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Abstract

It is acknowledged that a pulsed laser spot weld is subjected to rapid
It is particularly difficult but important to
determine various solidification parameters in terms of development of novel
microstructure, prevention of welding defects and improvement in mechanical prop-

solidification and fast cooling rates.

erties. Therefore, in this study,

a heat-conduction and solidification model

considering the effect of latent heat was developed to provide a reasonably good

knowledge of rapid melting and solidification behaviour insuch a spot weld.

It was

confirmed that the latent heat would greatly . affect thermal histories during

solidification and growth rates of cellular dendrite tips in solidifying weldpool.

The

model could be utilized to reduce cracking in alaser spot welding of crack susceptible

alloys by giving a properthermal cycleduring solidification.

The effect of predicted

thermal history was verified by experiments and the validity of model was confirmed

in conduction mode fusion welding.

l.i Introduction

Laser welding at small heat input, es-
pecially pulsed laser welding, can produce nar-
row melted and heat-affected zones, leading to
improvement in mechanical and chemical prop-
erties of most processed parts. However, it
has been revealed that solidification cracks are
likely to occur in laser spot welds of some
aluminium alloys and fully austenitic stainless
steels®?. It is also known in normal welding
that the mechanical properties, po-rosity for-
mation tendency and solidification crack sus-
ceptibility of a weld fusion zone are frequently
affected by growth rate, and con-sequent mushy
zone length, microstructure, microsegregation,

phases formed, etc. Such microstructure, mi-
crosegregation and cracking tendency are corre-
lated to solidification pa-rameters and factors
such as cooling rate, solidification rate and
temperature gradient as well as the chemical
compositions and partition coefficients of al-
loying elements®*. It is, therefore, impor-
tant to know the melting and solidification
phenomena, cooling rates, growth rates of den-
drite tips, mushy zone regions and so on in
terms of the interpretation of improved me-
chanical properties and the formation and pre-
vention of welding defects. However, it is ex-
tremely difficult to directly measure the above
phenomena and factors because of small heat
affected zones and rapid changes in temperature
and solidification rate in laser spot welds.
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Mathematical Modeling of Fusion and Solidification in Laser Welding

Therefore, it would be useful and instructive to
estimate the welding phe-nomena, solidifica-
tion parameters and factors and their effects on
microsegregation, cracking susceptibility, etc.
by a mathematical model.

In this study, therefore, for the con-
duction mode laser spot welds in pure metals and
alloys, a heat-conduction and solidification
model considering the effect of latent heat was
aimed to develop and numerically analyze with
the objective of obtaining a fundamental
knowledge of rapid melting and solidification,
thermal histories, growth rates of cellular den-
drite tips, variation in solid fraction, mushy
zone region, etc. Especially, the effect of the
latent heat release was examined on various
solidification phenomenon and parameters of
aluminium alloys. Moreover, the developed
heat-conduction and solidification model was
used to obtain a good guiding principle in
reducing cracks in commercially available
aluminum alloy as well as to predict melting and
solidification behaviour of a molten puddle.

2. Mathematical Model of Fusion and
Solidification for Conduction Mode
Spot Welding

A heat-conduction and solidification
model in conduction mode laser spot welding
can be formulated under the assumption of axial
symmetry, i.e., two dimensional heat con-
duction in respect to r- and z-axes as depictedin
Fig. 1. Here, it is assumed that laser energy
is absorbedon the flat surface of asemi-infinite
plate. The model is applicable to any sym-
metrical heat source and temporal pulse output
power shape. In this work, however, a Gaus-
sian distribution of laser power intensity was
used on the basis of measured result of a laser
beam through GI fiber. Heat generated on the
surface is transferred by heat conduction, andthe
effect of convection was considered by adopting
ahighereffective value of thermal diffusivity in
liquid phase, if necessary. The surrounding
surface boundaries are assumed to be adiabatic.

The differential equation of thermal
conduction is written as the following equation
(1) if the thermal constants are independent of
temperature;

Laser .

Origin - ;
(.1 ~d — o)y
N N . .
‘\‘/__4_____._ * AZ
Weld fusion zonet | » o
hd ° (I !])
(1.n2) -
N (nr,nz)
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Fig. 1 Schematic representation of mathematical model
of fusion and solidification in laser spot welding

d* T
a r or

where, @ = 1/ o ¢ is thermal diffusivity

(m?/s), and r : the radial distance (m), o : den-
sity (kg/m®), ¢ : specific heat (J/(kgK)), T :

temperature (K), f: time (s), A : heat con-

ductivity (W/(Km)), ¢ : heat source term

(W/m?) corresponding to the absorbed laser en-
ergy and/or the latent heat of fusion and

solidification.

The model was numerically analyzed
by the finite difference method. The tempera-
ture of the node (i,j) during solidification, for
example, is expressed as follows *):

T(i,jye+At={a-At-2r—Ar)/(2rAr2)}-
(T(i-1,j)t — T(1,j)t)
+{a - At-Q2r+ Ar)/(2rAr2)}-
(T@(+1,j) — T(1,j)t)
+{a + At /(A z22)} - (T(,j-1)t—

T(i,j)e)

+{a « At /(A z2)} (TG,j+1)—
T(i,j)¢)

+L-Afs Jc 2)

where T* and T**2' : the temperatures at the times
t and ¢+ A t, respectively; f,: solid fraction;
and L: latent heat.
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Fig.2 Schematic cellular dendrite during growth showing solute build—up at boundary, and phase diagrams for three
modes of compositional variation, indicating relationship of solute concentrations at solid/liquid interface and in lig-

uid along final boundary

The effect of latent heats of fusion and
evaporation were considered by the temperature
recovery method”. Namely, when the tem-
perature during heating rises above the melting
or the evaporation temperature, the former is
recovered down to the latter until f,= ¥ Af,
=1 by
using the the following relation (3):

Nfs=¢c ANT L 3)
where AT is the degree of overheating or un-
dercooling.

On the other hand, during cooling,
when the calculated temperature drops below the
solidification temperature in the case of a pure
metal, it is recovered up to the constant
solidification temperature by the equation (3).
In the case of an alloy, when the temperature
drops below the liquidus T,(f,"), the fraction
solid ‘A f, is calculated by the
following equation (4), and the temperature is
recovered from T\, to T,(f,)

increase

ANfg = ¢ () — Tw) /L (4)

where Ty, is the temperature after a time step
calculated by assuming L=0. While T, is de-
termined by the liquidus temperature as a func-
tion of f, according to the microsegregation

theory. For example, T, is often expressed in
the Scheil's equations (5,6) as follows:

=T, (T, -1, ) - £,

fr T,<T T, 5]
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I =Tg
for 1 -{(Tf -TE) /(Tf - TL)}I/(kO —1); fs b 1

where k, is the partition coefficient of alloying
element.

The Scheil's equation can not describe
the solidification behaviour and microsegrega-
tion of alloys under all conditions since it
considers neither the diffusion in the solid nor
the growth-rate-dependence of partition coeffi-
cient at the solid/liquid interface. In spot
welds subjected to laser irradiation of
millisecond order, the influence of the diffusion
in the solid on micro-segregation is negligibly
small, but the effects of the undercooling and
distribution coefficient should be noticeable.
Therefore, in the case of rapidsolidification, the
undercooling and partition coefficient of
solid/liquid interface should be considered to
depend upon solidification rate and alloy sys-
tem* 19,

The authors'®*® proposed that the
liquidus temperatures for calculations must be
determined om the basis of the respective
solidification modes describing different com-
positional changes of solid and liquid in the
phase diagrams, as shownin Fig. 2. Mode I
corresponds to the solidification behaviour ac-
cording to the Scheil's equation. The distri-
bution coefficient £, used was mostly approxi-
mated to be a constant for simplicity, but
occasionally the partition coefficient and liq-
nidus lines were expressed as fifth-order
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Table 1 Nomenclature of symbols, units and constants used in calculation

Symbol (Unit) Meaning Constants used
E, (J/p) Laser energy per pulse - 15 [17.3, 24.7]**
T, (ms) Pulse duration 5[5.1, 19.8]**

Dy, (mm) Beam diameter* 1.48 [1.06]**
A (%) Absorptivity 25 [23]**
T, (K) | Initial temperature 293
Cp (/(Km?)  |Specific heat 2.5 x 106
L (J/kg) Latent heat 3.6 x 10°
Ahf (J/m3) Latent heat of fusion per unit volume ' 9x108
a. (m?/s) Thermal diffusivity in solid 7x 105
a, (m2/s) Thermal diffusivity in liquid 7 x 105
At (s) Time step 5 x 108 [2 x 10-7]**
Az, Ar (m) Mesh size 5x 106 (1 x 10-5]**

* Gaussian distribution of Jaser power intensity
** Values in [ ] were used for calculation of pulse shaping effect

polynominal as a function of temperature and
composition, respectively, for further detailed
prediction of microsegregation. In Modes I

and M, theundercooling is considered forrapid
solidification. In Mode I, the effective par-
tition coefficient &k, is utilizedinsteadof %, , and
consequently the compositions of solid and
liquid at the interface of a growing dendrite vary
with the solidus line and liquidus line, respec-
tively. In Mode I, the duplicate diagram is
proposed to satisfactorily explain the effective
solidification with the solute-enriched thin
layer and to predict microsegregation and tem-

perature distribution. That is to say, the com-

positions of the solid and liquid at their inter-
face are considered to change with the solidus
and liquidus lines, respectively. Also it is
significantly taken into consideration that the
liquid composition at the final cellular dendritic
boundary changes with the tentative liquidus
line from the initial average composition (under
the  undercooling condition due to rapid
solidification) to the eutectic point. It may be
actual that the liquid composition at the
solid/liquid interface of a cellular dendrite
should approach the original liquidus line in

earlier stages of solidification than the path of
Mode II, supposing thatthe thickening rate of
dendrite cell trunks is not so high but on the
other hand the solute diffusion in the liquid
boundary is fast enough.

In this work, the equation was first

solved by the recovery method® according to the
Scheil's equation. Consequently the solidifi-
cation rates were obtained. On the basis of
such solidification rates, the temperature and
the liquid and solid compositions of dendrite
tips were estimated by using KGT model and
Aziz equations. If the degree of undercooling
is considerably great, the phase diagram ex-
pressed as Mode II was deduced, and the
calculation of the model was again carried out
according to the relationship of Mode I .
Nomenclature of symbols and constants usedin
the calculation are tabulated in Table 1.
Fig. 2 Schematic cellular dendrite during
growth showing solute build-up at boundary,
and phase diagrams for three modes of
compositional variation, indicating relation-
ship of solute concentrations at solid/liquid
interface and in liquid along final boundary



3. Experimental Verification of Model
and Discussion
3.1 Material used
The material used was mainly A5083-0
aluminium alloy plate of Smm thickness. The
chemical compositions were 4.6% Mg, 0.08%S1,
0.19%Fe, 0.05%Cu, 0.63% Mn and 0.1% Cr.
The plate was polishedby No. 400 Emery paper
and cleansed with Acetone prior to welding. The
surface and cross section of a laser spot weld
were observed to know the extent of cracking.
3.2 Spot welding with pulsed YAG la-
ser

Spot welding was performed with a
pulsed YAG laser in Ar gas atmosphere under
various conditions. The laser apparatus used
can control the temporal pulse shape of output
power within 20ms period“?. A laser beam
was delivered through GI fiber of 700 1 m in
diameter, and was focused by a quartz lens of
150mm focal length.

The beam analyzer (Big Sky Software

Corporation) showed the Gaussian intensity
distribution, and it also indicated that the spot
size of the laser beam was of about 0.7mm in
diameter at the focal point.
3.3 Effectoflatent heat on melting and
solidification behaviour and so-
lidification parameters in laser
spot weld fusion zone

To confirm the effect of latent heat on
temperature histories in the weld fusion zone,
calculations were first preformed with and
without consideration of latent heat during
melting and solidification under the conditions
that Al-5%Mg alloy plate was exposed to a
pulsed laser beam of a Gaussian distribution at
low power density during 5ms period. As a
result, the temperature histories are indicated in
Fig. 3 at different depths from the surfaceup to
0.5mm on the central axis of spot weld fusion
zone. Thesethermal cycles are very short. It
is understood that, in the case of latent heat
considered, the thermal histories at any depths
experience slightly lower temperatures due to
the latent heat of fusion after the surface
melting is initiated, whilst cooling is noticea-
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Fig. 3 Calculated temperature histories at different
depths of 0 to 0.5mm on central axis of spot
weld fusion zone of Al-5%Mg exposed to 5
ms rectangular pulse shape of laser beam.
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Fig. 4 Variation in isothermal line (corresponding to
molten pool geometry) during spot welding, and
comparison of resultant fusion zone shapes ob-
tained by using models with and without con-
sideration of latent heat

bly delayedowing to the latent heat release after
the solidification occurs at the solid/liquid in-
terface along the fusion boundary of the weld
pool. Such delay is more remarkable closerto
the surface. However, all cooling curves are
approaching so closely below 500K that the
influence of latent heat becomes negligibly
small only Sms after the laser termination.
Figure 4 shows temporal change in
the isothermal lines of the melting temperature
of Al1-5%Mg alloy, signifying the behaviour of
rapid melting and solidification of a molten
pool. It is apparent that the geometries of
molten pool during melting and solidification
are different. The molten puddle grows larger
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Fig. 5 Growth rates of cellular dendrite tips as func-
tion of depth in spot welding of Al-5%Mg al-
loy, showing effect of latent heat release and
influence of solidification  microsegregation
modes

in the relatively flat geometry from the surface
owing to distributed heat source during melting.
On the other hand, during solidification, it be-
comes smaller in the half-roundshape dueto the
crystallization and growth from the periphery of
the melted zone and easier thermal conduction in
the radial direction. It grows only slightly
(about 5 g m) larger near the bottom just after
the laser termination. It isalso found thatthe
final penetration depth becomes shallow to a
small extent (about 30 ¢ m) on account of the
latent heat of fusion.

Subsequently, the growth rates of cel-
lular dendrite tips were estimated by dividing
the distances between respective nodes (mesh
sizes) by the time differences of their solidifi-
cation initiation, assuming that cellular den-
drites advance continuously from the bottom to
the surface. The growth rates along the central
axis of Al-5%Mg spot weld are shown as a
function of the depth inFig. 5. Without the
latent heat, they shouldbecome gradually faster
from 0.1m/s to more than 10 m/s with
approaching tothesurface. On the other hand,
the growth rate calculated by Mode I considering
the latent heat gets faster from about 0.1m/s to
0.5m/s as the interface of dendrite tips ap-
proaches to 0.05mm from 0.35mm in depth.
Similarly, that of Mode III is about 0.25m/s in
the most part. These growth rates are still
extremely rapid compared with those in arc
welds. The growth rates of cellular dendrite
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Fig. 6 Calculated cooling rates during welding of Al-
5%Mg, showing effect of latent heat evolution

_ 7

g 107 ¢ T T T T E
% E | Al-5%Mg 3
. 108 & -
- 3 E
= [ h
© 105 - -
@ E 3
- L 3
2 10t T N
8 3 L iaui ol
o o Liquid | Solid 3
Q . .
£ 103 i 1 I I

@
T i} 0.1 0.2 0.3 0.4 0.5

(Surface)

Depth, d(mm)
Fig. 7 Temperature gradients at solid : liquid interface

calculated by using models with and without
considering latent heat

tips areslower by approximately 2 - 10times in
the region from the bottom to the surface dueto
the effect of the latent heat liberation.

The effect of the latent heat on cooling
rate andtemperature gradient was also calculated.
These results are showninFigs. 6 and7. The
cooling rates become about 2 - 4 times slower
and the temperature gradients are reduced in
around half due to the effect of the latent heat
evolution. _

The solid fraction at each depth was
obtained as a function of time. The results
showing the effect of latent heat and the
difference between Mode [ and III are indicated
in Fig. 8 (a) and (b), respectively. It is
apparent that the solidification can be delayed
by the latent heat release. It is interpretedthat
the liquid (of a small amount) 1is retained at
the bottom even when the cellular dendrite tips
advance up to the 0.1lmm depth. TUnder the
Mode III condition, the solid fraction increases
at almost constant speed. Assuming that the
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Fig. 8 Variation in solid fraction at each depth as a function of time, showing effect of latent heat (a) and difference be-
tween Mode I andIll (b) on solid ratio along central axis of weld fusion zone

primary arm spacing is about 1 g m'¥, the
lateral (thickening) growth rates are estimated
to be about 1 and2 mm/s for the models of Mode
I and Mode III, respectively. This signifies
that the thickening rates of cellular dendrite
trunks are about 100-200 times slower than the
advancing rates of their tips. This result sug-
gests that the interdendritic solute distribution

unde.r rapid SOI'I_dlflcatlon conditions Sh.ouldbe Fig.9 Surfaces and cross sections of conduction mode
obtained by taking these growth rates into ac- spot welds in A5083 alloy produced with laser
count. in rectangular pulse shapes with and without

controlled tailing power.

3.4 Actual melting and solidification

behaviour and cracking tendency in
laser spot welding

The effects of pulsed laser power
shapes were investigated by performing laser
welding experiment and calculation of the model
in order to reveal whether it would be feasible
to suppress rapid solidification of cellular den-
drite tips, to narrow mushy zones and to reduce
or prevent cracking with temporally controlled
pulse shapes.

Almost rectangular shapes with and
without the addition of tailing power (shown in

Fig. 10 Surface and cross sections of conduction mode

the upper part of Fig. 11) were utilized. Sur- spot welds in A7NOI alloy produced with la-
faces and cross sections of heat-conduction type ser in rectangular pulse shapes with and with-
spot welds in A5083 alloy produced under the out controlled tailing power

respective pulse shape conditions are demon-
strated in Fig. 9. It is apparent that the con-

trolled pulse shape with the tailing power added in A7NO1 spot welds could be completely pre-
is beneficial to the reduction in cracking. It vented by using such a pulse shape as shown in
was also confirmed that solidification cracking Fig. 10. The reduction or prevention of
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Fig. 12 Comparison between observed and calculated spot weld fusion zones of pulsed laser—welded AS5083 alloy, and
isothermal temperature distribution when top surface begins to solidify as cellular dendrites in the case of rectan-

gular pulse (a) and pulse with taling power (b)

cracking may be reasonably attributed to a
narrower mushy zone, which will be deduced by
analyzing melting and solidification behaviour
with the present model-as follows.

Measured pulse shapes of laser power,
calculated temperature histories, variation in
solid fraction and isothermal temperature dis-
tribution in Al1-Mg alloy are compared between
two shapes in Figs. 11 and12. It is clearly
understood that the tailing power retards cool-
ing at respective depths according to the phe-
nomenon that the solidification occurs gradu-
ally from the bottom. When a central surface
part begins to solidify, the liquid is present at
the bottom in the case of rectangular pulse shape,
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while the peripheral part of melted zone has
completedsolidifying to narrow the mushy zone
in the case of controlled pulse shape with tailing
power.

From the above results, it is under-
stood that an adequate tailing power can retard
cooling on account of gradual solidification
from the periphery of a laser spot weld and
produce narrower mushy zone during solid-
ification. Such pulse shapes for controlled
solidification lead to the decrease in cracking
sensitivity.



4. Conclusions

A two-dimensional heat-conduction
and solidification model considering micro-
segregation and latent heat was proposed to de-
termine their effects on rapid solidification be-
haviour and parameters in alaser spot weld. A
calculation result demonstrates that a molten
pool grows largerin the relatively flat geometry
from the surface during melting, while it be-
comes smaller in the half-round shape during
solidification. It is confirmed that cooling is
remarkably retarded owing to the latent heat
evolution during solidification. The degree of
such retardation becomes greater in the region
closer to surface. Cooling rates and growth
velocities of dendrite tips are slowed down due
to the latent heat release. Similarly,
temperature gradients are smaller to a slight
extent. It is also found in the case of
rectangular Jaser pulse shape that the residual
liquid is present along grain boundaries in a
wide range of solidifying pool, i.e., a wide
mushy zone is formed, resulting in a greater
susceptibility to solidification cracking. This
is attributed by the fact that the growth rates of
dendrite tip in axial and radial directions are
greatly different, i.e., 100-200 to 1, which
means that the thin film of liquid is retained at
the dendrite boundaries in relatively long dis-
tance and thus is not resistant to the strain
perpendicular to dendrite growth direction. The
model could be satisfactorily utilized to reduce
solidification cracking in a laser spbt weld of
crack sensitive alloys.
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