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In present work, the simulation of morphology and velocity field in dissimilar electron beam welds
formed between the metals with limited solubility is described by the example of copper-stainless steel
couple. Finite element software COMSOL Multiphysics 3.5 has been employed due to its flexibility in solv-
ing of coupled multiphysical problems.

The domination of horizontal flows allows reducing the model to two dimensions. Level set method has
been used to determine the position of the interface between immiscible components basing on coupled
heat transfer and fluid flow pseudo-stationary solution.

The evolution of the shape, fluid flow and mixing pattern in function of operational parameters has
been demonstrated. The simulated morphology is shown to be in accordance with experimental results:
global composition and morphology of the welds.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The quality of dissimilar welds is strongly depending on distri-
bution of elements in melting pool. Numerical modeling of mixing
process between the components allows better understanding the
way of weld formation and the influence of operational parameters
on final weld properties. Computational modeling of dissimilar
welding has been the object of scientific interest over past few
years. There are only several articles dedicated to convection and
mass transfer models in dissimilar welds: modeling of turbulent
convection in copper-nickel laser beam joint by means of unsteady
Reynolds Averaged Navier-Stokes simulation [1] and of dissimilar
friction stir welding using the finite elements method-based soft-
ware [2,3].

The particular feature of copper-steel couple is the limited sol-
ubility of copper and iron and the absence of any intermetallic
compounds [4]. Due to high thermal gradients and short thermal
cycle during electron beam welding these materials when melted
coexist without complete dissolving.

We have been interested to create a model that allows repro-
ducing and previewing of composition and morphology of dissim-
ilar weld which is formed between immiscible metals. During the
interaction of high power electron beam with metal material, some
part of it evaporates giving place to keyhole-like cylindrical cavity
surrounded by melted metal. So, there are two phase changes of
interest: solid-liquid and liquid-vapor interfaces, which determine
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the geometry of the weld. In case of welding of dissimilar materi-
als, there is also moving liquid-liquid interface, which determines
internal morphology of melted zone. The chemical composition of
melted zone is determined by position of both solid-liquid and li-
quid-liquid interfaces.

Finite element method, due to facility to solve nonlinear prob-
lems and flexibility of formulations, is often used for modeling of
thermal, convectional and mechanical phenomena in high power
beam processing of materials (for example [5-7]). In present re-
search, the finite element software COMSOL Multiphysics 3.4 has
been used. The principal advantage of this modeling package is
the possibility to solve complex coupled multiphysics problems.
It has already made a good showing in modeling of high power
sources interaction with matter (welding [8-10], texturing
[11,12], manufacturing [13], etc.).

We have chosen the level set method [14] as appropriate tool to
reproduce weld morphology by programming change of physical
properties across the moving interface between two materials.
The method is often used to solve moving boundary problem be-
tween melted and evaporated material in case of homogenous
welding [15,16], for modeling of alloys dissolution [17] and phase
transformation [18]. Level set method is useful for problems where
the computational domain can be divided into two domains sepa-
rated by an interface. As an interface capturing method, it elimi-
nates the need for special tracking procedures associated with
interface tracking methods (as, for example, ALE) and handle large
distortions and morphology changes of the interface in a more nat-
ural way. Highly robust and accurate method, it is relatively easy in
implementation and can accommodate complex interface motions
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Nomenclature

D

heat capacity (J/(kg K))

deflection of keyhole from the line of joint (pm)

keyhole diameter (m)

relative error of calculated composition

gravitational acceleration (m/s?)

Grashof number

height of workpiece (m)

beam current (mA)

thermal conductivity (W/(m K))

weld length (m)

Ly average characteristic length of buoyancy convection
(m)

R Reynolds number

Swp the total surface of melted zone, enclosed between

melting and vaporization isotherms

the surface occupied by melted copper (¢ > 0.5)

temperature (K)

Tm melting temperature (K)

Tvap vaporization temperature (K)

Uq acceleration voltage (kV)

u, v x and y components of velocity field (m/s)

U velocity field (m/s)

NK‘NJQW m g

U, relative velocity field (m/s)

vy y component of relative velocity field (m/s)

U welding speed (m/s)

w weld width (m)

AT smoothing region of Heaviside function for phase

change (K)
AVggo oc electromotive force of thermocouple under 800 °C (mV)

B thermal expansion coefficient (m/K)

€ width of moving interface (m)

&m emissivity of metallic surface

¢ level set function

Pcu real copper amount in melted zone (at.%)

Pcu calculated fraction of melted copper in the melted zone
(%)

Y reinitialization parameter (m s/kg)
n dynamic viscosity (Pas)
\J cinematic viscosity (m?/s)
p density (kg/m?)

o Stefan-Boltzmann constant (W/(m? K*))

surface tension between immiscible phases (N/m)
0 angle of beam deflection (°)

of curves and surfaces on fixed Cartesian grid without having to
parameterize these objects or significantly increase theoretical or
implementation complexity. The moving interface easily locates,
which gives to level set the advantage on often used enthalpy
method, which only has an approximate representation of the
interface location. We have decided to apply recently appeared
(2008) level set application mode of COMSOL Multiphysics soft-
ware package, which has been introduced as promising and easy
to use for description of two-phase flow [19].

2. Experimental part

The composition of dissimilar weld is mostly determined by the
position of heat source relatively to joint line. It is known, that
electron beam can be deflected from the joint line by magnetic
field created by the pair of dissimilar metals [20]. The angle of
deflection is a function of acceleration voltage of the beam:

6 ~ AVggo oc/UL? (1)

where 0: the degree of beam deflection; AVgyg-c: electromotive
force of thermocouple under 800 °C and U,: acceleration voltage
of electron beam.

For the couple copper-austenitic stainless steel AVgqg -cis 5.6 mV
[20], which corresponds to week beam deviation. So the effect is not
so pronounced to make joining impossible, but the composition of
the weld can change in very large range, as it is shown on Fig. 1.

The intensity of current, considered important enough to obtain
full penetration, does not make observable effect on the deflection
of electron beam.

A number of 2 mm thick joints of pure copper with AISI 316
austenitic stainless steel have been realized (Table 1). To find out
the deviation of beam from the joint line, we have measured the
distance between the center of weld stop point (where solidified
cavity approximate to keyhole is observable) and the joint line
(Fig. 2). We consider the positive values of deviation at the copper
side (+d) and negative (—d) at steel side. The EDS analysis shows
that bellow U, =37.5KkV copper dominates in melting pool (94—
95 at.%), and above U, = 37.5 kV, when the deflection is suppressed,
the joints are rich in steel.

We should mention that the final position of the keyhole seems
to be determined not only by the angle of beam deflection, but also
by the difference in physical properties of materials, which brings
the additional asymmetry to the system. For example, in case of
maximum of acceleration voltage (40 kV) deflection is totally sup-
pressed (joint 6), but the keyhole has a negative deviation. We
attribute this to high thermal conductivity of copper, so the key-
hole appears in steel which reaches more rapidly the temperature
of vaporization.

We have found three principal types of morphology on the hor-
izontal cross-sections of the welds (Fig. 3): rich in copper with a
small part of melted steel that forms thin irregular layer between
melted pool and solid steel (a); rich in steel, which presents visible
solidification waves (b) and mixed, which presents the solidifica-
tion pattern formed by intersection of copper and steel fluxes (c).

The most important mixing produces in case of joints with cen-
tered beam position. The result of superposition of fluxes is visible
as complex pattern with a strict repetitively which can be attrib-
uted to temporal instability of fluid flow in electron beam welding
[21]. Sayegh and Voisin [22] establish the linear dependence be-
tween the length of solidification wave and the welding speed. Be-
cause of intersection of solidification waves, only back part of the
melted pool is observable at the pictures of the welds.

The composition of copper-steel joint makes effect on its qual-
ity: joints with small amount of copper are susceptible to inter-
granular cracking, and copper-rich joints show low value of
ultimate tensile strength [23]. The mixed joints with important
interweaving of copper and steel domains appeared to have the
better mechanical properties (tensile strength ~310 MPa).

We have observed the horizontal cuts on different depth and
found that the width and morphology does not change signifi-
cantly (Fig. 4). That allows us to reduce the model to two dimen-
sions and work only on horizontal cut of the weld.

3. Model description

The position of immiscible zones in the weld pool is determined
both by heat transfer and fluid flow. We propose 2D model of hor-
izontal plane of the weld with simple geometry (Fig. 5) where two
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Trajectory of electron beam

~

Joint line

:

b

Fig. 1. The scheme of beam deviation on the transversal cut of the joint: absence of deviation under high acceleration voltage (a), appearance of deviation under small

acceleration voltage (b).

Table 1

Operational parameters and bulk chemical composition of electron beam welds (where I - beam current, U, - acceleration voltage, 7, - welding speed, d - resulting deflection of

keyhole from joint line).

Weld I (mA) U, (kV) %y (Mmm/min) d (um) Elemental composition (at.%)
Cu Fe Ni Cr
1 30 20 200 280 100 0.0 0.0 0.0
2 20 30 200 420 91.3 6.2 1.8 0.7
3 32 25 300 375 95.3 33 1.0 0.4
4 25 32 300 380 94.2 4.1 1.2 0.5
5 40 25 600 400 94.5 3.9 1.2 0.4
6 25 40 600 -200 8.8 64.7 19.1 7.3
7 30 37.5 600 -120 52.7 33.6 9.9 3.8
8 35 40 900 0 58.2 29.7 8.8 33
9 35 25 300 300 94.1 4.2 1.2 0.5
10 37.5 30 600 600 94.7 3.8 1.1 0.4
11 40 35 900 550 95.1 3.5 1.0 0.4

different materials are represented by two plates and the simpli-
fied vapor keyhole as a circle with a diameter D equal to average
diameter of electron beam (400 pum). The domains were meshed

Fig. 2. The measurement of beam deflection at the stop point of the weld.

with maximal element size of 100 pm. Fine meshing around the
keyhole is applied (10 pm).
The initial considerations of the model are:

only horizontal propagation of phenomena is considered (plane
symmetry);

the energy source is presented as isotherm of vaporization;
vaporization zone is geometrically imposed;

no solubility between dissimilar materials;

no diffusion phenomena on liquid/liquid interface.

The input data for the model are the welding speed (#,,) and the
position of keyhole with respect to the plane of joint (d). The phys-
ical properties of the materials are presented in Table 2.

3.1. Heat transfer

Differently from the enthalpy formulation, the basic order-
parameter method for description of phase change [24,25], our
description of melting is based on pseudo-stationary heat equa-
tion, which considers only the temperature as the dependent var-
iable, hence no direct relationship between enthalpy and
temperature is required.

A pseudo-stationary heat transfer approach has been consid-
ered. It reproduces the weld shape which is continuous in time
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Fig. 4. The morphology of the Weld 7 observed on 400 pm (a) and 1500 pum (b) from the top surface.

|2 PR )

copper | steel

Vw

Fig. 5. The geometry of the model.

Table 2

Physical properties of materials used in calculations.
Constant Unit Name Materials

Copper AISI 316L

Fusion temperature K Tm 1356 1720
Vaporization temperature K Tyap 2835 3013
Density (solid) kg/m> Ds 8700 7980
Density (liquid) kg/m? oL 7940 7551
Heat capacity (solid) J/(kg K) Cos 385 433
Heat capacity (liquid) J/(kg K) (e} 350 734
Thermal conductivity (solid) W/(m K) ks 400 8.116
Thermal conductivity (liquid) W/(m K) k; 140 12.29
Dynamic viscosity (solid) Pas ns 1 1
Dynamic viscosity (liquid) Pas 1L 0.003 0.005

but moving with given constant velocity by introduction of weld-
ing speed in heat equation:

p-Cp-U-VT+V(-k-VT)=0 (2)

where the properties of the materials are given as:

k,{kl’ K>Tpn 7{/)“ K>Tn 7{CPL, K>Tp,
Tk, T<Tw' 7 \p, T<Tw’ "G, T<Tn
3)

The evolution of materials properties during phase change has
been introduced by using of Heaviside smoothing function allow-
ing avoiding the sharp discontinuity, which leads to convergence
problems. The real function of temperature, usually having the
slow change in solid phase, augmentation in partially melted state
and more rapid change in liquid phase, is approximated by two re-
gions corresponding to solid and liquid state, where the average
constant value is considered, separated by smoothed region corre-
sponding to phase change interval. This simplification is deter-
mined, above all, by the insufficient and divergent literature data
on evolution of physical properties in melted metals and alloys.
However, this formulation can be easily improved by contributing
of empirical or calculated function of temperature corresponding
to each phase state. A phase change interval of 50K is sufficient
to obtain stable pseudo-stationary solution.

Our initial hypothesis is that the temperature of the walls of the
keyhole is not far from vaporization temperature of materials. The
keyhole has been introduced as equivalent heat source having
vaporization temperature of corresponding material: boundary 7
has Tyqp (AISI 316L) and 8 has T4, (Cu). Comparing to energy input
provided by electron beam (about 10'> W/m?), the energy released
by local melting is considered as negligibly small.

The other boundary conditions are (Fig. 5):

e 1 and 6 - ambient temperature considered as 300 K;

o2 and 5 - radiation heat loss (&,=0.4): (k- @T) = é&n-
g- (T‘almb - T4);

e 3 and 4 - convection flux: 7(—k-VT) = p-C, - Dy, - ii;

e 9 - continuity of energy flux.
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3.2. Fluid dynamics

An incompressible, laminar and Newtonian liquid flow is as-
sumed in the weld pool:

T).
):

(U =V (=p+n-(VU+(VO))

(4)

SIS
<

< <
o

where U = (u, v): the global velocity field where u and vare x and y
velocity components; 1 = { Z: ; z ;::
liquid metals. The viscosity of solid has been considered as 1Pas
which is sufficient to suppress all movement beyond melted zone.

We consider only viscous force in weld pool, because of insignif-
icant importance of natural convection, as Grashof number for this
system is inferior to one:

- the dynamic viscosity of

3 2
G -8 h Ty =T PL_ g3 (5)
n
where L,=1/8 L [26]: average characteristic length of buoyancy
convection and p: thermal expansion coefficient (taken as
2 x 107> m/K).
The value of Reynolds number

_vw-L-p
n

indicating the flow mode in the weld pool has been found to be 10-
30, which corresponds to recirculation flow mode [27].

The boundary conditions are follows: welding velocity is im-
posed to all external limits, when non-slip condition is applied to
keyhole walls.

Resulting velocity field is the superposition of welding speed
(the displacement of entire junction) and velocity of liquid metals.
Subtracting the welding speed from resulting velocity field, we ob-
tain the relative velocity field Uy that corresponds to movements of
melted metals relative to keyhole:

R (6)

Ug = (v — vy, 1) = (vp,1) (7)

3.3. Movement of liquid/liquid interface

When the resolution of pseudo-stationary heat equation with
Heaviside-type functions for materials properties serves to delim-
itate the melted zone from solid material, level set function serves
to delimitate one immiscible liquid phase from another by
smoothed interface.

The level set method is a technique to represent moving inter-
face or boundaries using fixed mesh. The movement of liquid/li-
quid interface between two immiscible metals is given by the

equation:

p - = - - 2

4+ U,- =. . —o-(1-— C— 8
6t+ Vo =1y V(s Vo —0o¢-( ®) |V¢|> (8)

where ¢: level set function that varies from 0 (steel) to 1 (copper)
and is equal to 0.5 at the interface between the materials; ¢: the
parameter that determines the thickness of the region where ¢ goes
smoothly from 0 to 1 (taken as 50 pum, which corresponds to ¥2 of
mesh size) and j: the mobility parameter that determines the
amount of reinitialization of the level set function, that can be spec-
ified as a relation between the order of velocity in the system and
the interfacial tension between two liquids:
|Uk|

— IURL 9
= 9

If estimating average velocity of liquid flow about 1 mm/s and
considering o112 = 0.2 N/m [28], the mobility of the interface will
be equal to 0.005 m s/kg. Ug: velocity field relatively to keyhole.

The boundary conditions are:

e 1,2 and 7 - ¢ =0 (steel domain);

e 5,6and 8 - ¢ =1 (copper domain); B

e3and 4 - outflow: fi- (¢- Ve — ¢ - (1 — )55 =0;

e 9 - initial interface position between copper and steel domains:

— -

i (Ny-Ny)=0N=¢Vp—g-(1-¢)- 22 ¢.T

=2 _$.U.
IVl

The particular advantages of described approach comparing to
enthalpy method residue in follows:

1. It allows to reproduce the shape of stationary melted zone by
solving of pseudo-stationary heat equation and Navier-Stokes
equation basing even on relatively limited data on materials
properties.

2. Use of level set method for capturing the interface between
immiscible liquid phases allows reproduce the complex motion
and easily locate the interface, when the enthalpy method pro-
vides only approximative interface position.

3. The possibility to adjust the thickness of liquid/liquid (& param-
eter) and solid/liquid interface (dT parameter) allows to obtain
accurate solution basing on fixed Cartesian grid.

4. Better convergence and stability of the method allows to solve
the problem directly with use of basic direct solver provided
by COMSOL Multiphysics.

The limitations of the model residue in:

1. Absence of complete coupling between implicated application
modes, which is scarified to diminish the time of calculation.

2. Implicit consideration of surface tension between liquid phases.

3. The impossibility to handle the distribution of intermetallic
phases issued from convective-diffusive transport between
immiscible regions, which can be done by enthalpy method
[29]. However, such phases are absent in discussed system.

4, The model describes only morphology of one weld pool and
does not allow recreating repetitive solidification wave pat-
terns. It allows however to reveal the tendencies in morphology
of weld pool.

3.4. Solving scheme

We use two step solving scheme: (1) solving of coupled pseudo-
stationary heat transfer and fluid dynamics problem with direct
UMFPACK solver; (2) solving of level set problem in_t)emporary
mode using previously calculated relative velocity field U, with di-
rect temporary UMFPACK solver and the time of calculation given
as t = v,/L, where L is a length of melting pool. This approach al-
lows significant reducing of the time of calculation and operative
memory required.

As the result, we obtain temperature, velocity and level set
function fields. The profile of melting zone has been obtained as
superposition of the isotherms T<°PP*" when ¢ > 0.5 and T* when
¢ < 0.5. Level set function field reproduces the horizontal morphol-
ogy of the weld, but does not give the direct value of proportion be-
tween melted components. We have introduced the variable ¢¢,
that is analogous to common copper amount in volume percents:

$cu = Sp=0.5/Swp - 100% (10)

where S5 is the surface enclosed between the isotherm of T;;PP*'
and liquid/liquid interface (where ¢ >0.5) and S,,, - the surface
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enclosed between melting and evaporating isotherms. As the ratio
of atomic mass to density are close for these materials, the differ-
ence between atomic and volumic percents is negligible comparing
to error of EDS analysis.

4. Results and discussion

The results of calculations, including thermal, velocity and com-
position fields, has been analyzed to reveal and explain the tenden-
cies in evolution of melted zone morphology in function of welding
parameters and to validate the model by comparison with experi-
mental data.

4.1. Thermal field and external morphology of weld pool

The profiles of calculated weld pools have been compared to
real shapes of the welds, with special attention to the form of crys-
tallization front after beam pass. The calculated shape of weld pool
is given as isotherm line of melting temperature corresponding to
one of materials (Fig. 6). The good correspondence between the
form of calculated and observed weld pools has been found, which
validates our hypothesis that the walls of keyhole have the temper-
ature not far from the vaporization temperature of corresponding
metal.

The shape of weld pool is mainly determined by initial position
of keyhole. In case of positive deviation (at the copper side), result-
ing weld pool is large. For negative or insignificant deviation, the
thickness is two times smaller because of higher melting tempera-
ture of steel and important conductive heat flux in the direction of
solid copper. The correspondence of calculated and observed width
of weld pools is close to 90% (Fig. 7).

4.2. Convection in the weld pool

We have compared the velocity fields for the joints with differ-
ent beam deviation (Fig. 8). The color distribution on them corre-
sponds to scalar relative velocity field U, created by continuous
displacement of keyhole in melted material. The strong recircula-
tion movements have been observed. However, velocity field close

2000

m observation calculation

1500

1000 - -

W (um)

500 -+ -

0 4
N° weld

Fig. 7. The correspondence between calculated and observed width of the weld
pools.

to back side of keyhole may be not realistic due to the fact that real
back profile of keyhole is unknown and may be different from
circle.

The evolution of the fluxes situated behind the keyhole with
change of beam deviation from the joint line has been investigated
(Fig. 9). Weld 6 having maximal negative deflection d = —200 pm
has a significant steel-rich flux that flows around the keyhole,
when the convection at the copper side is located in negligibly
small region. Weld 7 with d = —120 pum present almost symmetric
copper and steel fluxes, but steel flux is much extended in the back
of melted pool. Weld 8 (d = 0 um) present slow steel flux and cop-
per flux that is four times more rapid. For the welds with big posi-
tive deviation (as Weld 5) continuous steel flux is no longer
present. We observe two identical copper fluxes, one of which
erode steel side and may form a thin layer of liquid steel.

The comparison of u velocities at the plane of joint (Fig. 10) al-
lows understanding the direction of dissimilar fluxes: which of
materials enters at the opposite side. All fluxes from copper side
to steel side are chosen to have negative u value, and the fluxes
from steel to copper side - positive u value. For Weld 6
(d = —200 pm), we observe very local and rapid flux from steel into
copper before keyhole followed by less rapid opposite flux from
copper to steel. The effective length of the interface between
melted metals is only about 350 um, so there is no significant in-
flow of copper in melted pool, as it was confirmed by elemental
analysis. For mixed joints 7 and 8, local and very rapid flux from
steel to copper side before keyhole and important and large flux

Tm steel

copper
200 um Tin

Joint line

Fig. 6. Comparison between calculated and observed shapes of weld pool: Weld 5 (a), Weld 6 (b), Weld 8 (c) (copper on the right, D = 400 pm).
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Fig. 9. Distribution of #. behind the keyhole (zero point is the center of keyhole).

from copper to steel after keyhole have been found. The welds 2, 4
and 5, rich in copper (Fig. 10b), present local rapid flux from
copper to steel (that erodes steel surface), and relatively long
(about 1 mm) slow flux from steel to copper, which brings steel
particles into melted pool. The values of velocity field and so, the
efficiency of mixing in the melted pool depend directly on the
welding speed.

4.3. Reproduction of joint morphology and composition

The evolution of weld pool morphology has been calculated
over the wide range of d (Fig. 11). As it was previously mentioned,

200 um
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Fig. 10. The velocities perpendicular to joint line: steel-rich (a) and copper-rich
welds (b).

beam deflection at steel side has been chosen as negative, and po-
sitive at copper side.

Maximal negative deflection under which welding in steel pos-
sible is about —200 pm. In this case, the keyhole is totally situated
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steel
copper

200 pm

d =150 um

;

200 ym =

d =300 um d =400 um

Fig. 11. The evolution of weld morphology under different values of beam deflection (#,, = 900 mm/min, D = 400 pm).

at steel side, and copper arrives in weld pool only with a small flux
of steel that erodes solid copper side. Under deviations from —150
to —100 um two almost symmetric fluxes (copper and steel) col-
lide behind the keyhole. From d = —100 pm to 150 pm, we observe
important mixing of components: slow flux of melted steel round-
ing the keyhole wall, collides with an important flux of melted cop-
per. At the same time, there is a possibility that some part of
melted steel can go at the copper side without complete mixing
with major copper flow and forming curved steel band in copper
medium. Starting from d =150 pum, two fluxes of copper form
around the keyhole. One of them erodes solid steel and forms the
layer of melted steel which decrease proportionally to growth of
beam deviation.

With respect of bulk composition, the joints can be divided on
three groups (Fig. 12): (1) d < —100 pm, when the keyhole founds
mostly at steel side; (2) 100 pm < d < —100 pum, when keyhole is
situated in both materials which leads to formation of joints with
composition close to 50/50; (3) d < 100 um, where the keyhole is
situated mostly in copper, and the quantity of melted steel dimin-
ish rapidly with progress of negative deviation.

100 1
491
79 80 P
80 1 P S -
© 60
O B s
"= X7 51
g e ]
e 40 36
201 /
0 £ : . - ; ; ,
-200 -100 0 100 200 300 400
d (um)

Fig. 12. Average composition of the welds as a function of beam deflection
(2 =900 mm/min).

We have been interested also in influence of welding speed on
composition of the welds (Fig. 13). Three values of deflection
(—200, 0 and 400 pum) have been chosen. The welding speed has
been varied from 0.3 to 1.2 m/min. It was found that the impact
of welding speed on composition depends on with beam deviation:
for d =0 and d = 400 um higher welding speed leads to augmenta-
tion of copper amount on 25 at.%, when for d = —200 pm it remains
stable. Such growth of copper amount can be explained by lower
melting point and higher thermal conductivity of copper: with
augmentation of welding speed, the steel side of weld pool became
more and more thin and long, when copper side retains its thick-
ness but gains also in length. For example, for d=0 pum,
v, = 0.3 m/min the isotherm of melting at the steel side is situated
at the distance of 480 um from joint line and copper - on 510 pm,
when for #, = 1200 mm/min steel side is only of 330 um, when
copper side remains on 500 pm.

The morphology of real welds has been compared to liquid/li-
quid interface position resulting from level set calculation. For

100

80

Pcu' (%)

v,, (mm/min)

- @ -d=-200pm - -F-d=0pm —A— d=400pum

Fig. 13. Average composition of the welds as a function welding speed (for three
values of beam deflection).
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Fig. 14. Comparison of calculated and real morphologies of the welds: (a) Weld 6, (b) Weld 4, (c) Weld 8.

steel-rich and copper-rich joints good correspondence of morphol-
ogy has been observed: in first case SEM-image reveals thin zone of
mixing that corresponds to local copper flux in level set solution
(Fig. 14a); in the second case, the satisfactory coincidence has been
found for the melted steel film and the calculated interface posi-
tion (Fig. 14b). For mixed joints (Weld 8) comparison is more com-
plicated because of irregular character of solidification wave
content. Nevertheless it is possible to identify several elements of
morphology: numerous irregular steel bands formed in copper
medium and compact steel flux in copper medium (Fig. 14c).

We have compared calculated fraction of copper Cu (%) with
real fraction ¢, (at.%) obtained by elemental analysis of real welds
(Table 3). The relative error of calculation E has been introduced as:
‘/’Cu*‘f”cl, . 100

[Zen

DSteel ~Pteel 100

Psteel

where Dsteel = 100 — dcu and d);teel =100 - d);:u

It was found that the real amounts of copper in joints are sys-
tematically several percent bigger than calculated ones. This error
can be explained as follows: firstly, level set method does not con-

if ¢, > 50%
if ¢c, > 50%

E (%)= (11)

Table 3
A comparison of calculated copper fraction in melted zone ¢c, with real Cu amount.
Weld dcu (at%) bea(%) E (%)
2 91.3 81 114
3 95.3 83 133
4 94.2 82 13.2
5 94.5 89 5.8
6 8.8 5 -4.4
7 52.7 49 -7.8
8 58.2 53 8.9
9 94.1 79 15.7
10 94.7 98 3.6
11 95.1 95 0.6

sider the solubility limits of the materials, secondary it neglects the
diffusion between the components and thirdly, with actual resolu-
tion, it is capable to recreate only bulk components of morphology,
when all structures with the size lower when 50 pum are neglected.

Steel components, with the exception of Ni, has very low solu-
bility in copper and form the precipitates in copper medium, when
copper maximal solubility in austenitic structure is about 20% (un-
der condition of rapid cooling, which is respected at the case of
electron beam welding). A positive relative error of 6-16% ob-
served for copper-rich and mixed joints can be explained, from
one side by neglecting of Fe and Cr precipitation in copper med-
ium, which quantity cannot be previewed in this model, and from
the other side, by neglecting Cu solubility in austenitic structure.
The negative relative error found for negative “d” can be explained
by neglecting of diffusive transport, which is important for this
type of morphology.

5. Conclusions

Present numerical model gives a first approximation to realistic
reproduction and prognostics of morphology and composition of
dissimilar welds formed between metals with limited solubility.
It demonstrates the influence of operational parameters as beam
position and welding speed on heat transfer and convective move-
ments in melted pool. It gives also the possibility to obtain the
morphological map of the weld, in the other words, to predict
the distribution of immiscible materials at the macroscopic level.

It was demonstrated that the mixing process in melted zone is
mostly determined by the proportion of melted components,
which is controlled by the deflection of electron beam from joint
line. The mixing pattern forms during competitive flow of two
fluxes with different composition past the keyhole.

In spite of number of simplifications, which allow reducing the
time of calculation, the results obtained in this modeling are in
good correspondence with experimentally available data (local
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composition, shape and dimensions of the welds). Three types of
morphology, which can be observed experimentally, have been
successfully recreated.
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