution parameter (which can be con-
sidered as an effective arc radius) and
found an analytical solution for the tem-
perature of a semi-infinite body sub-
jected to this moving heat source. Their
solution is a significant step for the im-
provement of temperature prediction in
the near heat source regions.

Jeong and Cho (Ref. 3) introduced an
analytical solution for the transient tem-
perature field of a fillet-welded joint
based on the similar 2-D Gaussian heat
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source but with different distribution pa-
rameters (in two directions x and vy).
Using the conformal mapping technique,
they have successfully transformed the
solution of the temperature field in the
plate of a finite thickness to the fillet
welded joint. Even though the available
solutions using the Gaussian heat
sources could predict the temperature at
regions closed to the heat source, they
are still limited by the shortcoming of the
2-D heat source itself with no effect of
penetration. This shortcoming can only
be overcome if more general heat
sources are implemented.

Goldak, et al. (Ref. 4), first introduced
the three-dimensional (3-D) double el-
lipsoidal moving heat source. Finite ele-
ment modeling (FEM) was used to calcu-
late the temperature field of a
bead-on-plate and showed that this 3-D
heat source could overcome the short-
coming of the previous 2-D Gaussian
model to predict the temperature of the
welded joints with much deeper pene-
tration. However, up to now, an analyti-
cal solution for this kind of 3-D heat
source was not yet available (Ref. 5), and
hence, researchers must rely on FEM for
transient temperature calculation or
other simulation purposes, which re-
quires the thermal history of the compo-
nents. Therefore, if any analytical solu-
tion for a temperature field from a 3-D
heat source is available, a lot of CPU time
could be saved and the thermal-stress
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welding voltage and current
and arc efficiency.
However, their experience
with this heat source showed
the predicted temperature
gradients in front of the arc
were less steep than
experimentally  observed
ones and gradients behind
the arc were steeper than
those measured. To
overcome  this,  they
combined two  semi-
ellipsoids and proposed a

Fig. 1 — Double ellipsoidal density distributed heat source.

new heat source called
“double ellipsoidal heat
source,” as shown in Fig. 1.

analysis or related simulations could be
carried out much more rapidly and con-
veniently.

In this study, analytical solutions for
the transient temperature field of the
semi-infinite body subjected to 3-D
power density moving heat sources (such
as semi-ellipsoidal and double ellipsoidal
heat sources) are derived and reported.
The calculated transient temperatures at
various points of interest in a steel plate,
240 x 240 x 20 mm, subjected to two per-
pendicular linear welded segments on its
surface, are compared with the measured
data by the authors. The geometry of the
weld pool was also measured and com-
pared with the predicted one. Reasonably
good agreements between the calculated
and measured data show a potential ap-
plication of this newly developed solu-
tion for various simulation purposes such
as thermal stress analysis or residual stress
calculations.

Ellipsoidal Heat Sources in
Semi-Infinite Body

Goldak’s Semi-Ellipsoidal Heat Source

Goldak, et al. (Ref. 4), initially pro-
posed a semi-ellipsoidal heat source in
which heat flux is distributed in a Gauss-
ian manner throughout the heat source’s
volume. The heat flux Q (x,y,z) at a point
(x,y,z) within the semi-ellipsoid is given
by the following equation:

6,/37.V.1
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where aj, by, ¢, = ellipsoidal heat source
parameters as described in Fig. 1, where
Chf = Cpp= Cpy X,¥,Z = moving coordinates
of the heat source; Q(x,y,z) = heat flux
Q(x,y,z) at a point (x,y,z); V, land n =

Qxy.2)=
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Goldak’s Double Ellipsoidal
Heat Source

Since two different semi-ellipsoids are
combined to give the new heat source,
the heat flux within each semi-ellipsoid
are described by different equations.

For a point (x,y,z) within the first semi-
ellipsoid located in front of the welding
arc, the heat flux equation is described as
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and for points (x,y,z) within the second
semi-ellipsoid, covering the rear section
of the arc, as
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where aj, by ci¢ cpp, = ellipsoidal heat
source parameters as described in Fig. 2;
Q = arc heat input (Q =n IV); ry rp =
proportion coefficient representing heat
apportionment in front and back of the
heat source, respectively, where r¢+r, =
2 (Ref. 4).

It must be noted here that due to the
condition of continuity of the volumetric
heat source, the values of Q(x,y,z) given
by Equations 2 and 3 must be equal at the
x = Oplane. From that condition, another
constraint is obtained for rrand ry, as r¢/cy,y
= rp, /cpp- Subsequently, the values for
these two coefficients are determined as
1y =2Cp/( Cpp+ Cpp)s 15=2Chp /A Cpg+ Cpp)-

It is worth noting this double
ellipsoidal distribution heat source is
described by five unknown parameters:
the arc efficiency n, and ellipsoidal axis
ap, by, cprand cpp. Goldak, et al. (Ref. 4),
implied an equivalence between the
source dimensions and those of the weld
pool and suggested that appropriate

values for a, by, cprand cpy, could be
obtained by measurement of the weld
pool geometry.

Analytical Solutions
Transient Temperature Field of

Semi-Ellipsoidal Heat Source in
Semi-Infinite Body

The solution for the temperature field
of a semi-ellipsoidal heat source in a
semi-infinite body is based on the solu-
tion for an instant point source that satis-
fies the following differential equation of
heat conduction in fixed coordinates
(Ref. 6)
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where a = thermal diffusivity (a = k/cp);
c = specific heat; k = thermal
conductivity; p = mass density; t, t’ =
time; dTt’ = transient temperature due to
the point heat source 0 Q at time t; and
(x’,y’,z’) = location of the instant point
heat source & Q at time t".

Let us consider the solution of an
instant semi-ellipsoidal heat source as a
result of superposition of a series of
instant point heat sources over the
volume of the distributed Gaussian heat
source. Substitute Equation 1 for the heat
flux at a point source into Equation 4 and
integration over the volume of the heat
source semi—ellipsoid gives
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Subsequently, by evaluating and
simplifying, Equation 5 can be rewritten
as
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Equation 6 provides the temperature rise
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due to a very short time increment dt’
from time t’ due to amount of heat Qdt’
released on the semi-infinite body. When
considering a moving heat source with a
constant speed v from time t’ = 0 to time
t’ = t, the increase of the temperature
during this time is the sum of all of the
contribution of the moving heat source
during the traveling time. Therefore,
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where T is temperature at time tand T, is
initial temperature of a point (x,y,z).
Now let us consider several specific
cases of the semi-ellipsoidal heat source
as follows:
Semi-sphere heat source. If aj, = by, =

I:EH:IDI:H:H:I o

cp= rp, then the semi-ellipsoidal heat

source becomes the semi-sphere heat
source with radius rj, and Equation 7

becomes
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Equation 8 can be simplified further by
substituting r, = V3 g (where o is distri-
bution parameter) as
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An Instant Point Source. If =0, Equa-
tion 9 reduces to the temperature distrib-
ution for the instant point source as
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This solution is consistent with the one
published by Carslaw and Jaeger (Ref. 6)
as reported previously (Equation 4).
Gaussian Surface-Distributed Heat
Source. If by, = 0 ~then the semi-ellip-
soidal heat source becomes a Gaussian
surface-distributed heat source or Ellipti-

cal disk heat source. In this case Equation
7 can be rewritten as
3
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When ap=c,=V6 0, then the elliptical
disk heat source becomes a circular disk
and Equation 11 becomes
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Equation 12 gives the same form as the

solution published by Eagar and Tsai (Ref.
2).

Transient Temperature Field of Double Ellip-
soidal Heat Source in Semi-Infinite Body

Using a similar approach, an analyti-
cal solution for transient temperature of a
semi-infinite body subjected to a double
ellipsoidal heat source can be obtained
as follows:

Let us consider again that the solution
for the double ellipsoidal heat source is
the superposition of a series of instant
point heat sources over the volume of the
distributed Gaussian heat source. Substi-
tute Equation 1 for the point source in
Equation 4 and take integration over the
heat source volume for both front and
back portion of the volume heat source.
This volume is corresponding to two
quadrants of the front and back semi-
ellipsoids, respectively, as
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Equation 13 can be simplified further as
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Similarly, when considering a moving
heat source with a constant speed v from
time t’ = O to time t’ = t, the increase of
temperature during this time is equiva-
lent to the sum of all the contributions of
the moving heat source during the trav-
eling time as
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Equations 15a to 15c give the solu-
tion for the transient temperature of a
semi-infinite body subjected to a double
ellipsoidal heat source. It is also worth
noting here that Equations 14 and 15 can
be easily reduced to the form of Equa-
tions 6 and 7, respectively, by substitut-
ing cpr = cpyp, into Equations 14 and 15.
This can be expected because in this
case the double ellipsoidal heat source
becomes the semi-ellipsoidal one.
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Fig. 2 — Maximum dimensionless temperature distribution along transversal direction y. A — The effect of distribution parameter u,; B — the ef-

fect of distribution parameter uy,
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Fig. 3 — Maximum dimensionless temperature distribution through the thickness direction {: A — The effect of distribution parameter u,; B — the

effect of distribution parameter uj,.

Furthermore, the solutions for the
double ellipsoidal heat source can be
converted into dimensionless form by
using the following dimensionless vari-
ables as recommended by Christensen’s
method (Ref. 7): & = vx/2a, P = vy/2a,
{=vz2a, T = VAt-t)2a; u, = vay/(2 V6
a), up = vby/(2V6 a), uy = vcp{(2V6 a)
and uy, = vcy/(2V6 a). Hence Equations
15a, 15b and 15c become

8.
n
kS
2a 0 0
D il
F 59
A2 ,r+ua,r+u @ é 1r+ub§
e
20 200
DZB””ch 2%+“ﬂD[|
where Ay =rf [BxpQ r{16b)
D ¢ H
DZH””bD 5

0
L
Fd] B B

B=n

268-s | AUGUST 1999

and n is the operating parameter (Ref. 2)
and n = Qv / (4ma2pc(T-T,) and T.-is a
reference temperature (in this study, T. is
selected as melting temperature). Since it
was quite reasonable to assume that c;r=
ap and ¢y, =2c¢p, then Equations 16a,
16b and 16c can be reduced to a much
simpler form as
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It can be seen from Equations 1743,
17b and 17c that the transient tempera-
ture at any point (¢, , { depends on the
three parameters: operating parameter
(n) describing the magnitude and the in-

tensity of the heat input and two dimen-
sionless heat source shape parameters (u,
and uy) representing the width and depth
of the ellipsoidal heat source. A numeri-
cal procedure is used in this study to in-
vestigate the effect of these three para-
meters on the maximum temperature at
various positions, and the results are re-
ported below.

It is also worth noting here that for a
special case when by, = 0 and ¢y, = cpr=
ap, Equations 16a, 16b and 16¢ would
give the same form as the dimensionless
transient temperature solution subjected
to 2-D Gaussian distribution surface
heat source published by Eagar and Tsai
(Ref. 2).

Numerical Results

Effect of Heat Source Parameters u, and uy,
on the Peak Temperature Distribution

In this study, a numerical procedure is
applied to find solutions for the transient
temperature field as described by Equa-
tion 17a, b and c for the double ellip-
soidal distributed heat source. A com-



puter program is written in FORTRAN 77
to facilitate the integral calculation and
to allow for rapid calculation of transient
temperature as well as maximum tem-
perature of any point of interest. Since the
solution was obtained for a semi-infinite
body, the mirror method, which com-
bines the temperature distribution in case
of infinite thickness and its reflected
image, was adopted for plate thickness
consideration. By using this method, it
was assumed that there is no convective
heat flow through the upper and lower
surface of the plate (Ref. 1).

In order to illustrate the solutions for
peak temperature distribution along the
transversal and through-thickness direc-
tion corresponding to various parameters
of the double ellipsoidal distributed heat
source, ranges of the source distribution
parameters should be selected. Noting
there is a similarity between the dimen-
sionless distribution parameters of Eagar
and Tsai’s solution (u = vo/2a) and of this
3-D solution u, and uy (u, = vay/(2V6 a);
up, = vby/(2V6 a)). By putting 0, = a,/V6
and oy, = b/ V6, itwould bring u, and uj,
into the same form as of u, where g, and
g, are heat source distribution parame-
ters in (y and { directions, respectively.

Since both g, and o represents the
width of the heat source, it is quite rea-
sonable to assume that their range of vari-
ation would be the same. Fortunately, the
range of 0 was reported to be between
1.6 and 4 mm for gas tungsten arc weld-
ing (GTAW) (Ref. 2). Therefore, if a simi-
lar welding heat source is considered,
e.g. gas metal arc welding (GMAW), then
the range of g, could assume to be the
same as that of g. As a result, for a con-
stant welding speed of 5 mm/s and for a
diffusivity of base metal a=6.393 mm?/s,
u, would be varied between 0.6 and 1.6
(0.6 <u,<1.6).

However, the range of g, could be
from zero (in the case of surface welding)
to the maximum value of g, or even
greater, depending on the characteristics
of the considered heat source. In general,
most of the common heat source would
be more effective in the surface direction
(€ and @) than the depth direction ({), i.e
0 <0, <0, Hence, for the solution
demonstration purpose in this study, the
range of uy, is selected to be between 0
and 1.12 (0 Su, <1.12).

In the case when u, = uj, = 0, the 3-D
Gaussian heat source has no width and
the solution given by Equations 17a, b
and ¢ would reduce to Rosenthal’s solu-
tion of point heat source (Ref. 1). In addi-
tion, when up, =0 and u, =us=uy =u
> 0, the 3-D Gaussian heat source be-
comes Eagar and Tsai’s solution for a 2-D
Gaussian normally distributed heat
source (Ref. 2). Therefore, in this study,

-
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Fig. 4 — Effect of aj, on the predicted weld pool geometry (b, = 2 mm, cpr=7 mm, n = 0.8, ¢pp, =
2cp): A — Top view of the weld pool; B — longitudinal cross section.

the numerical results are presented for
various combinations of distribution pa-
rameters u,and u, within their ranges and
for two particular cases (u, = u, = 0 and
up, =0; u, = Uy = Uy, = u > 0) for com-
parison.

Figures 2 and 3 show the distributions
of the dimensionless maximum tempera-
ture along the transversal direction (yand
through-the-thickness direction ¢, re-
spectively, subjected to the variations of
u, and up. Both Rosenthal’s and Eagar
and Tsai’s solutions for similar distribu-
tion parameters are also plotted for com-
parison. These figures also provide infor-
mation about the shapes of the weld pool
(width and depth) and of the heat-
affected zone (HAZ) when the value of
(6/n) corresponds to the melting temper-
ature (8 = 1) and transformation temper-
ature (6 = 0.47), respectively. However,
the effect of the heat source parameters
on the predicted shape of the weld pool
is reported in more detail in the next
paragraph.

Figure 2A shows the maximum tem-
perature near the weld centerline (¢
<1.4) decreases as the u, increases while
up, was kept unchanged (u,=0.32). How-
ever, at a further distance from the weld
centerline ({ >1.4), maximum tempera-
ture increases as the u, increases. This
behavior of the distribution of maximum
temperature is reflected in the predicted
weld widths due to variation of u,. This
means that for low value of operating pa-
rameter n (n <1.8, which would produce
&/n higher than 0.55 at the weld pool
boundary) the predicted weld width de-

creases as u, increases as in Fig. 2A.
However, for high operating parameters
(n >1.8), the predicted weld width in-
creases as U, increases.

A physical explanation for these be-
haviors of maximum temperatures is that
the larger the width of the heat source,
the smaller its heat flux density, and if the
heat flux is small enough, it could result
in a situation with no melting zone when
the peak temperature reduces to less than
the melting temperature of the base ma-
terial. However, when the heat source is
strong enough, the peak temperature in-
creases as u, increases, and the larger
weld width is expected.

Figure 2 also shows that for the same
value of distribution parameter (u, = 1.2),
the present 3-D solution gives a lower
predicted maximum temperature than
that of Eagar and Tsai’s solution, i.e, re-
sults in lower predicted weld width. On
the other hand, at the vicinity of the weld
centerline (i <1.4), the present solution
gives a much lower predicted maximum
temperature than that of the Rosenthal’s
solution. However, at a further distance
from the weld center line (¢ >1.4), the
present solution gives only a slightly
higher maximum temperature than that
of Rosenthal’s solution.

In contrast, Fig. 2B shows a unique
trend of the maximum temperature be-
havior due to uy, variation, while u, was
kept unchanged (u,=1.12). It shows that
for all values of n, the maximum temper-
ature decreases as the uy, increases. This
behavior may be due to the fact that re-

WELDING RESEARCH SUPPLEMENT | 269-s

RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT



RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT

£
1 ¥ (mmy}
- 4 =
-3
1z
T1
i :
o 25 5
10 7.5 5 25 0 25 5 75 10 125 -15 -17.8
eyt —— —t +————rt 1 S ‘\.._:
x[mm)\ 1, bn=0.5
Br=1.0
i bh=2,0 bh=1.5 h
[ 3 z {mm)

Fig. 5 — Effect of by, on the predicted weld pool geometry (aj, = 5 mm, cpp=7 mm, n = 0.8, ¢y, =

2cy): A — Top view of the weld pool; B — longitudinal cross section.
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Fig. 6 — Effect of c,¢ on the predicted weld pool geometry (a,, =5 mm, b, =2 mm, n = 0.8, ¢y, =

2¢p): A — Top view of the weld pool; B — longitudinal cross section.

gardless of the magnitude of the operat-
ing parameter, the weld depth increases
as uy increases, hence, the weld width
decreases due to the constant volume of
the melting material induced by constant
heat input.

Figure 2A and B also shows that the
present 3-D Gaussian heat source solu-
tion does not predict the infinite peak
temperature at the weld centerline while
the Rosenthal solution does. This trend
could also be found in Eagar and Tsai’s
2-D heat source solution; however, it
would predict much higher peak tem-
perature at the weld centerline than that
of the 3-D Gaussian heat source solu-
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tion, with a similar distribution parame-
ter as shown in Figs. 2A and B.

Figure 3A and B shows that the maxi-
mum temperature distribution through
the thickness direction ¢ as a function of
distribution parameter u, (or up) while uy,
(or u,) was kept unchanged, respectively.
Two other peak temperature curves of
Rosenthal’s and Eagar and Tsai’s solu-
tions are also plotted for comparison. It
can be seen from Fig. 3A that as the u in-
creases the peak temperature decreases
throughout the thickness direction;
hence, the predicted weld pool depth de-
creases as u, increases. The predicted
weld pool depth by the present solution

is smaller than that by both Eagar and
Tsai’s and Rosenthal’s solutions.

Figure 3B shows a slightly different
behavior of maximum temperature distri-
bution throughout the thickness direc-
tion { due to uy, variations. It can be seen
from Fig. 3B that as the uj, increases, the
peak temperature decreases at a rela-
tively shallow dimensionless depth ({
<1.1). However, at a deeper depth ({
>1.1), this trend gradually changed to the
reverse direction. The change is not as
pronounced as is found for the peak tem-
perature along ( when u, is varied as in
Fig. 2A.

Figure 3B also shows that the weld
pool depth predicted by the present so-
lution is slightly smaller than that pre-
dicted by both Eagar and Tsai’s 2-D and
Rosenthal’s solutions. However, for
higher values of the operating parameter,
the predicted weld pool depths by all the
three above-mentioned solutions are
comparable.

Effect of Heat Source Parameters on the
Predicted Weld Pool Geometry

In this section, a similar calculating
procedure was employed but Equations
15a, b and ¢ were used instead. This
would give us a better image of how var-
ious heat source parameters (ay, by, Chs
cpp and n) will affect the predicted shape
of the weld pool. The following material
properties were used: ¢ = 600 J/kg/°C;
k=29 )/m/s/°C and p=7820 kg/m3. The
arc parameters used were U =26V, | =
230 A and v = 30 cm/min.

Figures 4A and B show the effect of
the heat source parameter aj, on the top
view of the weld pool shape and its lon-
gitudinal cross section, respectively,
while other heat source parameters are
kept unchanged (b, =2 mm, c;,;=7 mm,
n = 0.8) and the ratio of c;,;, and cy; was
unchanged, too (cp,/cps = 2). Figure 4A
shows that as aj, increases from 5 to 14,
the shape of the weld pool tends to be
shorter and fatter, i.e., its length de-
creases but its width increases. However,
as ay, increases beyond a certain value (aj,
> 14 mm), the weld pool becomes
shorter and thinner. This behavior of the
heat source can also be explained by the
nature of the distributed heat source. This
means that the higher the value of a, the
weaker the density of heat flux. At the
lower values of aj (a, < 14 mm), when
the corresponding density of heat flux is
still high enough, the width of the weld
pool increases as aj, increases and the
weld pool length decreases for the same
amount of heat input. At a higher value
of ay, (a5, > 14 mm), the density of heat
flux decreases substantially, and the
same heat input will result in a lesser
amount of melted metal, i.e., the smaller



Table 1 — Chemical Composition of the Materials

Materials  C Si Mn P S

HT-780 0.10 0.17 0.85 0.005 0.001 0.23
MIX-60B 0.06 0.69 1.30 0.008 0.009 0.20

Cu

Ni Cr Mo \% B Ti+Zr
125 048 0.5 0.035 0.011 —
— 044 03 — — 0.09

size of the weld pool. However, Fig. 4B
shows the size of the weld pool in longi-

Table 2 — Mechanical Properties of
the Materials

Materials Yield Ultimate Elongation
Strength  Tensile (%)
Strength
S, (MPa) S, (MPa)
HT-780 821 859 31
MIX-60B 601 662 28

tudinal cross section decreases as a, in-
creases, i.e., the pool depth decreases as
ay, increases.

Figure 5A and B shows the effect of
the heat source parameter b, on the top
view of the weld pool shape and its lon-
gitudinal cross section while the other

heat source parameters are unchanged L

(@p=5mm, ¢py=7 mm, n=0.8 and | 4

Cp/Chpe= 2. It can be seen from that figure

7.5
* ()

[~}

there is an insignificant influence of b, on
the pool depth while the other parame-
ters were unchanged. Its influence on the
top view of the weld pool shape is minor.
The weld pool length slightly decreases
as by, increases from 0.5 to 2 mm, but the

Fig. 7 — Effect of nj on the predicted weld pool geometry (a;, = 5 mm, by, = 2 mm, c,;= 7 mm, ¢,
= ZCf.)

width of weld pool is unchanged.

Figure 6A and B shows the effect of
the heat source parameter c;,;on the top
view of the weld pool shape and its lon-
gitudinal cross section while other heat
source parameters are unchanged (a;, = 5
mm, b, =2 mm, n=0.8) and c},;/cpr= 2.
It can be seen from this figure that as c;¢
increases the weld pool width decreases,
but its length increases. The increase of
weld pool length is more pronounced at
its front half than at its back half. The de-
crease of the weld pool width is at a
much lower magnitude. The behavior of
top view of the weld pool shape sub-
jected to the ¢y is reflected on its longi-
tudinal cross section, as shown in Fig. 6B;
however, the effect of cjr on the weld
pool depth is insignificant.

Figure 7 shows the effect of the effi-
ciency of heat source n on the weld pool
shape. It’s clear from this figure that the
higher the heat source efficiency the big-
ger the weld pool, as is expected. How-
ever, the effect of 7 on the weld pool is
more pronounced at its back half than
that at its front half or at its side.

Experimental Verification
Specimen and Materials

The specimens used for transient tem-
perature measurement were square HT-
780 plates 240 x 240 x 20 mm with the
chemical composition and mechanical
properties shown in Tables 1 and 2, re-
spectively. Two perpendicular linear
segments of weld beads run on top of the
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steel plate are shown in Fig. 8. A weld-
ing robot was used to run GMA weld

Fig. 8 — Specimen for transient temperature measurement.
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10 mm

Fig. 10 — Geometry of the weld pool: A — Top view; B —

tranversal cross section.
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beads on the plates with the
following welding parame-
ters: U=26V, =230 A and
v = 30 cm/min. A shielding
gas mixture of 80% argon
20% CO, was supplied at 20

L/min. The filler metal was
MIX-60B; its chemical com-
position and mechanical
properties are given in Tables
1 and 2, respectively. Three
platinium and platinium-
rhodium CC thermocouples
(Ref. 9) were used to measure
the transient temperature at
various interest points A, B
and C as shown in Fig. 8.
These points were selected to
monitor the transient temper-
atures around the weld toe,
the bottom of the weld pool
(weld root) and the corner of
the weld interface segments
to get necessary data for the
verification of the analytical
solutions.

Three holes with a diame-
ter of 1.6 mm were drilled
from the back surface of the
test plate with their depths
corresponding to the posi-
tions for points of interest A,
B and C. Thermocouples
were spot welded to the bot-
tom of these holes to avoid the

possible damage caused by the welding
heat source of a percussion welding ma-
chine. Thermocouples were then con-
nected to an isolation-type voltage am-
plifier, the output of which was
connected to a PC with a built-in ana-
logue-digital converter card. A picture of
the experimental setup for temperature
measurement is shown in Fig. 9.

A computer program was written and
used to control input and output signals.
It provided the necessary data for the
measured transient temperature by using
the available calibration data for CC ther-
mocouples.

Model Calibration with the Measured Weld
Pool Geometry

The geometry of the weld pool gener-
ated from the tests were reported by
means of photos taken for the weld pool
shape at the surface of the welded plate
and at its transversal cross section (E-E in
Fig. 8) as shown in Fig. 10. The two
drilled holes for thermocouples at corre-
sponding points A and B (Fig. 8) were
also captured by these photos. The posi-
tions of the thermocouples at these holes
were relocated and used for the calcula-
tion. The data for the weld pool profiles
were measured directly from the pho-
tographs using the scales of the Adobe
Photoshop program.

Figure 11A and B shows comparisons
between the measured and predicted
data for the top view of the weld pool
shape on welded plate and its transversal
cross section. The predicted data were
calculated using the following parame-
ters of the heat source, which provide the
best fit with the measured data: a;, = 10
mm, b, =2 mm, ¢,r= 10 mm, n = 0.85
and ¢y, = 2¢p These parameters were
successfully selected based on their ef-
fect on the weld pool geometry reported
previously. The heat transfer material
properties used for the calculation were
selected for HT-780 steel based on its
ranges (Ref. 8), and they were the same
as previously reported.

It is obvious from that figure that the
present 3-D heat source model can give
very good agreements with the measured
data given so that suitable parameters of
the heat source can be carefully selected.
This means that the predicted model can
be easily calibrated with the experimen-
tal data by selecting its heat source para-
meters. Then, it can be used for various
simulation purposes. However, Fig. 10B
also shows the present model fails to pre-
dict the complex shape of the weld pool
in the transversal cross section. This is ex-
pected since many simplified assump-
tions have been used for the development
of the present analytical solution.



Transient Temperature Results

Figure 12 shows the measured tran-
sient temperatures at three points repre-
senting the weld toe (A), weld root (B)
and corner point (C) as illustrated in Fig.
8 and the corresponding predicted tran-
sient temperatures by the present 3-D
power density heat source solution. Tran-
sient temperatures are calculated using
the solution obtained for double ellip-
soidal distributed heat source.

The parameters of the double ellip-
soids used for the calculation in this sec-
tion were taken from the result obtained
previously regarding the best fit of weld
pool geometry (a, = 10 mm, b, =2 mm,
Cpr=10 mm, cpp =20 mm and ) = 0.85),

and the same heat transfer material prop-
erties were used (c = 600 )/kg/°C; k = 29
J/m/s/°C; p = 7820 kg/m3 and, therefore,
a =k/cp=6.181 x 10-6 m%/s).

It can be seen from Fig. 12 that the
measured temperatures of points A and B
increased almost immediately after the
welding arc passed their position. The
maximum temperature of point B is
higher than that of A, as expected, be-
cause B is located closer to the weld pool
boundary than A. Figure 12 also shows
the maximum measured transient tem-
perature of point C is lower than that of
point A and B, as expected, due to the
fact that position C was much farther
from the weld pool than that of A or B
(about 3 mm from the weld toe). It is also
worth noting here a delayed increase in
temperature of point C compared with A
and B, due to its particular position and
the welding path, was successfully
recorded. An expected transition zone in
the transient temperature of point C, due

y {mm}

10 8 6 4 2 0 .2
¥ {mm}

o Exp. data
pred. data

O Exp. data
—Cal. data.

Fig. 11 — Comparisons between calculated and measured data of the weld pool: A — Top view
of the weld pool; B— longitudinal cross section.

to its corner position, was successfully
recorded, as shown in Fig. 12. Further-
more, Fig. 12 also shows there is a very
good agreement between the predicted
and measured transient temperatures for
all three points A, B and C. The shape and
the magnitude of the predicted tempera-
tures were expected and were very close
to the measured ones. The transition
zone in the temperature history of corner
point C due to the welding path was suc-
cessfully simulated by the numerical cal-
culation.

Figure 13 shows another set of mea-
sured temperature data compared with
the one shown in Fig. 12. It can be seen
from Fig. 13 the repeatability of the mea-
sured transient temperature is very good
in terms of both shape and magnitude.
The difference in the peak temperature
at the weld toe, weld root and the corner
positions is less than 100°C, which is
quite acceptable for high-temperature
gradients at these positions. This tem-
perature difference also incorporated
the unavoidable experimental errors in

T eelWeld ton (A), test # 1
Wl tos [A), tast # 2
- - Waeld root (B), test # 1
- Wi eld root (B), tesl # 2
—{orner pairt {C), test # 1
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o 1000 + o e weld root (B), cal. o 1000 £
& s ; Corner point (G), exp. | & s
© 800 ¢ A e Gorner point (G}, cal. © 800 T
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= - = F
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2 .
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Fig. 12 — Comparison between calculated and measured transient

temperatures.
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locating the hole depths to which the
thermocouples were bonded.

It can be further noted from Fig. 13 the
transition zone of the corner point tem-
perature of test No. 2 is not very distinc-
tive from that of test No. 1. This may be
due to a slight change in its relative posi-
tion to the corner of the weld path. How-
ever, both measured temperatures of
point C (test Nos. 1 and 2) agree reason-
ably well with each other.

From the results shown in both Figs.
12 and 13, it can be concluded this new
analytical solution could offer a very
good prediction for the transient temper-
atures near the weld pool, and it is able to
simulate the complicated weld path as
well.

Conclusions

In this study, analytical solutions for
the transient temperature field of a semi-
infinite body subjected to 3-D power den-
sity moving heat sources (such as semi-el-
lipsoidal and double ellipsoidal heat
sources) were found and experimentally
validated. Also, it was shown the analyti-
cal solution obtained for double ellip-
soidal heat source was a general one that
can be reduced to semi-ellipsoidal, semi-
sphere, 2-D Gaussian-distributed heat
source and the classical instant point heat
source.

The analytical solution for the double
ellipsoidal heat source was used to cal-
culate transient temperatures at three se-
lected points in a steel plate that is sub-
jected to two perpendicular linear
welded segments on its surface. Both the
numerical and experimental results from
this study have showed that the present
analytical solution could offer a very
good prediction for the transient temper-
atures near the weld pool, as well as sim-
ulate the complicated welding path. Fur-
thermore, very good agreement between
the calculated and measured tempera-
ture data indeed shows the credibility of
the newly found solution and its poten-
tial application for various simulation
purposes, such as thermal stress analysis,
residual stress calculations and mi-
crostructure modeling.
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