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ABSTRACT

The geometrical characteristics of the weld end crater are commonly used as a means of validating numerical results in welding simulations.
In this paper, an analytical model is developed for calculating the cooling stage of the welding process after the moving energy source is
turned off. Solutions for various combinations of heat sources and heated bodies are found. It is shown that after turning off the energy
source, additional melting of the base material in the longitudinal direction may occur due to the overheated liquid metal. The developed
technique is applied to complete-penetration keyhole laser beam welding of 2 mm thick austenitic stainless-steel plate 316L at a welding
speed of 20 mm s™' and a laser power of 2.3 kW. The results show a theoretical increase in the weld end crater length of up to 19% com-
pared to the length of the steady-state weld pool. It is found that at the moment of switch off, the weld end crater center, where solidification
of the liquid metal ends, is shifted from the heat source axis toward the weld pool tail. The solidification rate and the direction of crystalliza-
tion of the molten material during the welding process and those in the weld end crater differ significantly. A good agreement between the
computational results and the welding experiments is achieved.

Key words: Weld end crater, Steady-state weld pool, Mathematical modeling, Solidification, Laser beam welding
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I. INTRODUCTION

The weld end crater zone differs from the rest of the weld
seam by the solidification rate and the direction of crystallization.

well to each other? (2) Does the axis of the heat source coincides
with the center of the end crater when it is switched off? From the
physical point of view, these questions can be formulated as follows:

It is a zone of increased irregularity of chemical composition,
increased transient and residual stresses, and increased suscepti-
bility to hot and cold cracking.'™ From a geometric point of
view, the weld end crater is a depression in the weld face at the
termination of the weld bead.”

For verification of the calculated weld pool dimensions, the
experimental dimensions of the weld end crater are often taken up.

This raises the following questions: (1) Do the shape and the
dimensions of the weld pool and the weld end crater correspond so

(1) Does the base material melt after the heat source is switched off?
(2) Does the maximum temperature zone shift during crystallization
of the molten material at the end of the process? Thermal processes
in the weld pool, the weld metal, and the heat affected zone are ana-
lyzed in many publications.”'" Nevertheless, the thermal behavior
of the weld end crater remains not sufficiently studied.

The aim of the present study is to develop an analytical
method for determining the size of the weld end crater and the
solidification kinetics of its liquid metal. Based on an example of
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laser beam welding of thin steel plates, the significant geometric
difference between the weld end crater and the weld pool should
be shown.

Il. THEORY

In order to calculate the formation of the weld end crater and
its final characteristics, the information of the steady-state tempera-
ture field and the temperature equalization period after the heat
source is switched off should be known. Hence, at first, the temper-
ature fields and, consequently, the sizes of the weld end crater and
the molten pool for two combinations of a moving heat source and
a welded body are compared: (1) a point heat source and a slab
(the temperature field is three-dimensional) and (2) a uniformly
distributed line heat source and a thin plate (the temperature field
is two-dimensional). Hereby, the following assumptions are made:

o The heat source of a constant power g moves along the x-axis
with a constant speed v long enough to achieve a quasistationary
state (the temperature field does not change in the moving coordi-
nate system x, y, z related to the heat source) [Figs. 1(a) and 1(b)].
Then, the source is instantly switched off, leading to geometrical
changes of the weld pool up to the moment of complete solidifica-
tion of the liquid metal;

« the body with a thickness h is homogeneous and infinitely wide
and long [Fig. 1(a)];

o the material properties (thermal conductivity 4, thermal diffu-
sivity a, and volume-specific heat capacity cp) are temperature-
independent;

o the surface heat transfer coefficients o; and o, do not depend on
temperature; and

« the initial body temperature and the room temperature T, are
constant.

The point heat source on the surface of a slab with insulated
surfaces is considered first [Fig. 1(a)]. The heat source is turned off
at point O. This moment is taken as initial (# = 0). Further absence
of a real heat source is represented as a simultaneous action of two
combined fictitious sources: a positive source of power +g, which is
a continuation of the real heat source, and a negative source (sink) of
power —q [Fig. 1(c)]. Hence, the temperature field after switching off
the real energy source in the moving coordinate system x, y, z, asso-
ciated with the sources, will be an algebraic sum of the steady-state

a) b) y
710 X, Xo - 0 %
4 L
f z L,
©) P — é+q
,@\ 77777777 X, Xo
-q

FIG. 1. Schematic for the calculation of the heat conduction process after the
heat source is switched off: (a) coordinate system; (b) weld pool dimensions
(melting isotherm Tp,; weld pool length Ly,; length of the tail part of the weld
pool L;); and (c) the mathematical model for the heat source.
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temperature field due to the fictitious heat source and the unsteady
contribution due to the fictitious heat sink:*’

T(x, y, 2, 8) — To =[1 — ¥3(x, 9, 2, t)]%

X exp <_2—Zx) Z Ri,»exp (_2"51‘), (1)

with R; = R\/1 + 4i(8)?(i — 2) and R = /x> + % + 2.

The heat saturation function W; is defined as the fraction of
time-dependent temperature distribution and the limit quasista-
tionary state of the temperature field (theoretically at t = ) in a
moving coordinate system. Here, the heat saturation function is
represented as

i=—o00l”3i

> 1 L[ .f psi
Wi(x,y, 2 1) = {Z Lexpl-p)3 | = %)

« i 1
+exp(2p5;)® (ZF\)S/IEJF \/T—S)H/,;JT& exp(—p3;), @)

where p;; = p; 1+4i<p%)(i—§); p3:% 5:%; =% and

D (1) = erfc(u) =1 — \/%-jexp(—xz) dx.

The complimentary error function @ is included in all com-
puter systems. For a point heat source, the function y; on the
upper ({ =0) and on the lower ({ = 3) surfaces of a slab with
dimensionless thicknesses 8 = 1 and 8 = 4 is shown in Figs. 2(a)
and 2(b). It depends on dimensionless time 73 and dimensionless
distance p; (distance from the observation point to the center of
the coordinate system). It can be seen that the closer to the heat
source (the smaller the distance p;), the earlier the temperature
reaches its limit value. On the lower surface ({ = & and p; > 9),
the values of W are slightly higher (dashed curves) than that on
the upper surface ({ = 0, solid curves). If the lower surface of the
slab (z = h) does not affect the temperature field (theoretically, for
h = ), Egs. (1) and (2) are simplified since only the members of
the series at i = 0 remain,

T(x) Y.z t) - TO :[1 - ‘P3(~x> Yz t)]

q —v(x +R)
27AR eXP( 24 > ®

1| «f ps3
whereWs(x, y, z, t) == {(I) ( — /73)
2 2,/73

+exp (2p5)® <2pﬁ + \/E)} Y

The function ¥; is shown in Fig. 2(c). By comparing
Figs. 2(a), 2(b), and 2(c), it can be seen that with the growth of
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which means that there is no temperature drop over the thickness
of the plate. The algorithm of solving the corresponding heat
conduction problem is similar to the considered algorithm for a
point heat source on a slab. The temperature field after termina-
tion of the line heat source in the moving coordinate systems
X, y, associated with the heat source [Fig. 1(a)], is described by
the following equation:

&0
N

Heat saturation function y;

T(x, y,t) — To =[1 — ¥a(x, y, t)]
qlh —vx vr 4ab
A exp (=) Ko [ =4/ 14+ 22,
x 27 exp( 2a ) 0 <2a + y2 ®)

withr = /x> + y> and b = —”“C;fz.

Here, K, is the modified Bessel function of second kind of
zero order, r is the distance in a plane from the center of the origin,
b is the coefficient of heat loss for a thin plate, and a; and o, are
the surface heat transfer coefficients on the top and bottom of the
plate. The heat saturation function ¥, is calculated as follows:*’

=2
~

Heat saturation function y;

_ 1
 2Ko(p,)

275/p, 1 _ 1
X Jo ;exp (% (u + ;) > du, (6)

0 by where p, =34/ +4Vif’and12=%(l+%’).
7 The function ¥, is shown in Fig. 2(d) (solid lines). Since the

J integral in (6) is not expressed as known functions, it is convenient
. . 8,9
to use an approximation formula:

1.740.4p,
P2
1 2
+ (2T2)

The curves calculated by Eq. (7) are shown in Fig. 2(d), high-
lighted with dashed lines. The approximation error is significant
only for small values of p,. The approximation function (7) coin-
cides with the exact function in the limiting cases: P,(p,, 0) = 0,
“I”z(pz, 00) = 1, and ‘*I"Z(OO) Tz) =0.

Thus, it is possible to calculate the temperature field and esti-
mate the size of the weld end crater using Eqs. (1)-(7).

The effect of boundedness of the welded body can be taken

Y, (x, y, t)

o
~

Heat saturation functio y;
o

-1

LPZ(-x> Y t) = (7)

o
~

Heat saturation function y,

Dimensionless time 7, into account by using the method of images.”™”
Note that the curves ¥, and ¥; allow estimating the time of
FIG. 2. Heat saturation functions for a point heat source on the surface of a slab of action of a moving source ¢ (or the initial length of the weld seam
dimensionless thickness &, (¥3), and a line source in a thin plate (\V,), depending vt), necessary to achieve a quasistationary state of the temperature

on the dimensionless time (z, and z3) and dimensionless distance (p, and ps): (a) ] -
for the Upper (S0l curves) andlower. (dashed cunves) suriace of the skb, & = 1t field (for example, the steady-state characteristics of the weld seam)

. . . 6-9

(b) for the upper (solid curves) and lower (dashed curves) surface of the slab, with a glven relative accuracy. ,
S = 4; (c) for the surface of a massive body, 5 = oo; and (d) for the plate. Similarly, by making use of the method of sources (Green’s
function method), it is possible to obtain solutions to the heat con-

duction problems for concentrated sources shifted relative to the

dimensionless thickness &, the values of the function W5 at origin of coordinates. If a distributed heat source is used, it can be
7 = const slightly increase. represented as a sum of concentrated sources. In this case, the solu-
As next, the uniformly distributed line heat source in a thin tion to the heat conduction problem results from the integration of
plate is considered. Here, the temperature field is two-dimensional, the power distribution of the distributed source.®’
J. Laser Appl. 32, 022024 (2020); doi: 10.2351/7.0000068 32, 022024-3
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11l. EXAMPLE

A plate of austenitic chrome-nickel steel 316L (0.03% C, 17%
Cr, 10% Ni, Fe bal.) with a thickness of 2 mm is welded using the
keyhole technique. The process occurs under the following condi-
tions: laser beam power of Ggross = 2.3kW and welding speed of
v=20mms ", The experimental weld seam width W on the upper
surface lies in the range between 1.56 and 1.79mm (Fig. 3). The
experimental length L. and width W, of the weld end crater are in
the range of 4.19-4.79 mm and 1.58-1.81 mm, respectively.

The temperature difference over the thickness of the plate is
negligibly small (the difference in the weld width between the upper
and lower surfaces is less than 3%), so the scheme of a uniformly dis-
tributed line heat source in the plate is used to calculate the tempera-
ture field. The following input data are taken: 1 =0.032 W mm ™' K™/,
ap=a, =0, a=64mm’s ', ¢=0.005]mm K", Ty =293K,
and T,, = 1773 K.

The effective (net) power of the laser beam ¢ is unknown, as the
absorption coefficient 7, is highly dependent on many factors. As a
result of calibration of the numerical model based on the sizes of the
weld pool and the weld end crater, the net power value g =1085W
and the efficiency 77, = g/qgross = 0.47 are obtained. The temperature
field after the laser beam is turned off (+ > 0) is calculated by using
Egs. (5) and (7). The transition from the moving coordinate system
X, ¥, z, connected with the energy source, to the fixed coordinate
system Xo, y, 2, with the origin at point O, is realized by the equation:
X = xo — vt, where t is the time after switching off the heat source.

At the moment of termination of the laser beam, the isotherm
T,, describes the boundary of the weld pool in a quasistationary
state [curve t = 0 in Fig. 4(b)]. In the beginning (at t < 0.043s),
the base material continues to melt in front of the molten pool due
to overheating of the liquid metal. The area of the new molten
metal is darkened in the figure. At the same time, the tail part of
the weld pool solidifies. Thereafter (at ¢ < 0.043s), the liquid metal
starts solidifying from all sides. The zone of the maximum tempera-
ture in the molten metal shifts from point O (the heat source axis at
the time of shutdown) to point A, where solidification of the liquid

FIG. 3. Laser beam welded plate of 316L chrome-nickel austenitic steel with
thickness of 2 mm (laser beam power of 2300 W, welding speed of 20 mm s™):
(a) the metallographic cross section; (b) top view of the weld and the weld end
crater. The calculated contours of the weld pool (solid lines) and the weld end
crater (dashed lines) are highlighted in white. Point A shows the position, where
the solidification of the liquid metal in the weld end crater ends. Point O shows
the origin of the heat source axis at the time of shutdown.
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FIG. 4. Formation of the weld end crater (highlighted by a thick dashed line)
after the heat source is switched off: (a) effective power distribution g along the
weld axis; (b) time dependence of the position of the melting isotherm T, for a
line heat source in a thin plate of thickness h=2mm; (c) time dependence of
the position of the melting isotherm T, for a point heat source on a slab of
thickness h =2 mm; and (d) time dependence of the position of the melting iso-
therm T, for a point heat source on a massive body, h = co.

metal in the weld end crater ends [Fig. 4(b)]. Typically, on welded
samples, this point (the center of the end crater) is visible as the
deepest point on the end crater surface. Note that when heated by a
moving distributed heat source (e.g., a normally distributed or uni-
formly distributed circular source), the maximum temperature zone
is also shifted backward from the heat source axis.*”’

The end crater area includes all the molten metals after the
source is switched off. The boundary of the weld end crater is
shown with a bold dashed line [Fig. 4(b)]. It can be seen that the
width of the end crater W, coincides with the width of the weld
pool in the steady-state (W, = W), but the length of the weld end
crater L. is much greater than the length of the weld pool L,
(about 0.66 mm or 19%). This means, strictly speaking, that the
size of the weld end crater cannot be considered as the size of the
weld pool for heat source calibration purposes.

This geometrical difference between the weld end crater and the
steady-state weld pool leads to metallurgical changes, e.g., increased
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irregularity of the chemical composition. Consequently, in combina-
tion with other physical effects, e.g., increased transient and residual
stresses, the weld end crater represents a zone with high susceptibility
to different welding defects, such as hot and cold cracking.

It is well known that the growth rate and the shape of the
crystal axes are mainly determined by the speed of movement and
the shape of the weld pool interface (melting isotherm T,,). Since
the velocities and the shapes of the isotherm T, in the weld end
crater and the molten pool are significantly different [Fig. 4(b)],
the growth velocities and trajectories of the crystals should differ
significantly. In this case, the maximum solidification rate of the
weld end crater is greater than the maximum solidification rate of
the weld pool, which is equal to the welding speed.

For comparison with the experiment in Fig. 3, the calculated
boundary of the weld pool at the moment of switching off the laser
beam in the form of a closed thin white line and the calculated
boundary of the weld end crater highlighted by a thick dashed line
are shown. The computed position of the center of the end crater
(point A) is adjusted to the experimental one. It can be seen that
the calculated dimensions of the tail part of the molten pool (width
W and length L,) satisfactorily coincide with the experimental
values. The experimental straight-line shape of the weld pool
differs from the computed rounded one, which is explained pri-
marily by the effect of latent heat of solidification and the high
welding speed.”™” The calculated dimensions of the weld end crater
boundary lie in the observed experimental range. Thus, in general,
there is a qualitative agreement between the results of the calcula-
tion and the experiment.

Naturally, the question arises: Will the base metal melts after
switching off the heat source with other combinations of sources
and heated body types? To prove this, an additional combination
of a point source on the surface of a 2 mm thick slab with the same
welding parameters is considered (g = 1085W, v =20 mms™"). In
such combination, the temperature field is three-dimensional. As it
can be seen from Fig. 4(c), the geometric difference between the
weld end crater and the weld pool is qualitatively the same as for
the line heat source and the thin plate [Fig. 4(b)]. In the case of a
point heat source on a slab [Fig. 4(c)], the width and the length of
the weld end crater on the top surface are greater than in the thin
plate [Fig. 4(b)]. The offset of the center of the end crater (point A)
from the axis of the laser beam (point O) is also bigger. However,
in this case, the calculated maximum temperature on the lower
surface does not reach the melting point.

As a limiting case, the combination of a point heat source on
a semi-infinite body is considered, see Fig. 4(d). The comparison of
Fig. 4(d) with Fig. 4(c) shows that the width and the length of the
weld end crater are smaller for the semi-infinite body. Nevertheless,
the volume of the metal melted after the laser beam is turned off is
approximately the same.

According to the obtained results, for the different combina-
tions of heat sources and heated bodies, the width and the length of
the tail part of the weld end crater and the weld pool are the same.
However, the total length of the end crater can be significantly
longer (up to 19%) than the length of the molten pool. Therefore,
in the general case, it is not perfectly correct to consider the size of
the weld end crater to be equal to the size of the steady-state weld
pool. The center of the end crater, where the solidification of the

ARTICLE scitation.org/journal/jla

liquid metal ends, is shifted toward its tail relative to the axis of the
heat source at the time of termination of its action. A similar
process of solidification is observed in arc welding of aluminum
alloy with thickness of 3 and 5 mm."”’

It should be emphasized that an additional consideration of
temperature-dependent material properties, different heat source
distributions, and other physical factors will only lead to quantita-
tive changes in the geometric differences between the weld end
crater and the steady-state weld pool, whereby qualitative differ-
ences will remain.

IV. CONCLUSIONS

 The developed analytical method for solving the problem of heat
conduction allows to calculate temperature fields and all their
characteristics after termination of the heat source.

o After the termination of the heat source, additional melting of
the base metal due to an overheated liquid metal in the weld
pool is possible. Therefore, in the general case, the size of the
weld end crater cannot be considered to be equal to the size of
the steady-state molten pool. The developed technique is applied
to complete-penetration keyhole laser beam welding of a 2 mm
thick austenitic chrome-nickel 316L steel plate at a welding speed
of 20mms™" and a laser power of 2.3 kW. The results show a
theoretical increase in the weld end crater length in comparison
to the length of the steady-state weld pool by up to 19%.

o At the moment of switch off, the weld end crater center, where
solidification of the liquid metal ends, is shifted from the heat
source axis toward the weld pool tail.

o The solidification rate and the solidification direction of the
liquid metal in the steady-state weld pool and those in the weld
end crater differ significantly.

o The negligible heat transfer in thickness direction during thin
sheets welding leads to the biggest geometrical and metallurgical
differences. These, in combination with the typical for the laser
beam welding high transient and residual stresses, can increase
the susceptibility to hot and cold cracking.
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NOMENCLATURE

a = thermal diffusivity, mm? s~}

b = coefficient of heat loss, s

p = volume-specific heat capacity, Jm™> K™

h = thickness, m

Ko = modified Bessel function of second kind of zero order
L, = end crater length, m

Ly, = weld pool length, m

L, = length of the rear part of the weld pool, m
q = heat source power, W

gross = gross heat source power, W
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R = distance in space from the center, m

r = distance in plane from the center, m

T = temperature, K

To = initial temperature, ambient temperature, K

T = melting temperature, K

t = time, s

v = travelling speed of a heat source, ms™"

w = weld pool (seam) width, m

W, = end crater width, m

X ¥ 2 = moving coordinate system, m

X0, ¥,z = fixed coordinate system, m

Greek

a;and @, = heat transfer coefficients on the top and bottom
surfaces, Wm 2K}

1) = dimensionless thickness

M = heat source efficiency

A = thermal conductivity, W mK!

4 = dimensionless coordinate over thickness

0 = dimensionless distance in plane from the center

Ps = dimensionless distance in space from the center

T = dimensionless time

@ = complementary error function
g = heat saturation function
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