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Abstract—An analytical three-dimensional temperature field in the liquid and heat-affected zones around
the welding cavity produced by a moving high-intensity beam is provided. The cavity is idealized by a
paraboloid of revolution in a semi-infinite workpiece subject to an incident flux of a Gaussian distribution.
A relevant irnage technique is introduced to account for the adiabatic top surface. Three-dimensional
solidification characteristics of the fusion zone, therefore, are quantitatively determined. The results show
the effects of welding parameters, such as the dimensionless beam power, Peclet number, cavity opening
radius, preheating temperature, and the parameter approximating convection, on the shape of the fusion
zone, the cocling rates, and morphological stability. The findings agree well with available experimental
data and three-dimensional finite-difference results. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

A temperature field is required to predict not only
welding processes but also microstructures of work-
pieces. Microstructures including the size and shape
of grains, segregation, hot cracking and porosity of
the fusion zone are primarily determined by the sol-
idification speed and liquid temperature gradient at
the solidification front [1, 2]. Unfortunately, a general
and quantitative understanding of three-dimensional
solidification characteristics in higher-power-density-
beam welding is still lacking. Providing an analytical
solution of three-dimensional temperature and apply-
ing it to solidification characteristics in high- or low-
power-density-beam welding become the objectives of
this work.

One of the first investigations into the growth of
substructures in tungsten arc or low-power-density-
beam welds was by Calvo et al. [3]. They found that
an increase in the alloy content of the pool, or a
decrease in the thermal gradient, caused the micro-
structure to change from the planar to cellular-den-
dritic forms and ultimately free dendritic modes. Being
similar to the solidification of castings the mechanism
of constitutional supercooling, first proposed by
Rutter and Chalmers [4], was used for producing an
interpretation. That is, the higher the degree of con-
stitutional supercooling or the smaller Gi/V,, the
greater the tendency for a given material to switch
from planar, cellular to a dendritic microstructure.

The relevancy of constitutional supercooling in
welding was also confirmed from experimental obser-
vations [5, 6]. In a horizontal cross-section the growth

of the fusion boundary is the lowest while the normal
temperature gradient is the steepest. As the weld cent-
erline is approached along the solidification front, the
growth rate increases and normal temperature gradi-
ent decreases. Microstructures, therefore, were
observed to vary from the planar, columnar, columnar
dendrite and equiaxed dendrite from the fusion
boundary to weld centerline [7].

Microstructures are also related to the sizes and
spacings of the primary and secondary dendrite arms
of the solidification front. Brown and Adams [8] mea-
sured dendrite spacings of 2014 aluminum alloys in
arc welds and found that the dendrite arm spacing
would be proportional to the square root of the
power-to-welding speed ratio. A simplified one-
dimensional conservation equation of solute was
derived and a successful comparison was made by
Brown and Adams [9]. Subsequent works by Jordan
and Coleman [10] for welding an Al-Mg~Mn alloy
and Lanzafame and Kattamis [11] for welding 2014
aluminum alloy, have substantiated this relationship.
The latter also found that the dendrite arm spacings
vary from the fusion boundary to weld centerline,
being finer at the centerline. This is primarily due to
the variation in local solidification time.

Katayama and Matsunawa [12] measured the pri-
mary arm spacings of a stainless steel for different
welding speeds and depths of the fusion zone in high-
power-density-beam welding. The primary arm spac-
ings and cooling rates (G,V,) were correlated. The mea-
sured primary arm spacings were around 107¢ m. The
average primary arm spacing increased significantly
as the welding speed became less than 0.03 m s~'.
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Co initial solid concentration
D liquid solutal diffusivity

G, liquid temperature gradient at
solidification front

h dimensionless cavity depth = h/é

H hg/ R(T—T,)

n dimensionless length, as illustrated in
Fig. 1

hyg latent heat of evaporation

k thermal conductivity

k. equilibrium partition coefficient

Ly, Laguerre function

m slope of liquidus line in phase diagram

Do boiling pressure

P p ba-/ '})m

Pe Peclet number = Ué/a

Q beam power

Q*  dimensionless beam
power = Q/ké(T,—T,,)

r radial coordinate = #/6

R gas constant

Fo dimensionless cavity opening
radius = 7,/é&

S parameter approximating
convection = a/u,

t dimensional time

T, T,, dimensional temperature and ambient
temperature

U dimensional welding speed

V., local solidification speed

Y (Tn—T,)(dy/dT)/y,, where dy/dT is a
constant

NOMENCLATURE

x, ¥, z Cartesian coordinates as shown in Fig.
1, x = X/6,y = y/6, z = 2/6.

Greek letters

o, a, liquid diffusivity, enhanced diffusivity
in vertical direction

Y surface tension

r gamma function

parabolic coordinate and coordinate
on cavity surface, as shown in Fig. 1

0 dimensionless

temperature = (7T—T)/(To—T)
boiling point and cavity base
temperature

600 Too/ (Tm - Too)

A liquid to solid thermal diffusivity ratio
parabolic coordinate and coordinate
at cavity opening, £, = hPe\/g, as shown
in Fig. 1

6 beam energy distribution parameter
¢ parabolic coordinate, as shown in Fig.
1
b4 confluent hypergeometric function of
the second kind.
Superscript
A dimensional quantity
’ imaged coordinate.
Subscript
m melting.

Kou et al. [13] numerically computed a three-dimen-
sional energy equation in a workpiece subject to
a laser-beam of Gaussian and uniform flux distri-
butions. Assuming no cavity was formed and allow-
ing for the evolution of latent heat both the maximum
cooling rate and the most unstable solidification front
were found to occur near the weld centerline at the
top surface.

The most widely used models to predict tem-
perature fields in low- or high-power-density-beam
welding have been the point- and line-source solu-
tions, as first used by Rosenthal [14]. However, these
simplified models in their pristine forms exhibit defects
such as the occurrence of infinite temperatures near
sources, ignorances of the distribution of incident flux,
convective effect, vertical heat transfer for the line
source, and the balance of momentum. Hence, the
prediction of microstructure has been neither possible
nor reliable on that basis. To eliminate the above
defects, Wei and Shian [15] provided a new three-
dimensional analytical solution for the temperature

field around the cavity of a paraboloid of revolution
produced by a high-power-density beam. However, in
view of the cavity the introduced image method can-
not simulate accurately the effects of the adiabatic
surfaces, as can be seen later.

In this study, an analytical temperature field by
satisfying exactly the adiabatic condition at the top
surface via introducing a new image method is
provided. A simple and relevant prediction of micro-
structures in the fusion zone therefore is achieved.

SYSTEM MODEL AND ANALYSIS

A workpiece is moved with a constant speed relative
to the energy-beam, as illustrated in Fig. 1. Since the
beam energy continuously irradiates on the top sur-
face a deep and narrow vapor-filled cavity surrounded
by liquid and solid regions can be produced. Welding
occurs as the liquid flow from the front to the rear
[16-19]. In this work, aside from a quasi-steady-state,
surface heat source, averaged thermal and physical
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Energy flux of Gaussian
distribution

Fig. 1. Physical model and coordinate system.

properties, and identical thermal conductivity of solid
and liquid [15], other assumptions made need to be
described as follows :

(1) The incident flux is a Gaussian distribution at
any transverse cross-section. Hicken et al. [20] con-
firmed this fact by measuring incident flux at vertical
distances within about 0.635 cm that deviated from
the focal spot of an electron-beam. A laser-beam of a
Gaussian distribution is valid for the spatially coher-
ent TEMy, model [21]. Energy fluxes absorbed can
also be represented as Gaussian distributions for the
radiative absorptivity of unity, or a cavity depth-to-
opening radius ratio greater than 5 [22], or else the
focal spot lower than the cavity base [23].

(2) The cavity is idealized by a paraboloid of rev-
olution to a first approximation. The cavity can be
a cone, paraboloid of revolution, or other irregular
geometries during welding. For welding with a moving
heat source, the geometry also becomes slightly asym-
metric [24]. The cavity, however, was roughly
observed to be a paraboloid of revolution near the
cavity base [25]. Consistent theoretical results can be
seen in Refs. [24, 26-28].

(3) Absorption within the plasma in the cavity is
ignored. Temperatures and concentrations of elec-
trons in iron plasmas during deep welding with a
continuous CQO, laser were measured by Poueyo-Ver-
waerde et al. [29] and Collur and DebRoy [30] to be
as high as 7000 K and 9 x 10% particles/m?®, respec-
tively. The absorption length due to electron—neutral
interactions therefore is 0.25 m while that resulting
from electron-ionized iron is 0.03 m. As a conse-
quence, 80% +10% of a beam power of 15 kW and
92%+5% of 1 kW are transmitted. Inverse
Brehmstrahlung absorption [31] was similarly found
to be 1 m for aluminum and titanium plasmas
irradiated by a continuous CO, laser [32] and pulsed
YAG laser [33], respectively. Radiation from the
plasma and Rayleigh and Mie scatterings of the beam
can also be ignored [33]. Even though radiative trans-
port has been approximately and complicatedly mod-
eled [28, 34, 35], the plasma generally can be con-
sidered as a transparent medium under working
conditions such as an electron-beam as the heat source
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[36], an energy-beam with a small wavelength (e.g.
Nd: YAG laser), low pressure of the surroundings,
and vapor having a low ionization threshold.

(4) Latent heats due to evaporation and melting
or solidification are neglected [37]. For example, in
welding aluminum with a beam power of 3 kW evap-
oration rate is around 10> kg s ' [30, 38], which leads
to the latent heat due to evaporation of 100 W. The
maximum latent heat for solidification occurring near
the top surface is less than 5% of heat conduction
(~10® Wm™?) as estimated from a pool thickness of
10~* m, temperature difference of 10° K and welding
speed of 5x 107> ms~".

(5) Vapor pressure and surface tension are bal-
anced at the cavity base. In reality, liquid pressure
should be accounted for. However, it is at most of the
same magnitude as the vapor pressure, which can be
4000 Pa corresponding to a saturation temperature
of 2100 K [25, 27]. Since vapor pressure is strongly
dependent on temperature, the difference in tem-
perature is no more than 100 K without including
liquid pressure.

(6) Thermal diffusivity is nonisotropic in order to
account for convection. Since the flow of liquid
enhances energy transport, the diffusivity in the flow
direction is increased by a constant multiple of around
5 [39, 40]. This assumption is a rough approximation.
A further study of the enhanced diffusivity is required.

Analytical temperature induced by a ring-source
With the above assumptions, the heat conduction
equation becomes

UaT 62T+62 N *T )
—U—==a|— o, .
0% o oy 022

Introducing

v = [(T—To)/(Tw—T.)] exp (/Encos )

eqn (1) becomes

E+n|oE\"ag) am\"an)" a\e n>a¢2 =Y
¥)

where the parabolic coordinates are related to the
Cartesian coordinate systems by

&= %(zﬁ%-\/xz +y* +82%),
n= %(—Z\/A—?+\/x2+y2+522),
¢ = tan~" G) 3)

The solution of eqn (2) can be found from the sep-
aration-of-variables method

v~ [EMe2 L | (9)]
x [ e ¥ (m+p,m-+1,n)] cos(mg)  (4)
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where the functions L;_, and ¥ are the Laguerre
function and confluent hypergeometric function of the
second kind, respectively. The former and the latter
become infinity as the arguments approach infinity
and zero, respectively. Therefore, a general solution
of eqn (1) subject to finite temperatures far from the
cavity is [15]

_30"/s n+¢
== e exp(—\/acosd)— 2)

S S ALy

m=0p=1

_1(Q¥(m+p,m+1,n)cos(me)

=1, (5)

In this work, dividing incident flux into ring-
elements is proposed in order to apply an image tech-
nique. An energy balance between conduction and a
ring element of incident flux at £ = &, on the cavity
wall can be described by

@ _ 3Q*f exp<\/€n0008¢~ﬂ>5(5 &)

on

©6)

where the delta function (& —¢&) = 0 if & # £, Sub-
stituting eqn (5) into eqn (6), multiplying the resulting
equation by cos(me), &2, exp(—¢/2), and L} (&),
integrating over ¢ and £ [41], and using the orthogonal
properties of cosine and Laguerre functions the
coefficients give

;[\ 2T (&Y
Am,p—<5> o +P)< ) In(/Emo) Ly (&)

% exp [ — 12Em, _ &i—1o
P Pé? 2
LN P 1
2—2”0 (m pam+ 9'10)

+(m+p)‘P(m+p+1,m+2,r10):| @)

where the modified Bessel function of the first kind
appears for a ring source. Temperatures predicted by
using m = 0 are sufficiently accurate with errors of
less than 3%.

Temperature in a semi-infinite workpiece having adia-
batic surface

The adiabatic top surface is an imaged surface. The
coordinates of a point are related to the imaged coor-
dinates by: (a) {n={n"; (b) (C—m)/2+ (' —n)/
2 = 2/’, which indicate the same radius and the sym-
metry with respect to the adiabatic surface. Com-
bining (a) and (b) gives

& =23+ /22K —E—nP+En ()
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SE=m*+én.
9

Integrating ring-elements from 0 to &, the temperature

field yields
n+¢
)5

_3on/s
6 = “Pe {exp(—\/ﬁcomﬁ &

=~ =3¢ —ml+/2h ~

XU Ao,,(f)dé} Q¥ (p. 1.

é’ oo
)L

ée -~
X U Ao, (%) dé.-] Ly (&)¥(p, 1,'7’)} n2 1o

&

+exp(—

(10

Without an image, the temperature is identical to eqn
(18) in Ref. [15] for &, — oo [41]. That is, 4, , defined
as eqn (19) in Ref. [15] equals the integration of 4,,
over &; from 0 to co. Assuming &, — oo and 5, «< 1 eqn
(10) reduces to

6= 3Q"‘\/E%exp( Jéncos )
129, 1\?/12n, 1Y7!
Ao () (5 -3)
><|:exp<—

+exp (

B RGN

) p- l(é)‘l’(p,l,n)]} =N

an
where the coordinate of the cavity surface 5, can be
obtained from the momentum balance at the cavity
base

_ Pell + Y@ —D] [

o = P\/g

H(6, —0s)
(B +0..) (0, +0) |

(12)

The coordinate of the cavity surface is related to the
cavity depth by

riPe
4\/§ﬂ0

The solution procedure is that: (i) an initial #, is
guessed ; (ii) the base temperature is calculated from
eqn (11); (iii) an improve #, is obtained from eqn
(12); (iv) steps (ii) and (iii) are repeated until #, con-
verges; (v) the second law of thermodynamics is used
to uniquely determine #,; (vi) eqn (11) then describes
the temperature field in the workpiece.

Since there are two cavities whose bases satisfy bal-

(13)



Three-dimensional analytical temperature field

ances of momentum and energy [15], step (v) is
required. Applying the second law of ther-
modynamics, the correct cavity is the one whose base
temperature is increased with the dimensionless beam
power.

Cooling rate and liquid temperature gradient-to-sol-
idification speed ratio

In a quasi-steady-state cooling rates can be deter-
mined by [14]

oT (T, —T,) 06
= —GU=—Pe—" "2
é Ox

o (14)

On the other hand, the liquid temperature gradient-to-
solidification speed ratio, G/V, = VT;*n/Ui*n, where
temperature 7, = I"— T, and the vector normal to the
solidification front n = VT,/|VT;|. The liquid tem-
perature gradient-to-solidification speed ratio then
becomes

G (Tn—T.) V6|’
vV, Pex a0 ’ s
ox

Differentiating eqn (11) with respect to spatial coor-
dinates to obtain the cooling rate and the liquid tem-
perature gradient-to-solidification speed ratio is feas-
ible but tedious. In this work, temperature gradients
are conveniently discretized. Temperatures at grid
points are then determined from eqn (11).

RESULTS AND DISCUSSION

In this study, independent parameters investigated
are the dimensionless beam power (Q*), Peclet num-
ber (Pe), cavity opening radius (r,), preheating tem-
perature (0,), and parameter approximating con-
vection (S). A good comparison between the predicted
and measured dimensionless beam power per unit of
penetration (Hicken et al. [20]) vs solid Peclet number
for different liquid-to-solid diffusivity ratios is shown
in Fig. 2. The effects of the liquid-to-solid diffusivity
ratio on the bearn power per unit of penetration
become increasingly important as the solid Peclet
number increases. [n Fig. 3 the depthwise variation in
a stability parameter predicted by this model show
agreement with that obtained by Kou e al. [13]. An
energy distribution parameter 6 = 6.3 x 10"*m and a
cavity opening radius 7, = 4 x 10~* m were chosen to
simulate a constant incident flux. The deviation of the
solid-liquid interface predicted by Wei and Shian [15]
and this work is shown in Fig. 4. Evidently, this study
exhibits a perfect insulation at the top surface and
smooth continuity at the cavity base. Using a more
relevant image technique therefore is crucial.

The effects of Peclet number on the molten region
around the cavity which is delineated by the circle on
the top surface are shown in Fig. 5. An increase in
Peclet number results in the molten region in the rear
of the cavity to be more elongated while the molten
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Fig. 2. Comparison of the predicted and measured power
per unit of penetration vs solid Peclet number for different
liquid-to-solid thermal diffusivity ratios in welding SS 304.

ué ——This work
7F — —Kou et al. (1981)

~0.8

(z-h')/ro

Fig. 3. Comparison of a stability parameter predicted by
finite-difference result (Kou et al., 1981) and this work.

layer on the side and near the front to be narrower.
As presented in Figs. 6 and 7, depths of the cavity and
fusion zone increase with reducing Peclet number and
increasing the dimensionless beam power.

A quantitative evaluation of morphological stab-
ility was first derived by Tiller er al. [42] to be

G _mCy(1—k)

v, k.D (16)

which works well in most of solidification processing
[43]. If the inequality in eqn (16) is satisfied the sol-
idification front remains planar. Otherwise, the inter-
face becomes unstable. The minimum liquid tem-
perature gradient-to-solidification speed ratio at the
trailing edge of the molten region therefore play an
important role on the microstructure of the fusion
zone.

Depthwise variations of the dimensionless cooling
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Fig. 5. Top view of molten regions for different Peclet
numbers.

rate and liquid temperature gradient-to-solidification
speed ratio on the solidification front at the trailing
edge having an angle ¢ = = for different dimensionless
beam powers are presented in Fig. 8. The left and
right ordinates represent the dimensionless cooling
rate and the dimensionless liquid temperature gradi-
ent-to-solidification speed ratio, respectively. The
abscissa z—h" = 0 denotes the top surface of the work-
piece. It is found that cooling rates increase slightly in
the depthwise direction and drop rapidly to zero at
the bottom of the molten region. The maximum
dimensionless temperature gradient is around 0.4
which corresponds to 1260 K s~! for welding alumi-
num with a welding speed of 10? m s™! and energy
distribution parameter of 0.002 m. This lies within a
relevant range of cooling rates during electron- and
laser-beam welding [44]. As the beam power decreases
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Fig. 8. Depthwise variation of dimensionless cooling rate
and liquid temperature gradient-to-solidification speed ratio
at angle ¢ = = for different dimensionless beam powers.
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04 140

Fig. 9. Circumferertial variation of dimensionless cooling
rate and liquid temperature gradient-to-solidification speed
ratio at top surface for different dimensionless beam powers.

cooling rates increase near the top surface. This agrees
with that obtained by the point- or line-source solu-
tion [45] and three-dimensional numerical com-
putations [24].

The dimensionless liquid temperature gradient-to-
solidification speed ratio exhibits a monotonic
increase from the minimum at the top surface to infin-
ity at the bottom of the molten region. Hence, the
solidification front at the bottom is stable. In the case
of dimensionless parameters Q* = 40, Pe = 0.5 for
the aluminum alloy containing 2 wt pct of Cu, a
dimensionless liquid temperature gradient-to-sol-
idification speed ratio near the bottom is 0.95 which
corresponds to 3 x 107 K-sm 2. Since the slope of the
liquidus line in the phase diagram m = —2.6 K wt
pct~!, the equilibrium partition coefficient k, = 0.14,
and liquid thermal diffusivity D =3x107% m? s/,
respectively [46], the right-hand-side of eqn (16) yields
10" K-sm™~2. Hence, the trailing edge is almost entirely
unstable. As the dimensionless beam power increases
morphological instability is enhanced. For a given
dimensionless beam power the dimensionless cooling
rate equals the dimensionless liquid temperature
gradient-to-solidification speed ratio at the top
surface. This is attributed to zero temperature gradi-
ents in depthwise and transverse directions.

Circumferential variations of the dimensionless
cooling rate and liquid temperature gradient-to-sol-
idification speed ratio at the top surface for different
dimensionless beam powers are shown in Fig. 9. Evi-
dently, cooling rates increase with the circumferential
angle until the trailing edge is reached. A decrease in
the dimensionless beam power increases cooling rates
irrespective of the circumferential angle. The dimen-
sionless liquid temperature gradient-to-solidification
speed ratio decreases rapidly from infinity to 06/0x
corresponding to the locations at the maximum width
of the molten region and the trailing edge, respec-
tively. Hence, the most stale and unstable locations
occur at the fusion boundary and weld centerline,
respectively. This agrees with observations of planar
and equiaxed substructures at the fusion boundary
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Fig. 10. Depthwise variation of dimensionless cooling rate
and liquid temperature gradient-to-solidification speed ratio
at angle ¢ = = for different Peclet numbers.

04 35

Fig. 11. Circumferential variation of dimensionless cooling
rate and liquid temperature gradient-to-solidification speed
ratio at top surface for different Peclet numbers.

and weld centerline, respectively. Morphological
instability near the fusion boundary rather than the
trailing edge is decreased by increasing the dimen-
sionless beam power. The influence of the variation
of the dimensionless beam power on morphological
instability reduces as the circumferential angle
increases.

As shown in the Figs. 10 and 11, a decrease of Peclet
number increases dimensionless cooling rates near the
top surface. The dimensional cooling rates, however,
reduce with decreasing Peclet number. For example,
dimensionless cooling rates at the trailing edge on the
top surface are 0.29 and 0.22, which correspond to
Peclet numbers of 0.3 and 2, respectively. Equation
(14) then gives cooling rates of — 1890 and —9560 K
s~', respectively, for welding aluminum. On the other
hand, as Peclet number decreases dimensionless liquid
temperature gradient-to-solidification speed ratios
increase near the top surface and trailing edge in con-
trast to the fusion boundary. The influence of the
variations of Peclet number on morphological insta-
bility reduces near the trailing edge and top surface.

The effects of the dimensionless cavity opening
radius on cooling rates and morphological instability
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Fig. 13. Circumferential variation of dimensionless cooling

rate and liquid temperature gradient-to-solidification speed

ratio at top surface for different dimensionless cavity opening
radii.

are quite similar to that of the dimensionless beam
power, as shown in Figs. 12 and 13. Evidently,
increases in the dimensionless cavity opening radius
and beam power imply a similar increase in energy
absorbed by the cavity. As presented in Figs. 14 and
15, increases in the dimensionless preheating tem-
perature and the parameter approximating convection
reduce cooling rates near the top surface. Mor-
phological instabilities near the trailing edge and top
surface decrease with the dimensionless preheating
temperature and parameter approximating convec-
tion. An enhanced morphological instability,
however, occurs on the fusion boundary.

CONCLUSIONS

Conclusions drawn are the following:

(1) A three-dimensional temperature field gov-
erned by eqn (11) in the liquid and heat-affected zones
around a welding cavity is provided. In view of the
adiabatic top surface the heat conduction equation in
the workpiece subject to a ring element of incident
flux is solved first. Applying an image method to the

P.S. WEl et al.
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Fig. 15. Circumferential variation of dimensionless cooling

rate and liquid temperature gradient-to-solidification speed

ratio at top surface for different values of the parameter
approximating convection.

solution and integrating over all rings analytical tem-
peratures are then obtained.

(2) Three-dimensional fusion zone, cooling rates
and morphological stability are predicted. The results
agree with a measured relationship between the power
per unit of penetration and solid Peclet number, and
finite-difference computation of a stability parameter.
An increase in cooling rates and decrease of the liquid
temperature gradient-to-solidification speed ratio on
the solidification front from the fusion boundary to
weld centerline on a horizontal cross-section are also
confirmed.

(3) An increase in Peclet number results in the
length of the molten region in the rear of the cavity to
increase and thicknesses of the molten layer in the
front and on the side to decrease. Depths of the cavity
and fusion zone are increased by reducing Peclet num-
ber and increasing the dimensionless beam power and
cavity opening radius. The effects of other parameters
on the shape of the fusion zone can also be readily
obtained if they are required.

(4) The dimensionless cooling rates increase
slightly in the depthwise direction and drop rapidly to
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zero at the bottom of the molten region. Irrespective
of the circumferential angle, the dimensional cooling
rates near the top surface are enhanced by increasing
Peclet number and decreasing the dimensionless beam
power, cavity opening radius, preheating temperature,
and the parameter approximating convection.

(5) The surface of the fusion zone has a stable or
planar morphology because the liquid temperature
gradient-to-solidification speed ratios are infinite. In
other locations on the solidification front the liquid
temperature gradient-to-solidification speed ratios
drop to low values. Morphological instability near the
trailing edge and top region of the molten pool rather
than the fusion boundary increases with the dimen-
sionless beam power, Peclet number, cavity opening
radius, preheating temperature, and parameter
approximating convection. The influence of the vari-
ations for these parameters on morphological insta-
bility reduces as the circumferential angle increases.
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