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Synopsis

Recent advances in the manufacturing processes using laser have led to increased use of
advanced and dissimilar materials. Fusion weldments of dissimilar metallic joints are not
well understood. Physical properties of the two metals being very different from each other
lead to complexities in weld pool shape, solidification microstructure and segregation
patterns. In this work, three binary systems, iron-copper, copper-nickel and aluminium-
bismuth have been chosen to study the microstructural evolution during laser processing.
Iron-copper system has solid state immiscibility and liquid miscibility. Copper and nickel
have different physical properties but have complete miscibility in solid and liquid states
and provide an ideal system for a detailed analysis. Aluminium-bismuth has liquid state
immiscibilty and is a candidate material for bearing materials that require a uniform
dispersion of soft material in the matrix. The studies comprise of both experimental and

computational modelling efforts.

After a brief introduction in the first chapter, a review of literature concerning laser
processing of dissimilar metals is presented in the second chapter. Issues that require
further studies for understanding are highlighted to put the present work in perspective. In
the third chapter, brief studies on the welding of iron and copper are presented.
Microstructural features that are common to most dissimilar metal welds are described for
low and high laser scan speeds. The weld pool shape is found to be asymmetric with more
melting of iron, though the heat source is placed symmetrically on the butt joint. The weld
interface also shows asymmetry with a smooth interface on the iron side and a rough
interface on the copper side. A transition from planar to cellular growth from iron side in to
the weld was also observed. Detailed composition analysis shows a gradual increase in the
composition of weldment from the iron side in to the weld pool, and an abrupt increase
from the copper side. Microstructural banding was characterised by a change of length

scale and composition.
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The fourth chapter presents a detailed analysis of laser welding of copper and nickel. Welds
have been done at different scanning speeds such that the welding mode changes from
conduction mode at high scan speed to keyhole mode at low scan speed. A small number of
spot welds were also performed for comparison with computational studies. Detailed
microstructural analysis using optical microscopy, scanning electron microscopy,
transmission electron microscopy and quantitative composition analysis are presented. The
weld pool shape was found to be asymmetric and the microstructural features described for
the iron-copper system were found to be similar in copper-nickel system as well, at all the
welding speeds. Cellular microstructure was observed in the weld pool at all welding
speeds. Composition across the weld indicates good mixing on the nickel side in the weld

pool. TEM study shows that the weld pool is highly strained.

A computational modelling of the transport phenomena that take place during laser welding
of dissimilar metals of was developed using control volume formulation. Since the process
is inherently three dimensional in nature, a 3D transient model was developed to calculate
conservation of mass, momentum, enthalpy and composition. Nickel was observed to melt
first and the heat is transported to the copper side by convection in the molten nickel due to
marangoni and buoyancy forces. The final shape of the weld pool was observed to be
asymmetric. The composition profile across the weld pool shows good qualitative
agreement with the experimentally observed one. An attempt was also made to explain the

interface microstructures using thermodynamic arguments.

The fifth chapter deals with the microstructure development in aluminium-bismuth system
under laser processing. The aim of the work is to determine the size distribution of bismuth
particles experimentally and to develop a computational model the same through
computation to gain further insights in to the factors that govern the distribution. The
geometry used here is that of laser surface melting. The alloy was made using laser
cladding of elemental powders. Solidification at different speeds was simulated using laser
remelting at three speeds namely, Smm/s, 13 mm/s and 20 mm/s. The microstructures in
transverse and longitudinal sections were observed in SEM to observe the shape of remelt

pool and microstructure. Bismuth particles were uniformly distributed in the matrix of
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aluminium. The orientation of the grains with the laser scan direction was used to obtain the
growth rate as a function of height from the bottom of the remelt pool. Size distribution of
bismuth particles for alloys remelt at the three different scanning speeds, was determined
using image analysis. The longitudinal section shows bending of aluminium grains towards
the top with alignment of bismuth particles along the growth direction for higher growth

rates.

A computational model was developed to calculate the size distribution of bismuth particles
during laser remelting. The model, developed for welding to obtain temperature and
velocity profiles, was modified to determine the remelt pool shape and cooling rates during
laser surface remelting. Phase separation of Al-Bi takes place in the liquid state and could
be understood using homogeneous nucleation and growth. The driving force for nucleation
was calculated and a map of nucleation rate was constructed as a function of composition
and temperature. Size distribution of bismuth was calculated at different cooling rates
taking in to consideration, simultaneous nucleation and growth by diffusion in the melt, till
the super saturation is exhausted. Cooling rates used were obtained from the laser remelting
program. Collision of particles due to convection in the laser melt pool is taken in to
account by a particle tracking algorithm. Final size distribution of bismuth particles was
calculated to correlate with the actual distribution obtained for the laser remelted alloys.

The thesis concludes with a summary of results and suggestions for future work.
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Chapter 1

Introduction

Laser processing is a versatile technique used in several manufacturing processes. Of these,
welding and cladding form the most important ones, in terms of solidification
microstructure that governs the performance of the final product [1]. Welding is a mature
field and is routinely used in the industry to join metals/alloys of similar physical properties
[2,3]. Microstructure evolution during welding is well understood in terms of grain
structure and phase formation. The growth of the base alloy in to the weld is understood to
take place in a continuous fashion without a nucleation barrier. The grain structure is
usually columnar in the outer region of the weld with a parting line or equiaxed grains at
the centre [4]. Several computational studies exist that have successfully shown insights in
to the physical processes that occur during the welding. Computational heat transfer and
fluid flow calculations were used to predict the weld pool shape and the cooling rates at
various locations in the weld which were used to correlate with the microstructures

observed in the experiment [5].

However, not many studies exist on welding of dissimilar metals/alloys. Majority of the
existing literature is mainly concentrated on the joining of dissimilar steels and analyse the
problem in a case-by-case manner. Quality of weld assessed for several metals was usually
used to decide if a combination is weldable [6]. Microstructural features in dissimilar metal
welding are not well characterised. The asymmetric shape of the weld, mixing patterns and
the solidification microstructure are not well understood. During dissimilar welding of pure
metals, the solidification has to take place from base metals into an alloy melt of different
composition. A thermodynamic analysis is required to determine the conditions under
which such a growth is possible. Microstructural features that emerge due to difference in
the physical properties of the two metals could be very different from the features observed

in welding of similar metals/alloys. Existing computational models of welding cannot be
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extended to dissimilar welding in a straightforward manner, since, welding of dissimilar
metals is an inherently three dimensional transient problem. Property variation with
compositions that can vary sharply within the weld pool, pose additional difficulties.
Hence, from a scientific standpoint, analysis of a dissimilar metal joint offers a number of
challenges. A systematic study from a scientific view point is therefore desirable in this
area. In the present work, a detailed characterisation of dissimilar welds is attempted.
Computational studies are performed to gain insight in to the transport phenomena that take
place during dissimilar metal welding. An attempt is also made to explain the

microstructures observed in the solidified alloys.

In this work, three binary systems viz., iron-copper, copper-nickel and aluminium-bismuth
have been chosen to study the microstructural evolution during laser processing. Iron-
copper system has solid state immiscibility and liquid miscibility. Copper and nickel have
different physical properties but have complete miscibility in solid and liquid states and
thus provide an ideal system for a detailed analysis. Aluminium-bismuth has liquid state
immiscibilty and is a candidate material for bearing materials that require a uniform

dispersion of soft material in the matrix.

The studies comprise of both experimental and computational modelling efforts. Laser
welding experiments were done on Fe-Cu and Cu-Ni at different scanning speeds and a
detailed microstructure analysis is presented in chapters 3 and 4 respectively. A three
dimensional transient computational model is also developed using control volume
formulation to simulate the transport phenomena in laser welding of dissimilar metals.
Chapter 5 deals with laser remelting of Al-Bi system at different scanning rates to study the
microstructural evolution as a function of processing parameters. A computational model to
study nucleation and growth of bismuth particles in aluminium matrix is presented to gain
an insight in to the parameters that dictate the final size distribution. The work is

summarised in chapter 6 and the scope for future work is presented in chapter 7.



Chapter 2

Literature Review

Lasers are being used in several fields such as materials processing, lithography,
communications, medicine, biology and physics [7]. Industrial lasers make use of the laser
beam intensity and flexibility of beam delivery for various materials processing techniques.
A single laser could be used for processes such as surface modification, alloying, cladding,
cutting, and welding of a wide range of engineering materials [1]. Several reviews have
been published from time to time describing various advantages of laser welding over other
conventional welding processes [2,3,6,8]. Laser cutting and surface modification are now
accepted by industry and are used routinely in the automobile industry [9]. Novel processes
such as rapid prototyping and direct metal deposition are also being developed using lasers

[10].

Figure 2.1 shows a map of various manufacturing processes that use lasers at different
power densities and interaction times. The physical mechanisms that operate at various
regimes are also indicated. It is clear that during a given manufacturing process there are
several physical processes that play role. There are also some common physical processes

between different manufacturing processes.

In this chapter, a review of the literature concerning the physical phenomena that govern
microstructure evolution during laser welding and cladding will be presented. Relevant
issues will be highlighted to place the present work in perspective. The review is organised
in the chronology of the physical processes that take place in laser-material interaction, viz.,
melting, mixing and solidification. In the first section, literature concerning the laser
heating, melting and vaporisation is reviewed. Mixing in laser surface alloying and welding
are discussed in the second section. The aspects of solidification and microstructure

evolution are review in the third section. The chapter is concluded with the issues that
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require further studies. The term laser melting will be used interchangeably with laser

welding and cladding due to the common nature of the processes.

2.1 Physical processes during laser melting

2.1.1 Laser Heating

The phenomenon of heating by laser radiation is well understood. An in-depth study of the
physical and chemical mechanisms governing the interaction of laser radiation with solid

metallic targets is given in a book by A.M. Prokhorov et. al. [11].

Table 2.1 Absorptivity of several metals at laser wavelengths of 1.06 um and 10.6 pm [6].

Metal/Alloy 7 at room temperature | /) at room temperature for
Nd:YAG Laser (1.06 pm) | CO, Laser (10.6 pm)

Al 0.06 0.02

Cu 0.05 0.015

Fe 0.1 0.03

Ni 0.15 0.05

Ti 0.26 0.08

Zn 0.16 0.03

Carbon Steel 0.09 0.03

Stainless Steel 0.31 0.09

When a laser beam strikes a metallic target, only a part of the energy is absorbed as heat.

Thus, the heat flux on the surface of the metal could be written as ¢"(r) = Prjf (r), where P
is the incident laser power, 77 is the absorption coefficient or coupling coefficient and
f(r)is the distribution of laser intensity. The laser power is limited only by the size of the
laser that can be manufactured. The coupling coefficient 77 is dependent on several

parameters that include material response to the wavelength of laser and the surface
condition. Absorption coefficients for Nd:YAG and CO; laser radiations for various metals
and alloys are shown in the table 2.1 above. Polished clean metal surfaces have low

absorption coefficient. The absorption coefficient is also found to increase with surface
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roughness, presence of defects, impurities and oxides on the surface and surface adsorbed
substances. At higher temperature, the absorption is higher as shown for a few common
metals in the figure 2.2. Several studies also exist that attempt to determine experimentally,
the absorption coefficient of a metal surface [12,13,14,15]. The absorption coefficient of a

metal surface is a variable difficult to determine experimentally for a given process.

The intensity distribution of the laser beam is governed by the lenses used for focusing. A
Gaussian distribution described by equation 2.1, also referred to as TEMyy mode has the
peak intensity at the centre of the laser beam. At focus, this distribution leads to high
energy density at the centre of the laser beam and is thus an appropriate distribution for
applications such as welding requiring high depth of penetration. A shallower distribution
in TEMy; mode, approximated by equation 2.2, has an annular nature of the intensity
distribution. This leads to a shallow melt pool with low dilution and is normally used for

cladding and alloying processes [3].

() =—exp —[L] @.1)
77"] r‘]

() :%exp —[i—a] 2.2)
Wq Vq

Where, & is a constant, 7 is radial distance from the centre of the laser and r,, is the radius of
laser. Figure 2.3 shows the radial intensity distributions for these two modes of operation

that are commonly used in laser processing.

It is a nontrivial problem to obtain the temperature distribution in a solid under a distributed
moving heat source. The nature of the solution depends on the distribution of the heat
source. If the solid undergoes phase change to liquid, the solution would involve the
tracking of a moving interface between the two phases with a condition of heat flux balance
due to the release of latent heat at the interface. Solutions to this problem, referred to as
‘Stefan Problem’, would be numerical in nature for domains in two or three dimensions

with distributed surface heat sources.
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2.1.2 Modelling of heat transfer

Analytical and numerical solution of the temperature distribution under a distributed heat
source, as applied in welding, has been modelled by several researchers. The earliest work
to determine temperature distribution during welding was by Rosenthal who gave analytical

solutions for temperature distribution in a solid under a moving point heat source [16].

Cline and Anthony [17] used a Gaussian heat source, constant scan speed of heat source,
and a semi-infinite solid to analyse the heat treating and melting under laser. They assumed
no latent heat release and equal properties in solid and liquid. Temperature distribution,
melt penetration depth, and cooling rates were obtained through analytical expressions as a
function of input power. At a constant power, melt depth was observed to decrease with
scan speed. At a constant scan speed, melt depth was observed to increase with input
power. Deep penetration welding was modelled using method of images and the depth of
melt was obtained by a force balance between vapour pressure and combination of
buoyancy and capillarity forces. Correlations with experiments were presented to show an

agreement with the calculated values.

A summary of analytical solutions was given by Mazumder and Steen [18] along with a
numerical solution for a moving Gaussian heat source using finite difference technique
considering deep penetration welding as well. Details of the numerical technique used were
presented along with temperature distribution on the surface and below the surface. Melt

width and depth along with experimental correlations were presented.

Sekhar et. al., [19] have extended the heat conduction models of existing literature by
including latent heat of fusion and obtained mushy zone location for alloy substrates. These
studies had ignored fluid flow in the molten region, which was shown to be important by

later works.

2.1.3 Melting and convection

Laser melting is localised and is initiated on the surface where the temperature is highest.
Large temperature gradients exist in the laser melt pool due to distributed heating on the top
surface and heat extraction by the base metal. These gradients lead to free convection in the
melt pool by buoyancy and Marangoni forces that largely determine the shape and size of

the melt pool. Buoyancy forces arise from density changes due to temperature and
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composition gradients in the melt pool. The driving force for flow on the free surface due to

surface tension gradient induced by temperature gradients is given by equation 2.3.

Iua_u:a_aza_aa_T:O'a_T (23)
dy Ox 0T oOx T ox '

where, 0, 1s the temperature coefficient of surface tension, u is the velocity component

along x axis, y is the direction perpendicular to the x-axis, and 4 is the dynamic viscosity.
Figure 2.4 shows a schematic of fluid flow direction for the cases of positive and negative

o,.

An order of magnitude analysis could be done to determine the relative importance of these

two driving forces in laser melting. The maximum velocity that can be obtained by
buoyancy forces is given by u, ~,/gBATd and that due to Marangoni forces is given by

u, ~2iaTZ—T [20]. Assuming AT =600K, d=05mm, o,=-10"Nm K™
u o odx ’

B=3x10"K", £4=10"Nsm™ and Ax =2mm , one can estimate that u,, is 7.5 m/s due to

Marangoni force and is 0.9 mm/s due to buoyancy forces. It is clear that Marangoni forces
play an important role in the convection of a laser melt pool. The actual velocity field could
be obtained only by a detailed numerical solution of the conservation equations of mass,

momentum and enthalpy in the melt pool.

2.1.4 Modelling of convection

The studies on numerical solution of heat and fluid flow to quantify the effect of convection
on pool shape and mixing have grown over the last three decades both in the understanding

as well as the complexity of problem tackled.

A numerical solution of transient heat and fluid flow was first given by Oreper and Szekely
[21] to show the effect of buoyancy, Lorentz force and Marangoni driven flow on the shape
of melt pool. The authors show that surface tension driven flows have a profound effect on
the shape of the melt pool. Negative values of the temperature coefficient of surface tension

(0, ) result in a wide and shallow pool whereas a postive 0, leads to deep and narrow

pool. The magnitude of velocities was shown to be a function of the processing parameters.

Chan et. al., [22] developed a two-dimensional transient model for convective heat transfer

and surface tension driven fluid flow. They described the effect of material properties and
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process parameters on the velocity and temperature on the surface, pool shape and cooling
rate. The maximum velocity on the free surface was found to be two orders of magnitude

greater than the scan speed of the laser.

A detailed analysis of the fluid flow in laser melting under steady state [23] and transient
conditions [24,25] was given by Basu and co-workers for axisymmetric geometry. Latent
heat evolution was neglected and the interface between solid and liquid was tracked using
melting temperature. The shape of the melt pool and the strength of the vortices in the melt
pool were analysed at different processing conditions to conclude that Prandtl number has a

significant effect.

Chan et. al., [26,27] extended their earlier model to a three dimensional axisymmetric
model to determine surface temperature, velocity field, solute distribution and cooling rate
during laser melting and resolidification at small scanning speeds. They used superposition
of two two-dimensional models to simulate a three dimensional perturbation model as well.
Particles introduced in the melt pool were traced to show that they recirculate several times
before solidifying into the advancing solid-liquid front, demonstrating good mixing in the
pool. Aspect ratio (width/depth) was shown to increase with increase in both Prandtl

number and Marangoni number.

A three dimensional non-axisymmetric transient model of weld pool was developed by
Zacharia et. al., [28,29,30] who analysed the effect of surface tension coefficient on the
convection and melt pool shape with experimental correlations. The presence of sulphur in

the melt changes the sign of 0, from negative to positive at lower temperatures, leading to

two counter circulating vortices in the narrow and deep melt pool. Corresponding
experiments were performed on 304 type of stainless steel for different contents of sulphur
and a good agreement was demonstrated between the experimentally observed pool shape

and the computed one.

Other studies by Kou and Wang [31], Natarajan Ramanan and Korpela [32], Russo et. al.,
[33], Dutta et. al [34] and Joshi et. al. [35] also analyse fluid flow and its effect on the

shape of melt pool and temperature distribution.

The free surface at the top of the melt pool was assumed flat in all the above studies. Paul
and Debroy [36] performed a two-dimensional transient simulation to solve the temperature
and velocity distribution in laser welding at low powers. After the steady state profiles were

obtained, the free surface was allowed to deform to show the effect of surface velocity on
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the shape of top surface. An upward bulge was shown at the edge of the pool and under the
heat source. From the direction of the velocity, the upward bulge at the edge of the pool is

expected but the bulge at the centre of the pool is not completely understood.

Zehr [37] performed extensive simulations of surface tension driven flow during welding
using a three dimensional transient formulation for a moving heat source. Free surface
deformation was also taken into account by modifying the descretised equations for the
partially filled surface cells, and applying a pressure boundary condition and conserving the
total volume. Test cases were run for Aluminium and Steel and the computed melt pool

shapes were verified by comparison with experimental results.

While most of the studies mentioned above deal with analysing the melt pool shape and
thermal history as a function of processing parameters for different materials, few
overviews do exist that discuss the shape of the melt pool as a function of non-dimensional
quantities. The size and shape of the laser melt pool depends on material properties of the

metal via Prandtl Number (Pr =v/k, where, U is the kinematic viscosity and & is the

thermal diffusivity) and surface tension number (.S =0T—qd

0

, where d 1is the diameter of

the laser beam, p is the dynamic viscosity, u, is the characteristic velocity and kis

thermal conductivity). Figure 2.5 shows shapes of a laser melt pool at different Prandtl and
surface tension numbers [38]. Similarly, Peclet Number and Marangoni Number were also
shown to be important in determining the melt pool shape [39]. It could be said that
prediction of melt pool shape by computational techniques, taking into account convection

in the melt, has now reached a mature state.

2.1.5 Vaporisation and Keyhole formation

Most of the studies described above are valid for low laser power where little or no
vaporisation of melt takes place. Above a certain threshold laser intensity, the energy
transfer from the beam to the work piece increases rapidly and deep penetration welding
occurs. A cylinder of vapour/plasma exists below the beam, with an appearance of
‘keyhole’ (see figure 2.6), and leads to enhanced absorption of energy by plasma or by

multiple internal reflection of the laser and plays a dominant role in the welding process.

Metzbower [40] described the keyhole formation in terms of a force balance between the

surface tension of the liquid surrounding the vapour plume and the vapour pressure. A
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temperature distribution across the keyhole was also obtained assuming a Gaussian
distribution of the laser intensity. The author points out that the temperatures in the keyhole

must be considerably higher than the boiling point of the work piece.

Dowden et. al., [41] described a model for energy interchange and vapour flow in the
keyhole to calculate the shape. The model gives approximate depths of keyholes that are
closed at the bottom. Kroos et. al., [42,43] give a linear stability analysis of a keyhole in
terms of the ablation pressure that tends to open the keyhole versus surface tension forces
that tend to collapse the keyhole as shown schematically in the figure 2.7. A threshold
power was calculated at which the keyhole is stable for Al, Cu and Fe. Numerous studies
have been performed about the dynamic behaviour of the keyhole both computationally

[44,45,46,47,48,49] and experimentally [50,51,52].

Most of the models available do not consider the relevant physical processes and the liquid-
vapour interactions in a self-consistent manner to obtain keyhole shape without assuming it
a priori. Physical properties associated with formation of plasma and its interaction with
the liquid, are also not easily available. Recently, Ki et. al., [53] have proposed a level set
method considering mass and energy balance, evaporation at the liquid-vapour interface,
homogeneous boiling beneath the liquid-vapour interface, fluid flow in a thin liquid layer
and multiple reflection of laser in the keyhole to calculate the shape of the keyhole. Free
surface temperature profile, mass loss and surface recession speed were calculated.
Multiple reflection of laser in the keyhole was shown to be an important factor in the
enhanced absorption of laser radiation. A comprehensive model to simulate heat and fluid
flow in laser welding considering keyhole formation as well is difficult and is in its early

stage of development.

2.2 Mixing and joining

2.2.1 Mixing in alloy melt pool

Computational studies on solute transport in laser melt pool during laser surface alloying
and cladding are limited. Chande and Mazumder [54] attempted to explain the mixing and
the fluctuations in the composition of laser surface alloyed Fe-Ni using the vigour of fluid
flow in the melt pool. A decrease in the diameter of the laser is shown to increase the

uniformity of the alloy pool. However, no numerical solution of fluid flow and composition
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distribution was made. Kar and Mazumder [55] assumed a well mixed alloy melt pool and
solved for temperature and solidified alloy composition as a function of powder feed rate
and specific laser energy. A non-equilibrium partition coefficient valid at high growth rates
was used to obtain the solidified alloy composition, which exceeds the solidus composition

given by the phase diagram.

A numerical solution of temperature, fluid flow and concentration profile in the alloyed
region was first studied by He et. al. [56]. The temperature field obtained from the classical
Rosenthal solution was used as an initial guess. The shape of the melt pool was then
modified by incorporating latent heat evolution and convection within the liquid region.
Solute conservation equation was solved decoupled with the steady state solution of heat
and fluid flow. A diffusional flux condition at the top surface and solute partitioning
boundary condition at the solidifying interface were used. Finite element method was used
for the solution of composition as a function of depth at different powder feed rates and the

computed profiles were compared with the experimentally determined ones.

Mohanraj et. al., [57] presented a three dimensional transient macroscopic numerical model
for the description of transport phenomena during laser surface alloying. In order to make
accurate estimates for the species composition distribution during the process, the addition
of alloying elements was formulated by devising a species generation term for the solute
transport equation. By employing a particle-tracking algorithm and a simultaneous particle-
melting consideration, the species source term was estimated by the amount of fusion of a
spherical particle as it passes through a particular control volume. Numerical simulations
were performed for two cases. The first case corresponds to aluminium as alloying element
on a nickel substrate, while the second case was for alloying nickel on aluminium substrate.
It is observed for the latter case that the melting of the alloying element is not
instantaneous, and hence it cannot be modelled as a species mass flux boundary condition
at the top surface. The predicted results were compared with experiments, and the

agreement was found to be good.

2.2.2 Mixing in laser weld pool

Studies on mixing in laser melt pool in welding geometry are also limited. Most of the
studies in welding are for joining metals or alloys that are similar in composition and thus

the need for solving species conservation in the melt pool does not arise. However, when
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welding dissimilar metals, it is imperative to solve species conservation, as the final shape

and microstructure of the weld are strong functions of the composition.

Debroy and co workers [5,58] have developed a control volume based computational model
to solve the mass, momentum, energy and nitrogen concentration in the weld pool. The
concentration distribution of nitrogen in different sections was obtained and compared to
the experimentally observed nitrogen content in the weld pool as a function of scan speed

of the heat source and inlet nitrogen pressure.

Very few studies on the calculation of transport phenomena exist in the literature for
welding of dissimilar metals, where, the difference in the properties induces considerable
change in the weld pool shape. Chung and Wei [59] used a control volume approach using
the SIMPLE algorithm [60] to solve non-dimensional temperature, velocity and
composition distribution in the melt pool of a dissimilar joint in a two-dimensional transient
formulation. A flat free surface with Gaussian heat source, constant average physical
properties were considered. Parametric study was performed to study the velocity profile
and shape of weld pool in terms of surface width and depth at different coefficients of
surface tension, viscosity and thermal conductivity. A detailed description of the flow

pattern at different magnitudes and signs of the surface tension coefficients (g, ) of the two

metals was presented to show the effect of strength and direction of convection on the
shape of the pool after times of the order of 0.01 s. A contour drawn at a concentration of
0.5 was used to indicate the extent of mixing between the two metals. Asymmetry in the
flow pattern, and thus, the shape of the weld pool, were highlighted. A qualitative
comparison was made with experiments with a transverse macrograph of GTA weld of Fe
with Al to show agreement with computational results. Several issues were unclear in this
early work on dissimilar welding. The surface tension coefficients were adjusted for minor
surfactant elements such as oxygen and sulphur. The interface between the two metals after
solidification was shown, however, no solidification model was discussed in the paper. The
validity of existing macro solidification models for a binary system such as Fe-Al

containing intermetallic compounds is unclear.

Wei and Chung [61] used the same model as described above, to simulate velocity profile,
concentration profile and shape of fusion zone for dissimilar metals at different times. The
surface temperature, volume fraction of species and shape of fusion zone was shown for

both positive and negative g, for the two metals. Mixing was shown to be insufficient for
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negative 0, coefficients due to radially outward flow pattern. Positive 0, led to a narrow
and deep weld pool with more width on the side where g, is less positive. When a positive
o, for side A and negative o, for the side B was used, the width of side B increased with
the value of o0, for side A. A quantitative comparison was attempted with an experimental

micrograph of laser welded Cu-Ni [62]. The pool shape computed was for constant physical

properties after adjusting the g, for possible presence of surface active elements.

2.2.3 Joining of Dissimilar metals

Several attempts have been done earlier to obtain a successful weld between two dissimilar
metals. The studies are preliminary in nature and provide analysis in a case-by-case

manner.

Sun and Ion [6] reviewed laser welding of dissimilar metals. Studies on welds between
dissimilar grades of (1) steels and aluminium alloys, (2) stainless steel and carbon/low-alloy
steel, (3) steel and copper, (4) steel and aluminium, (5) steel and nickel, (6) aluminium and
copper and (7) aluminium and lead. Phase formation in each of these systems along with
possible applications was described. Weld quality was assessed with respect to hot
cracking. The authors provide a summary of the studies using a chart of weldability of
binary metal combinations (figure 2.8) and note that solidification mechanisms in laser

weld metal are not well understood.

Seretsky and Ryba [63] used laser spot welding technique to join Titanium and Nickel.
Cracking and porosity was observed rendering the welding attempt unsuccessful. The
microstructure showed swirls that were supposed to be due to convection. The fusion zone
was asymmetric about the joint and it was attributed to the differential absorption of the

laser radiation.

Metzger and Lison [64] reviewed phase formation and quality of weld for dissimilar
combinations for electron beam welding. Combinations of metals with different magnetic
properties such as diamagnetic copper and ferromagnetic nickel, resulted in a deflection of
electron beam towards Copper and led to undercut on that side. Based on microstructural

characterisation and mechanical properties, weld quality was rated as shown in figure 2.9.

Pan et. al., [65] used transmission electron microscopy to study the phase formation in

dissimilar (austenitic/carbon) steels welded using arc. Electron Probe Microanalysis was
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used to characterise the composition at various locations. Different zones of phase
formation in the weld, such as austenitic, martensitic and pearlitic were found to be in

accordance with the Schaeffler map.

Majumdar et. al., [66] studied welding of Titanium and Aluminium using laser. Brittle
intermetallic compounds such as TiAl and Ti3Al were observed in the weld. Cracks were
observed to form near the Aluminium interface and were found sensitive to the amount of
Aluminium in the fusion zone. A foil of Niobium added as a buffer between the two alloys

prevented dissolution of Al in the fusion zone resulted in a crack free joint.

Katayama et. al, [67] successfully produced a crack free lap welding of Steel to
Aluminium using a cw YAG laser. Laser welds of lower heat input solidified as a (bcc)-
Iron containing small amount of Aluminium and a thin region of intermetallic compounds.

Deep penetration welds led to the formation of brittle FeAl phase resulting in cracks.

The shapes of fusion zone in electron beam welding of dissimilar metal combinations of
Aluminium-Iron and Iron-Copper was reported by Wei et. al., [68]. Microstructures of the
fusion zone, concentration profiles across the weld were presented for welds at low and
high currents. The measured dimensionless beam power was plotted against calculated

Peclet number to show a linear relationship between the two.

2.3 Solidification of laser melt pool

2.3.1 Growth rate and geometric relationship

Solidification behaviour of the weld pool, solid-liquid interface morphologies and phase
selection control the size and shape of the grains, extent of segregation, distribution of
inclusions and defects such as porosity and hot cracking. Much of the earlier studies on the
weld pool solidification are extrapolation of the knowledge of freezing of castings and

single crystals that usually take place at low thermal gradients and growth rates.

The solidification rate J at any location on the freezing front is related to the heat source
scan rate V' by the relation V' =V, cos@ as illustrated in figure 2.10. Since there is an easy

growth direction for metals, a grain selection process will take place in which, grains whose

easy growth directions are optimally aligned with the solidification front normal will
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selectively outgrow less optimally aligned grains. Since the liquid metal is in contact with a

solid of similar composition, epitaxial growth of the solid grains into the melt takes place.

2.3.2 Structure of interface

Failure analysis of dissimilar welds showed that the weld-base metal interface plays an

important role. The interface structure of weld interface is classified into two types:
1. Type-I boundaries, where, the grain boundaries are perpendicular to the weld interface.
2. Type-II boundaries, where, the grain boundaries are parallel to the weld interface.

Figure 2.11 shows examples of these two kinds of boundaries. It has been observed that
type-II boundaries are susceptible to failure of dissimilar metal welds. Nelson et. al., [69]
studied dissimilar welds of Iron with Monel as filler material. The welds exhibited type-II
boundaries, which were characterised using Electron Backscatter Diffraction Analysis. A
high angle of misorientation between the base metal grains and the weld region grains was
noted. The authors extended their work in a later study and proposed a mechanism for type-

II boundary evolution [70]. The transformation of & to yand the high mobility of y/y

boundary at high temperature below the fusion zone were suggested as the reasons for
appearance of type-II boundaries which were absent in the welds with a base metal dilution

that does not allow such a transformation to take place.

2.3.3 Grain structure of solidified alloy

Savage and Aronson [71] performed a microbeam X-ray diffraction analysis of grains in
Silicon-Iron welds to establish the epitaxial growth of base metal grains into the weld
region. The tendency for grains with easy growth direction along the maximum thermal
gradient to outgrow the other grains was also shown. The shape of weld pool was
concluded to have a strong influence on the type of preferred orientation produced during

solidification of weld metal.

Clarke et. al., [72] studied change of grain structure from columnar to equiaxed at the
centre of the weld during GTA welding of Al-Cu alloys. Thermal gradient and growth were
calculated as a function of distance across the weld. Hunt’s model was used to estimate the
extent of equiaxed region at the centre of the weld. Predicted and experimental widths of

equiaxed regions were shown to have good agreement.
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Rappaz et. al., [73] used a combination of Finite Element and Cellular Automaton models
(CAFE) to obtain the grain structure of the solidified alloy during laser welding. Nucleation

and growth of grains were taken into account.

Ichikawa et. al., [74] used a Monte Carlo technique to simulate microstructural evolution
for steels welds. The technique takes the simulated temperature distribution as an input to
the probability function for jumps of cells into solid grains. The calculated grain width was

compared with the experimentally observed one favourably.

2.3.4 Microstructure evolution during solidification

During growth, however, depending on the presence of constitutional undercooling (figure
2.12 a-c [4]), the solidification front could develop instabilities that lead to cellular /
dendritic microstructure [75, 76]. The growth rate is low at the edge of the weld pool and
high towards the centreline. The thermal gradient is low at the centreline and increases
towards the edges. The schematic in figure 2.12(d) shows the variation of these quantities
in a laser melt pool [76]. Thus, it is possible to observe microstructural variations in growth
mode across the weld (figure 2.13 a, b [77]). Phase selection is also a function of the

parameters such as growth rate, thermal gradient and cooling rate.

Much of the studies on microstructural evolution and phase selection during welding are
material specific. David and Vitek [4] reviewed relevant literature in weld solidification and
microstructure formation. Grong and Matlock [78] reviewed microstructural development
in weld metals of mild and low-alloy steels. Effect of alloying elements and processing
parameters on the microstructure, hardenability and inclusions were studied in detail. Cam
and Kocak [79] reviewed a similar study on several advanced materials such as

intermetallics, Ni-base super alloys, Al-Li alloys and metal matrix composites.

The parameters required to predict the microstructure formation in laser melting/welding
are difficult to obtain experimentally. Several studies exist that report thermal gradients,
and cooling rates by direct measurement [4]. However, it is now accepted that
computational modelling provides a reasonable alternative to direct measurements by
allowing calculations that yield temperature distributions for use in microstructure

prediction.

Zacharia et. al., [80] studied pulsed laser welding of austenitic stainless steels. At high scan

speed of the laser, the cooling rate was high, leading to a completely austenitic
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microstructure of the weld pool. At low scan speeds, duplex structure was observed.
Calculated cooling rates were used to obtain secondary dendrite arm spacing, which was in

good agreement with the experimentally observed one.

Hoadley et. al., [81] studied laser surface melting of Al-33Cu alloy using both
computations and experiments. Temperature and velocity field were solved to obtain a melt
pool shape that matches closely with the experimentally observed one. Using Jackson-Hunt
theory, the lamellae spacing was calculated from the growth rate and a comparison with the

spacing measured by TEM showed good matching.

Kurz and Trivedi [82] used the non-equilibrium solidification theory in the context of
welding. For the case of Fe-Ni alloys, high growth rate was shown to avoid formation of o

phase and thus hot cracking.

Norman et. al., [83] used a three dimensional steady state conduction equation to obtain
cooling rate and the ratio of thermal gradient to growth rate as a function of welding speed
for Aluminium alloys. Semi empirical relations were used to correlate calculated
parameters to dendrite secondary arm spacing, which was compared with the

experimentally observed one.

Guo and Kar [84] used a one dimensional semi-infinite heat transfer model to relate
solidification time to the laser power and irradiation time. Instability analysis for directional
solidification of dilute binary alloys was used to determine transitions from planar to
cellular and dendritic morphologies using decay, oscillation and growth of perturbations on
the solid-liquid front, respectively. The growth regimes predicted from the experimental
solidification rates were compared with the microstructures for the corresponding laser

parameters.

2.3.5 Microstructure evolution during polyphase solidification of laser

melt pool

Since there is a geometric relation connecting the growth rate and the scanning speed of the
heat source at steady state, laser remelting could be used as a technique to simulate
directional solidification at high growth rates [85]. By measuring the orientation of the
grain boundaries or that of the inter-dendritic phase with respect to the known scanning
direction, it is possible to determine the local solidification rate. This possibility opens up a

way to understand the microstructural evolution under rapid solidification conditions as a
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function of growth rate, a key variable in the microstructure selection [86]. Kurz and co-
workers [87] used laser surface remelting to simulate high growth conditions and provided
a map of composition of Iron and growth rate for microstructural selection in the Al-Fe
system. The velocity dependence of interface temperature, also referred to as interface
response function, was theoretically predicted for cells/dendrites of Aluminium, Al;Fe and
eutectic growth of Al-AlgFe. Maximum growth temperature was used as a selection
criterion to determine which phase forms at a given composition and growth rate.
Experimentally observed microstructure modes were superposed with the calculated map to
show good agreement. This study also brings out the fact that a systematic analysis of
polyphase solidification during solidification of a laser melt pool should consider
competition of the phases that could nucleate and grow under the given processing
conditions. The subjectivity of such an analysis to the alloy system under consideration

limits a general study on the solidification microstructure formation.

2.4 Issues and scope of present work

In this section, based on the survey of literature in laser processing of dissimilar metals, the

issues that require further work for a better understanding can be summarised as follows:

1. Most of the studies in the literature on dissimilar welding are by a case-by-case manner
and concentrate on steels. An attempt to identify differences between welds of similar and
dissimilar metals, in terms of weld pool shape and microstructural features that are common

to different kinds of binary systems will be important.

2. The evolution of weld pool during laser melting, starting from a solid base metal, is not
discussed in the literature, for the case of dissimilar welding. A transient computational
model, that takes the differences in melting point and thermal transport properties into
account, will provide an insight into the process where laser heating and convection play an
important role in determining which side of the dissimilar pair melts first and thus plays

dominant role in weld pool development.

3. During solidification of laser melt pool, the growth of base metal into the melt pool is
assumed to be spontaneous and an extrapolation of studies on morphological evolution
during single phase directional solidification was assumed to be applicable. In their review
on solidification and weld microstructures, David and Vitek [4] note that the arguments

regarding epitaxial growth and nucleation should apply in dissimilar welds as well. A closer
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look at this issue using thermodynamic aspects of growth of solid into an inhomogeneous

melt could lead to interesting results.

4. Much of the work on solidification of a laser melt pool deals with the grain structure. The
model assumed for solidification is usually that of a pure metal to obtain the temperature
distribution from simulation that could be used as an input for microstructure calculations.
Melt pool convection plays an important role during microstructure development and was
ignored in much of the earlier studies. A study to show the relative importance of the

thermal profile and convection during polyphase solidification is needed.
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Laser weldability of binary metal combinations [13]. (E = excellent, G = good, F = fair, P = poor, * = no data available)
W Ta Mo Cr Co Ti Be Fe Pt Ni Pd Cu Au Ag Mg Al Zn Cd Pb

Ta E

Mo E E

cc E P E

Co F P F G

Ti F E E G F

BB P P P P F P

Fe F F G E E F F

P G F G G E F P G

NN F G F G E F F G E

pd F G G G E F F G E E

Cu P P P P F F F F E E E

Au * * P F P F F F E E E E

Ag. P P P P P F P P F P E F E

Mg P * P P P P P P P P P F F F

Al P P P P F F P F P F P F F F F

Zn P * P P F P P F P F F G F G P F

cd . . P P P * P F F F P F G E P P

Pb P * P P P P * P P P P P P P P P P P

S, P P P P P P P P F P F P F F P P P P F

Figure 2.8 Table showing weldability of dissimilar couples by laser [6].
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Figure 2.9 Weld quality ratings for dissimilar couples during electron beam welding
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Chapter 3
Laser welding of Fe-Cu Binary Couple

3.1 Introduction

The binary system of iron and copper presents a dissimilar metallic system with differences
in physical properties as well as alloying ability. As shown in the table 3.1, there is a large
difference in the physical properties of iron and copper. The binary system of iron-copper
shows complete mixing in liquid state and a miscibility gap in solid state (figure 3.1). Thus,
iron-copper couple could be considered as a representative system to characterise
microstructural features in dissimilar welding. In this chapter, microstructural
characterisation of iron-copper welds is described. Only selective processing conditions are

analysed to highlight the features that are common at different laser scan speeds.

Table 3.1 Physical properties of copper and iron [8§]

Property Copper | Iron
Melting Point (°C) 1083 1536
Thermal Conductivity (Wm ' K'') | 399 78.2
Specific Heat (Jkg'K™) 386 456

Density (kgm™) 8900 7820
Latent Heat (kJmol™) 13.02 15.2

3.2 Experiments

Several experiments on the laser welding of iron with copper were performed in butt

welding geometry. Only the representative conditions of conduction mode weld and
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keyhole mode weld are analysed in this work. Deep penetration welding is carried out using
a Trumpf laser operating at 5.5 kW and at a scan rate of 84 mm/s. Various scan rates are
used, ranging from 21 mm/s to 169 mm/s. The laser is used in a focussed condition. A
lower power of 4.5 kW is used on a Rofin Sinar R10000 laser to make welds with lower
penetration. In this case, the laser is defocussed to ensure that plasma formation does not
take place. The weld in conduction mode is done at a laser power of 4.5 kW and a scan
speed of 25 mm/s. Transverse sections are taken and analysed using scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and energy-dispersive x-ray
analysis (EDAX) attached to the SEM. Detailed transmission electron microscopy (TEM)
studies are conducted on a sample welded at a laser power of 5.5 kW and a scan speed of

21 mm/s.

3.3 Microstructure Analysis

The complete weld pool shapes for the keyhole mode and conduction mode welding are
shown in figure 3.2. The weld pool was asymmetric in shape though the laser beam was
placed symmetrically on the butt joint. More iron was found to melt than copper. The
keyhole mode weld has a depth of penetration almost equal to the thickness of the samples,

however, the conduction mode weld leads to a shallow and wide weld pool.

Interface microstructures for the keyhole weld on the copper and iron sides are shown in
figure 3.3. The interface between the fusion zone and base metal is not clearly
distinguishable on the copper side. The microstructure is banded ahead of a rough interface.
On the other hand, the iron side shows a sharp interface with the weld. The growth of iron

grains into the weld in cellular mode is clearly observed.

The interface microstructure features are similar in the conduction mode weld as well.
Figure 3.4 shows the microstructure at the copper side. A composition analysis done along
the direction of growth of copper base metal into the weld shows a sharp decrease in the
copper content of the alloy followed by large fluctuations. The microstructure also shows
bands across which the cellular morphology is not continuous. Figure 3.5 shows interface
microstructure on the iron side of the conduction weld. The growth of iron in to the weld is
characterised by a cellular morphology. The copper content in the alloy changes in the alloy
from the interface into the weld at locations where microstructural banding is also

observed. However, the composition fluctuations are not as large as on the copper side. A
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higher magnification microstructure of the interface on the iron side shows that iron
initially grows in a planar front for a small extent before changing over to a cellular
morphology (figure 3.6). The composition of copper in the alloy also increases gradually as

it grows in the alloy.

The microstructure within the weld region is mostly cellular in nature as is evident from
figure 3.7. Microstructural banding was observed through out the weld pool. As shown in
figure 3.8, the bands are characterised by fluctuations in the composition of copper and a
change in the length scale of microstructure. The morphological patterns are usually similar
inside the bands while there exist discontinuities at the boundaries (figure 3.8c). The
composition analysis done near the top of the weld pool for the conduction weld shows that
the most of the weld region on the iron side is well mixed with an average composition of
80 at% Fe (figure 3.9). However, the composition of iron increases sharply on the copper

side.

TEM studies were done at the top, middle and bottom of the weld regions for a weld
performed at a laser power of 5.5 kW and a scan speed of 21 mm/s. The overall features are
similar through out the weld pool, however, certain interesting differences could be noted.
The cellular microstructure that is observed throughout weld (figure 3.8), consists of grains
of iron with copper occupying the intergranular regions, as shown in figure 3.10. The
SADP taken from the intergranular regions and the grains could be indexed to copper and
iron, respectively. A low magnification microstructure shown in figure 3.11(a) is comprised
of grains mainly of iron. The dark field image (figure 3.11c) taken from the (101) reflection
shows bright contrast of several grains that are in the [111] zone. Globules of copper were
also observed at several locations in the middle of the weld pool (figure 3.12). As shown in
figure 3.13, the microstructure near the top of the weld shows droplets of iron formed in a
matrix, presumably of copper. The selected area diffraction pattern (SADP) taken around
the iron globule shows no clear orientation dependence between the matrix and the particle.
This is not surprising as there is a possibility of formation of such droplets in the liquid
state itself. The microstructural features described in this chapter are similar to those in
other dissimilar welding combinations such as copper-nickel described in chapter 4.
Computational modelling is not attempted for the iron-copper system due to the complexity
arising out of immiscibility of the two metals, which precludes simplistic assumptions for

any meaningful study.
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3.4 Discussion

The results presented above indicate development of unique microstructural features during
dissimilar welding of iron with copper in both conduction mode and keyhole welding. The
weld pool microstructure contains several unique features which are not reported in the
literature. We now discuss the possible mechanisms responsible for the origin of these
features. Though the heat source was applied symmetrically on the two metals in butt weld
geometry, the weld pool shape is asymmetric with bulk of the weld pool displaced towards
the iron side. This indicates that the high thermal conductivity of copper leads to less
amount of heat available as sensible heat for melting and thus, the extent of melting on
copper side is less. The composition is nearly uniform across the weld, indicating a good
mixing by convection in the weld pool. However, the uniformity of composition is only at
the macroscopic level. The pronounced differences in the interface microstructure and the
composition on the iron side and the copper side show different modes of growth of copper

and iron grains from the two sides into the weld pool.

In order to understand the origin of the microstructure we shall first discuss our
observations with respect to the phase diagram (figure 3.1). This will be followed by a
detailed discussion of the special features of the microstructures in the context of the

substrate and the prevalent convection.

Composition analysis indicates that although there exists considerable local variation, the
average composition in the middle of the weld pool is about 80 at% Fe. This is nearly same
as that observed when copper powder was alloyed on iron substrate using a laser. Clearly,
the coupling efficiency of laser with the two materials is responsible for the average
composition observed in both the cases. The composition increases gradually towards the
iron rich end. While there is a rapid increase in the composition towards the copper side.
The composition in the most of the regions in the weld pool suggests that the solidification
product must be fcc(y)-Fe and copper. In case of cellular solidification, one therefore
expects the primary phase during solidification to be y-iron with copper decorating the
intercellular region. The TEM results (figure 3.10) indicate that primary phase is 0—Fe with
intercellular region being copper. This is consistent with the expectation since the y—Fe will
transform to a Fe below 750 °C. TEM results suggest a significant refinement of the a—Fe

grains near the middle of the pool. The ring patterns in the electron diffraction suggest
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random orientation within themselves as well as with copper grains indicating a random

nucleation of a—Fe during y to o transformation.

Transmission electron microscopy reveals the presence of globules near the centre and top
of the weld pool. The analysis of the diffraction pattern clearly identifies establishes the
globules to be of copper. The morphology suggests that the globule originated in the liquid
state. There exists a submerged miscibility gap below the liquidus region, where the liquid
can separate into two melts [89,90,91]. Several investigators have calculated the miscibility
gap. A typical calculation from the work of Majumder ez. al. [90] is given in figure 3.14. It
requires 180K undercooling for the Fe 20 at%Cu alloy to access this immiscible region.
Achievement of such an undercooling with the associated spheroidal microstructure was
shown for electron beam surface remelting of Fe-Cu at speeds of ~10 cm/s by Munitz [91].
Similar globular microstructure was also reported in the MIG welding of iron with copper
wire [92]. The appearance of the globules near the top of the sample indicates that they
appear only at higher growth rates. However, the growth rates employed in our work are
much less than that employed by Munitz and is of the order of few cm/sec. Thus, the results

suggest significant undercooling of the melt in the weld pool prior to solidification.

We shall now discuss the solidification process occurring near the two substrates. On the
iron side, the solidification progresses normal to the substrate in a cellular fashion.
However, careful observation of the substrate-weld interface indicates the presence of a
planar zone with no segregation. The composition of copper in this region increases linearly
up to the point where the interface breaks down to yield a cellular microstructure. The iron
rich solid solution grains grow continuously in the weld pool, initially in a planar
morphology. The composition of copper in this planar region rises from ~5 at% to a
maximum of ~13 at% before the breakdown of the interface. The morphology at this point

changes to cellular mode.

The grains in the iron substrate also show significant refinement near the interface
compared to that existing in the interior (figure 3.15 [93]). However, these grains do not
grow into the weld pool. One always observes a sharp contrast at the interface indicating an
enhanced etching effect. The grains in the weld pool are much coarser. One can rationalise

the observation with respect to the phase diagram. Since iron had melted to yield the melt
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pool, the composition in front of the interface can be assumed to be pure iron initially. The
convective mixing at a later stage enriches the melt with copper. However, the process will
lead to a stationary boundary layer, which will remain essentially in an unmixed state at the
interface. Only the thermal diffusion of copper can enrich this layer. The phase diagram
suggests that iron at the interface during melting should have d Fe structure. The y Fe forms
by a peritectic reaction. The sharp band at the interface has a composition of around 5-6at%
Cu. This suggests that a peritectic reaction may have taken place at a very early stage of
solidification at the iron interface, producing a layer of y Fe. The morphology suggests that
this phase may have wetted the interface and spread across the interface. Subsequent
solidification of the melt ahead is due to a planar growth of this phase across the iron rich
boundary layer. It can be noted that the maximum composition of this layer in our
experiment corresponds to the maximum solid solubility of copper of the y Fe phase. Due to
retrograde nature, temperature below this maximum solid solubility will lead to very large
partitioning of copper, thus enhancing the tendency of the cellular breakdown of the

interface.

The solidification of the weld pool near the copper interface is more complex. A
thermodynamic description of the scenario of growth of a pure metal into an alloy melt is
shown in figure 3.16. Since the liquidus has a downward slope for the iron end of the phase
diagram, a liquid alloy of Fe-Cu can solidify to an alloy of lower Cu content. Thus, with a
small increase in composition of copper by diffusion, the chemical potential barrier

indicated by Ag in figure 3.16(a) could be overcome, and iron can grow in to the alloy

melt. On the other hand, the liquidus is upward sloping at the copper end and a liquid alloy
of Fe-Cu solidifies into an alloy melt of higher copper content. Thus, the pure copper
substrate cannot grow into a Fe-Cu melt unless significant solid state diffusion changes the
composition of the substrate in solid state. Except for a very dilute solution, copper forms
from the Fe-Cu melt by a peritectic reaction. Iron first solidifies from the melt, which
further reacts with the melt to yield copper solid solution. We always observe close bands
of iron and copper at the jagged interface near the copper end. The jagged region is due to
the convective mixing of pure copper melt with iron rich melt. This region solidifies before
the molten copper solidifies. The reaction with this region is peritectic with solidification of
iron rich solid solution followed by the formation of copper by peritectic reaction. The
resulting iron rich regions solidify before the molten copper solidifies. Since diffusion of Fe

through copper is very sluggish, the reaction stops due to the formation of a copper layer on
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the previously formed iron. For solidification to continue, the iron again re-precipitates
from the melt followed by peritectic copper. The repetition of this process results in the

banding observed in the microstructure near the copper substrate.

One observes a second kind of banding following the closely spaced banding mentioned
above. These are bands of cells separated by a boundary region. They occur near the
substrates as well as in the interior of the weld pool. The microstructural banding are
characterised by compositional fluctuations in the weld. The orientation of these bands is
observed to be parallel to the solidifying interface. While solidification of the weld
proceeds, the liquid at the centre of the weld is still at higher temperatures and convection
of the melt due to surface tension and buoyancy forces takes place. This could lead to a
fluctuation in the growth due to remelting by hot liquid brought near the solidifying
interface. Direct visualisation studies on laser welding by Mohanty and Mazumder [94]
show evidence of fluctuations in the growth leading to band formation. Thus, the weld

region at a micro level is inhomogeneous.

3.5 Summary

Laser welding of iron and copper at low and high scan speeds showed similar
microstructural features. The weld pool shape is found to be asymmetric with more melting
of iron, though the heat source is placed symmetrically on the butt joint. This phenomenon
was attributed to differences in thermal diffusivity between the two metals. The overall
composition is uniform at a macro scale. The weld interface also shows asymmetry. The
iron side has a smooth interface with a transition from planar to cellular growth into the
weld and a gradual increase in composition. The copper side showed a rough interface with
extensive banding, indicating a peritectic reaction. Microstructural bands due to
fluctuations in growth are present throughout the weld pool characterised by a change of
length scale and composition. The difference in the growth mode from the copper side to
iron side was explained using thermodynamic arguments. Droplet formation in the weld
region, as shown by TEM studies, indicates access to submerged liquid miscibility gap

during solidification of the weld.
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Figure 3.1 Phase diagram of the iron-copper system [88].
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(@) (b)

Figure 3.2 Fe-Cu Weld pool shapes at (a) laser power of 5.5 kW, and a scan speed of 84
mm/s and (b) laser power of 4.5 kW and a scan speed of 25 mm/s. The dotted line
shows the original interface between the two metals.
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Figure 3.3 Interface microstructures on the (a&b) copper side and (c&d) iron side of the
Fe-Cu weld at 5.5 kW and 84 mm/s.
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Figure 3.4 Interface microstructures on the copper side the Fe-Cu weld at 4.5 kW, 25
mmy/s.
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Figure 3.5 Interface microstructures on the iron side the Fe-Cu weld at 4.5 kW, 25
mmy/s.
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Figure 3.6 (a) Planar to cellular transition on the interface of Iron side (b) Gradual
increase in the copper content in the aloy. Laser power used for welding is 4.5 kW and

scan speed is 25 mm/s.
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Figure 3.7 Microstructure within the weld region. (a&b) 5.5 kW, 84 mm/s (c) 4.5 kW,
25 mm/s.
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Figure 3.8 Microstructural banding in the Fe-Cu weld pool (4.5 kW, 25 mm/s).
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Figure 3.9 Composition across the weld near the top (4.5 kW, 25 mm/s).



Chapter 3 44

(a) (b)

Figure 3.10 Microstructure from the bottom of the weld pool: (a) Bright field image
showing iron grains and intergranular copper. SADP from the copper region is shown in

(b) in [011] zone. (c) shows iron grains in [111] zone and the corresponding SADP is
shown in (d).
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Figure 3.11 Microstructures in the middle of the Fe-Cu weld. (a) Low magnification
micrograph showing several Fe-grains percolated with Cu grains. (b) Corresponding
diffraction pattern. Note that finer rings belong to iron while brighter spots belong to
copper. (c) Dark field from the (101) reflection of the iron grains. (d) The diffraction

pattern of iron grains in [111] zone.
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Figure 3.12 Microstructure in the middle of the Fe-Cu weld: (a) bright field image in
[112] zone showing a copper globule in the iron matrix. Corresponding SADP is
shown in (b). (c) Dark field from the (111) reflection of the copper. The weak (110)
reflection of @ -iron spot shown also contributes giving illumination to the matrix.
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Figure 3.13 Microstructures near the top of the Cu-Fe weld at 5.5 kW, 21 mm/s.
(a) bright field image of the bcc-Fe globule (b) Selected Area Diffraction pattern from

the globule showing [001] zone of bece-Fe and (c) dark field image from the (1 10)
reflection.
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Figure 3.14 Equilibrium and calculated metastable phase diagrams of the iron-copper
system [90].

Figure 3.15 Grain refinement on the iron side near the interface of Cu-Fe weld at 5.5
kW, 2 mm defocus, 21 mm/s [93].
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Laser welding of Cu-Ni binary couple

4.1 Introduction

A binary couple of pure metals is simpler to start with in order to understand the basic
issues in dissimilar joints. In a model dissimilar couple, the two metals should have a
significant difference in their physical properties so that the main issues are highlighted.
Also, for a preliminary study, it is not desirable to choose a binary system with a phase
diagram containing any miscibility gap or intermetallic compounds in it, which would make

the system additionally complex and difficult for a systematic analysis.

Table 4.1 Physical properties of copper and nickel [88]

Property Copper | Nickel
Melting Point (°C) 1083 1453
Thermal Conductivity (Wm ' K") | 399 88.5
Specific Heat (Jkg'K™) 386 452
Density (kgm™) 8900 7905
Latent Heat (kJmol ™) 13.02 | 17.16

As shown in table 4.1, copper and nickel have a large difference in thermophysical
properties. The binary system of copper and nickel has a simple isomorphous phase
diagram without any miscibility gap or intermetallic compounds (figure 4.1). Thus, copper
and nickel form an ideal binary system satisfying the above mentioned desired criteria. the
present chapter reports a detailed study of dissimilar metal welding using a copper-nickel
couple. After a brief description of the spot weld experiments in section 4.2, weld

microstructures are analysed in detail in section 4.3. A three dimensional model of the
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transport phenomena during spot welding is presented in the next section. Section 4.5
presents an extension of the model to continuous welding. An attempt to explain the
interface microstructures using thermodynamic arguments is made in the section 4.6. The

chapter is summarised with conclusions in the last section.

4.2 Spot welding experiments

A schematic of the laser welding setup is shown in figure 4.2(a). The physical properties of
the base metal vary across the butt weld i.e., along the x-axis, gravity is along y-axis and the
heat distribution is Gaussian on the top surface along x- and z-axes. Thus, the process is
inherently three dimensional and non-axisymmetric in nature. The physical processes that

take place during welding are as given below:

1. Laser Heating

2. Melting

3. Mixing by buoyancy and Marangoni convection
4. Solidification

During continuous welding, melting and solidification take place simultaneously at the two
ends of the laser melt pool as illustrated in figure 4.2 (b). The symmetry about the z-axis is
also lost, rendering the system completely three dimensional and transient in nature. During
spot welding, the laser is switched off after a controlled time period called as lasing time.
Heat is extracted by the base metal and solidification takes place. Thus, spot welding
enables the various stages of process to be understood in a step-by-step manner. A small set
of spot welding experiments were performed on the binary couple of copper-nickel in butt

joint geometry and the microstructural features observed are described below.

Figure 4.3(a) shows the top view of a Nd:YAG pulse laser spot weld performed with an
energy of 20 J and pulse width of 0.1 ms. The weld is laterally asymmetric and is of small
width. Composition analysis was done at locations across the weld using an EDAX
attached to the SEM. A plot of composition of nickel across the spot weld is shown in
figure 4.3(b). As can be noted, the weld is well mixed for most of the pool on the nickel
side. The composition gradient is sharp near the copper interface and shallow near the
nickel interface. Figure 4.4 (a) shows the top view of a cw-CO; laser spot weld with a laser

power of 4.5 kW and a lasing time of 0.4 s. A plot of the composition across the weld is
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shown in figure 4.4(b). The features are similar to those described for the Nd:YAG weld. A
spot weld for a long time scale of 0.8 s at a power of 3.5 kW is made and the top view of
the same is shown in the figure 4.5 (a). The weld pool shape is not as asymmetric as in the
case of spot welds of smaller lasing times. The concentration across the weld shows
essentially the same feature. There is a sharp gradient on the copper side and a shallow
gradient on the nickel side with some fluctuation. Figure 4.6(a) shows frozen ripples on the
surface of the spot weld. The microstructure on the top surface was found to be dendritic as

shown by the figure 4.6(b).

A cross section of the spot weld at a laser power of 3.5 kW and lasing time of 0.5 s is
shown in the figure 4.7(a). The deep pool shows that there could have been plasma
formation during the spot welding. The microstructure is cellular in most of the regions of
the cross section. A typical cellular microstructure is shown in the figure 4.7(b). The cell
spacing measured by a random line intercept method is 1.3 pm at the top and 1.0 pm at the
centre of the weld. The weld also exhibits a small amount of porosity. Figure 4.7(c) shows
dendritic microstructure in a pore due to exhaustion of liquid ahead of solidification
interface. The spot welds in the butt weld geometry are very small in dimension and often
led to breakage of welds while taking sections. A detailed analysis of the spot welds was
found to be difficult. The continuous welding experiments performed on the copper-nickel

system are detailed in the following section.

4.4 Continuous welding

4.4.1 Experiments

Two sets of continuous welds are done with varying laser scan speed. In the first set,
commercial high purity metals are taken in the form of bars of square cross section of 7mm
x 7mm each and are fixed on a CNC table in butt-weld geometry. A continuous wave CO;
laser of Trumpf make is used as the heat source with a co-axial inert gas shroud. Laser scan
speed is varied from 126 mm/s to 10.6 mm/s at a power of 5.5 kW. In the second set, bars
of cross section 10mm X 5Smm are joined in butt weld geometry using a Rofin Sinar R10000
cw CO; laser. The laser is slightly defocussed to avoid formation of keyhole. Laser scan
speed is varied from 16 mm/s to 4 mm/s at a power of 4.5 kW. The welding conditions are

summarised in the table 4.2. Weld samples are cut to make transverse sections for
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characterization. Optical microscopy using Olympus and Scanning Electron Microscopy
using JEOL JSM 840-FX for microstructure and composition analysis by EDAX form the
characterization studies. Limited transmission electron microscopy is also done using a

JEOL 2000-FX II.

Table 4.2 Processing conditions used in the continuous laser welding of Cu-Ni.

Laser Laser Power Scan speed

(kW) (mm/s)
Trumpf 5.5 10.6
cw-CO; Laser 5.5 21

5.5 42

5.5 84

5.5 126
Rofin Sinar R10000 | 4.5 4
cw-CO; laser 4.5 8

4.5 12

4.5 16

4.4.2 Microstructure analysis

The weld pool shapes, at low and high laser scan speeds, are shown in figure 4.8. At low
scan speeds, the weld is deep and narrow indicating keyhole formation during welding
(figure 4.8(a-b)). As the laser scan speed is increased, the depth of penetration decreases. At
high scan speeds, the melt pool is a shallow one with an aspect ratio of 2 (figure 4.8(c)).
The depth and width of the weld pool for various laser scan speeds are presented in the
table 4.3. At lower power and low scan speed, the weld pool shape has a small dip at the
bottom (figure 4.8(d-¢)) indicating that there could have been some plasma formation
during welding. The weld pool shape at lower laser power and high scan speed is shallow
(low depth of penetration). An asymmetry in the pool shape with more melting of nickel is
observed at all scan speeds and is more pronounced at higher scan speeds. At lower speeds,
more amount of copper melts, leading to a decrease in the asymmetry of weld pool shape.

Some amount of porosity is also noticed.

The microstructure reveals segregation patterns and banding that are asymmetric in nature.

At high scan speeds, the ‘eye’ of the pattern lies on the nickel side and at low scan speed,
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there is one ‘eye’ towards the top and one towards the bottom. Microstructural banding is

less prominent at higher scan speeds.

Table 4.3 Dimensions of the weld at a laser power of 4.5 kW and different scan speeds.

Laser scan speed Depth Width
(mm/s) (mm) (mm)

4 2.0 3.2

8 1.3 2.5

12 0.59 1.58
16 0.133 0.587

The grain structure of the base metals showed no heat affected zone except at low scan
speeds (10.6 and 21 mm/s) for the welds at a laser power of 5.5 kW. A top view of the weld
shown in figure 4.9 shows significant coarsening of copper grains but no such effect is
noticeable on the nickel side. The starting grain size of copper is of the order of 100 pm
which can be seen in the parent metal away from the weld pool. The grains are considerably
coarsened near the weld pool. The dark line revealing a slightly different etching effect at

the weld interface, indicated by the arrow, shows the actual extent of fusion.

The asymmetry of the microstructure of the weld interface can be clearly seen at higher
magnification. On the copper side, the interface is rough with swirls of copper-rich and
nickel-rich regions in an irregular pattern (figure 4.10(a-¢)). No clear interface showing
growth of copper grains into the weld is distinguishable. Bands of different microstructural
scale could be noticed in the weld near the interface. The optical micrograph shown in
figure 4.10(e) shows that the fusion zone extends in to the copper base metal and the
irregular interface suggests different level of mixing than in the fusion zone. The

microstructural patterns suggest insufficient mixing near the copper interface.

Nickel-weld interface is sharp and shows growth of the base metal into the weld (figure
4.11(a-d). A clear interface between the weld and the nickel region is distinguishable. The
different grains of nickel growing into the weld with different orientation of
cellular/dendritic pattern could be observed easily. A closer observation of the growth of
nickel into the weld is made by measuring composition variation from nickel to the weld
region at the interface. As shown in figure 4.12(a-b), the grains of nickel initially grow in a

planar fashion and as the copper content in the solidified region increases gradually, the
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microstructure changes to a cellular/dendritic mode. This observation is confirmed by the
microstructures at higher magnification shown in figure 4.13. The nickel grains seem to
grow initially in a planar fashion and, after an extent, change over to a cellular mode of
growth. The scale of microstructure also increases as growth proceeds into the weld, as

noticeable in figure 4.12(a).

Microstructural banding is observed throughout the weld and in particular, near the
interface. Figure 4.14 (a&b) shows features resembling a swirl observed at the centre of the
weld. The bands are characterised by a change in composition as well as microstructure
length scale. As could be noted from figure 4.15(a), cellular patterns extend across the
bands. The shape of the bands closely follows the solidification front, as could be noted
from figure 4.8(c), 4.9(b) and 4.15(b). The bands are normal to the solidification direction
suggesting an oscillatory growth of solid into the weld. The presence of such a kind of
growth mode is confirmed recently by direct visualization [94]. The growth of the solid is
not steady and is found to oscillate from a fine scale to a coarse scale with coinciding
compositional fluctuations as the growth progresses. In the extreme case, the composition
fluctuation near the nickel interface was found to vary from ~4 at% Cu to ~20 at%Cu in
two adjacent bands with cell free and cellular microstructure respectively. These bands are

termed as low velocity bands by Gremaud et. al. [95].

The microstructure throughout the weld exhibits a cellular/dendritic structure (figure 4.16).
The cell spacing is generally found to be smaller near the top of the weld region (figure
4.16(c)) compared to the interior (figure 4.16(b)), indicating differences in cooling rate
from the top to the bottom of the weld pool.

The composition variation in the weld region was studied in detail for the processing
conditions discussed in this section. Composition of the weld region was measured across
the weld near the top surface to indicate the extent of macrosegregation in the weld pool.
Figure 4.17 shows composition profiles across welds performed using defocussed beam at a
(a) high scan speed and (b) a low scan speed using a focussed beam. It could be noted that
the composition profile shows the same features as that for a spot weld at higher speeds. In
the weld performed at low scan speed and using focussed beam, the extent of mixing on the
copper side is significant, leading to a change in the average composition of the weld. In
order to know the composition distribution across the weld, several spot EDAX
measurements were taken to cover the entire weld pool for the conditions of laser power of

5.5 kW, 84 mm/s and 4.5 kW, 8 mm/s. The measured compositions are plotted using
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contours to reveal the distribution. As could be noted from the figure 4.18, much of the
weld region on the nickel side is well mixed with shallow composition gradients. On the
copper side, the close spacing between the iso-composition contours indicate high

gradients.

A small set of transmission electron microscopy studies were done on the Cu-Ni welds. The
weld processed at 4.5 kW, 16 mm/s shows high strain contrast as shown in the figure 4.19.
As shown in figure 4.20, the weld processed at and 5.5 kW, 21 mm/s shows similar
features. The lattice spacing calculated from the electron diffraction patterns correspond to
a Cu-50 at% Ni alloy. In addition, a selected area diffraction taken from the region shown
(figure 4.20 (a)) shows extra spots near the cubic reflections (shown by an arrow) indicating
that Cu-Ni alloys of two different compositions could be present in the area. However,
there is no sufficient evidence to confirm phase separation of the Cu-Ni alloy in the weld

region.

4.4.3 Discussion of experimental observations

Dissimilar welds of copper and nickel were made at two different laser powers and scan
speeds. The weld shows certain common features at all the welding speeds. The weld is
asymmetric with more melting of nickel. The higher thermal conductivity of copper leads
to less sensible heat and thus less extent of melting. The overall composition in the weld
pool is nearly uniform on the nickel side and has a sharp increase on the copper side. As
will be shown in the computational results, the copper side melts after nickel and solidifies
before nickel thus, spends less time in the liquid state. As a result, mixing is not complete.

However, nickel melts first and undergoes vigorous convection leading to uniform mixing.

The interface microstructures are also asymmetric with a continuous growth of nickel in to
the weld and lack of mixing on the copper side. An analysis of the driving force required
for the growth of a pure metal in to an alloy pool is made using the free energy vs.
composition curves. Free energy data for the liquid and solid phases are obtained for copper
nickel from literature [96]. The free energy was plotted at the liquidus temperature of Ni-20
at%Cu in figure 4.21 (a). A liquid of composition Ni-20 at%Cu (‘C’) is in equilibrium with
a solid of about 10at%Cu at 1350 °C. All compositions of solid up to ‘F’ can form since the
free energy curve for solid lies below that of liquid. If the base metal, which is pure nickel,
were to grow continuously in to the alloy liquid, the composition of the solid should

increase to that given by ‘B’ before the growth can begin. For an intermediate composition
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of solid given by ‘E’, the chemical potential for nickel (‘D) is higher than that for the
parent liquid (‘A’). Thus, certain amount of undercooling is necessary to overcome this
barrier. As shown schematically in figure 4.21 (c), an undercooling at the interface also
leads to a region of constitutionally undercooled region ahead of the nickel interface. One
could clearly see that this leads to the breakdown of the planar front growth mode of nickel
yielding cellular morphology in the weld pool. In the absence of such an undercooling, the
high and positive temperature gradient ahead of the solid-liquid interface in to the weld

pool should lead to a planar growth in to the weld pool.

Consider the situation on the copper side. Figure 4.21(b) shows the free energy vs.
composition plot at the liquidus temperature of a Cu-7 at%Ni alloy (1140 °C). An alloy
liquid of composition Cu-7 at%Ni (‘B’) is in equilibrium with a solid of higher copper
content (‘C°, Cu-13 at%Ni). All compositions of solid below ‘F’ have higher free energy
compared to the liquids of same composition at this temperature. Only solids of
composition higher than that given by ‘F’ are possible to form. If the copper grains were to
grow continuously from the substrate in to the weld, the composition has to increase
beyond the value indicated by ‘F’ by diffusion. Any intermediate composition (such as ‘E’)
would melt back due the free energy being higher than that of the liquid of same
composition. Thus, we can conclude that growth from copper side is not continuous and
solidification on copper rich side takes place directly from the melt. As in the case of iron-
copper, a peritectic reaction is not present. Bands that were present in the iron-copper weld
very close to the copper interface (figure 3.3(a&b), 3.4 (a)) are not present in the case of
copper-nickel weld. The bands near the copper side in copper-nickel weld are similar in
nature to those near nickel side indicative of their origin in the fluctuations during growth.
Cellular microstructure in the weld pool is expected due to the large temperature range
between the liquidus and solidus in the phase diagram and possibility of undercooling to
overcome the chemical potential barrier. Higher cooling rates experienced at the top of the

pool lead to finer cellular patterns as also observed in figure 4.16(c).

In the next section, a model to understand the transport processes that take place during
laser welding of dissimilar metals is presented. Attempts are made to understand the

experimentally observed microstructural features with the help of the computational results.
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4.4.4 Summary of experimental results

Detailed analysis of laser welding of copper and nickel was presented. Welding have been
performed at different scanning speeds such that the welding mode changes from
conduction mode at high scan speed to keyhole mode at low scan speeds. The weld pool
shape was found to be asymmetric and the microstructural features observed for the case of
iron-copper system were found to be similar to those of copper-nickel system. Cellular
microstructure was observed in the weld pool at all welding speeds. Composition across the
weld indicates good mixing on the nickel side in the weld pool. The growth of nickel was
continuous into the weld pool with a gradual increase in composition. On the copper side,
such a continuous growth was not observed. The bands near the copper side were similar in
nature to those at the nickel side. They originate due to growth rate fluctuations.
Microstructural banding with fluctuations in length scale and composition were observed.

TEM study shows that the weld pool is highly strained.

4.5 Computational Modelling of spot welding

A full scale model of a moving dissimilar weld pool (i.e. produced by a continuous laser
welding) requires modelling of the melting, mixing, and solidification at both micro and
macro scales. Solidification modelling in such a situation is a very difficult task, since the
composition can vary sharply at any location. In addition, the solidification process would
depend on the scale of mixing of the two metals at the interface, which may be very
difficult to determine using present modelling tools. In the case of a stationary spot weld,
however, the process of melting is a distinct stage during the application of the laser,
followed by a solidification process after the laser is switched off (assuming there is no
remelting). Since the melting process involves only pure metals (initially separated in a butt
welding arrangement), one has the option to model it without having to consider the
solidification process. It may be noted that any mixing of metals due to convection occurs
only after the material is molten. In this section, melting and mixing processes at a
macroscopic level are modelled by considering a stationary-welding situation of a copper-
nickel couple. The objective is to study the asymmetry of a weld pool caused by a
symmetric heat source on a dissimilar metal joint, along with the associated temperature,

velocity and mass fraction distributions. At this point, one may note that dissimilar metal
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welding is inherently a three-dimensional process even in a stationary spot-welding mode

because of the asymmetry created by the difference in properties of the two metals.

4.5.1 Choice of Model

In the welding of dissimilar metals, the two metals melt and mix in the weld pool. In order
to model such a phenomenon, there are generally two classes of mathematical models that

can be used for the flow of a multi-component fluid:
(1) Locally homogeneous mixture model, and
(2) Multi-fluid model.

In the flow of a multi-component mixture, if we assume that the various species are mixed
at the atomic level and share the same velocity, pressure, and temperature fields, and that
mass transfer takes place by convection and diffusion, then we can use a locally
homogeneous model. The more complex situation where different species are mixed on
larger scales, and may have separate flow fields, is called a ‘multi-phase’ flow [97,98]. The
distinct flow fields of different fluids can interact via empirically specified ‘inter-phase
transfer’ terms. Simulation of such a flow would require a multi-fluid model, in which there
is a separate solution field for each phase. Multi-fluid models rely on constitutive relations

that are often difficult to determine empirically.

A locally homogeneous model is considered for the present study, where flow is
characterized by the properties assigned according to the relative proportion of each phase
in the mixture. Although some information regarding the interface related quantities will be
lost, the locally homogeneous model study would still give some insight into this complex

problem with regard to flow field, asymmetry of pool shape, temperature field, and mixing.

4.5.2 Mathematical Formulation

A schematic diagram of the computational domain used for numerical simulation is shown
in the figure 4.1. Two pieces of copper and nickel with equal dimensions are kept in a butt
joint. A laser heat input with a Gaussian distribution is applied from the top at the centre
line of the butt joint such that the heat is distributed equally on both pieces. The following

are the assumptions made in the model:
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1. The weld pool surface is flat.
2. The fluid motion in the melt pool is assumed to be laminar and incompressible.

3. Thermophysical properties are taken to be different for solid and liquid metals, and
variation with temperature taken into consideration using a smooth fit over the data
available in the literature [88]. The expressions used are given in the table 4.4. The
physical properties also vary according to the concentration of the mixture, and are

evaluated according to mixture theory.

4. Laser power is distributed in a Gaussian manner at the top surface. The coupling

coefficient (laser power efficiency) remains uniform and constant.

Table 4.4 Temperature dependent parameters used in the calculations

Property Expression
ke, Wm™K™) 393.688+0.00967 —0.0002T*(T < T,,)
=52

47.56903 + 0.11. j:gjgzloiﬁﬂ x10™T +} (T, <T<T, )

ky(Wm™K™) 90.420288 —0.10978627 +1.1856x107*T* -
4.997x10°7° +7.196x107"*T*

co,(JKg"'K™) 376.7528 +0.143199T —4.9657144x107°T?* +
4.6515071x107°T"

¢y (JKg"'K™) 452.725+0.2895T —1.63786x107*T* -
4.997x10°T° +7.1961x107° T*

He,(Nsm _2) 0.309 %1073 e(3050%‘314T)

Hyi(Nsm™) 0.1663x107 " Ys1e7)

o, (Nm™) 1.285-0.13x107(T - T,,)

o, (Nm™) 1.778-0.38x107(T - T,,)

¢ (any property) ¢=¢.,Ct+g¢g,(1-0)

The copper nickel system chosen is very close to an ideal binary system with complete
miscibility in liquid and solid states, and hence it justifies most of the assumptions made
with regard to the mixture model. One important property that is very difficult to estimate
for the simulation is the efficiency of absorption of heat from the laser beam. While the
surface finish and emissivity reduce the coupling efficiency, vapour and plasma formation
on the surface of melt pool enhance the same. It is very difficult to determine the coupling

efficiency from experiments, and published studies on this issue are not adequate. An
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efficiency value close to what is generally found in the literature of laser welding of similar
metals is used. In this context, it should be noted that the weld pool shape and qualitative
details will be unaffected by small changes in the coupling efficiency and quantitative

agreement with experimental results is not aimed at in the present modelling attempt.

Phase change is modelled using an enthalpy-porosity technique [99]. As discussed earlier,
only melting of pure metals need to be considered if one models the melting phenomenon
in a stationary spot weld. For a given control volume, pure metal properties (including
latent heat of fusion) are used until melting takes place. Once melting occurs, followed by
transport of material from one zone to another and subsequent mixing of the two metals,

mixture rules for the properties are applied.

An explanation of various terms in the equations for conservation of mass, momentum,
enthalpy and species is given in the Appendix at the end of the thesis. The final set of

governing equations are given below:

Continuity:
a_p ) =
5 +0pi) =0 (4.1)
Momentum:
) Ly dp
—(jou)+ D piin) = O fpu) - ==+, (4.2)
ot 0x
) Ly dp
a—(pv)+D[ﬂpuv)— O fp0u)-=+S, (4.3)
t Oy
) oy op
—(ow)+ O piw) = DpOw) - ==+ 5. (4.4)
ot 0z
Energy:
%(ch)+Dmchﬁ):DmkDT)—%(,OAH) (4.5)
Mass fraction:
9 (c)+otac)=0rpac) (4.6)

ot
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where, ¢ is time, o is density, u,v and w are velocities along x,y and z directions, u# is the
velocity field in vector notation, 4 is viscosity, p is pressure, k is thermal conductivity, c is

specific heat, AH 1is latent heat content, C is species and D is species diffusivity

coefficient.
Boundary and initial conditions:

At time ¢ = 0, the entire domain is in the solid state at room temperature. At time ¢ > 0, the

following boundary conditions are applied:

At the top surface of the work piece, a heat flux with a Gaussian distribution is applied, as

given by:

q"(r) :”—Qzexp(—:—zJ (4.7)

Wl] q

where 77 is efficiency of absorption of laser, O is laser power and 7, is radius of the laser

beam. No mass transfer is considered at the top surface. All the sides are subjected to
convective and radiative heat loss. At the flat free surface of the liquid, shear force due to

surface tension (Marangoni force) is expressed as:

/Ja—u = 9o (4.8)
ay y=h ax y=h
owl  _0g (4.9)
dy - 0z Yo

The surface tension for a mixture of copper and nickel is given by Butler’s equation as
indicated in table 4.4. The surface tension of a liquid is a function of surface active
elements such as oxygen and sulphur [100]. The surface tension of copper is found to
decrease with increase in the concentration of oxygen [101,102] and sulphur [103].
Similarly surface tension of nickel is also found to decrease with alloying elements [104].
Studies on the effect of the presence of surface active elements on the weld pool shape exist
[105]. Weld pool diameter and the frequency of oscillation due to Marangoni flow were
used to back calculate the surface tension [106]. It is very difficult to measure the
composition of the surface active elements in the liquid weld pool. However, the present
study does not aim at a quantitative matching of weld pool shape but only to study the

physical phenomena that take place. The simulations were all performed assuming no
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presence of surface active elements as it would introduce an additional variable whose

value is unknown.

As shown in equations (4.8) and (4.9), the Marangoni force is balanced by viscous shear
force at the top surface. Since fluid is pulled in the direction of increasing surface tension, a
negative surface tension coefficient would result in a surface flow away form the laser
centre towards the pool edges. The thermal Marangoni number (based on temperature

gradient) for this problem can be defined as:

_O;Lr,

Ma (4.10)

anlﬂ

Where, o0, is temperature coefficient of surface tension, L is latent heat, @ is thermal
diffusivity, C, is specific heat in the liquid state and g is viscosity. Since variable
properties are used in this work, the governing equations are not non-dimensionalised with
the Marangoni number, which is not a fixed quantity for the problem. Representative values
of Marangoni number for the copper and nickel at 1600 °C are 625 and 3863, respectively.

All parameters used in the present work are in a dimensional form.

4.5.3 Numerical Procedure

The three dimensional coupled continuity, momentum, energy, and mass fraction equations
along with the boundary conditions are solved numerically using a finite volume technique.
The general framework of the numerical solution rests on SIMPLER algorithm [60],
modified appropriately to accommodate phase change processes and mixing of dissimilar
metals. The set of linear equations obtained were solved using a tridiagonal matrix
algorithm (TDMA). The values of thermophysical data used are listed in table 4.4, and the
process parameters used for the case study are given in table 2. A non-uniform grid of
64 x48x641s used to discretise the computational domain, with a high concentration of

grids inside the weld pool.

The time steps for computations are varied according to the stages of the melting process.
The large temperature gradients in the melt pool set up a strong Marangoni convection,
leading to high fluid velocities, typically of the order of 1 m/s. During the initial phase

during which the weld pool shape develops, the time steps used are small (about 0.05 ms).
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The problem formulated here consists of solving several variables simultaneously. The
properties are dependent on two of the variables solved for, namely, temperature and
composition. Thus, the equations are highly nonlinear and coupled. The small time steps
chosen (~0.1ms) to ensure convergence within a reasonable number of iterations (~100)
increase the total number of times steps required to complete a run. The computational time
required to solve for one set of input parameters is more than 100 hrs on an IBM 570
machine. The final set of linear equations, solved by the TDMA algorithm, is of the kind
below:

9= 2a4+h (4.11)

neighbors

Since the solution of a parameter ¢ at a node p depends on its nearest neighbours only, the

equation set is amenable to parallelisation. In order to perform calculations within a
reasonable time frame, the program has been modified to run on a multi processor machine

using MPI library [107].

The descretised conservation equations are solved at each times step and convergence is
declared when the maximum of residuals in two consecutive time steps falls below a small
number, say, 5x107°. The results obtained in terms of distribution of temperature,
composition and velocity field at the grid locations in the whole domain are analysed after
post-processing to plot sections of the various parameters for analysis. The parameters used

for the case study are given in the table 4.5.

Table 4.5 Parameters used in the computation

Laser power (kW) 3.5
Efficiency 77 0.22
Radius of laser (mm) 0.5

Box dimensions (mm Xmm Xmm) | 12x10x12

Number of Grids 64 x48 x 64
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4.5.4 Results and discussion

Due to the difference in thermal diffusivity of copper and nickel, heat diffusion in copper
will be more during the conduction phase of the heating process. Nickel, which has a lower
thermal conductivity, will be experiencing a quicker temperature rise than copper. As a
result, the location of maximum temperature will be shifted towards the nickel side.
Depending on the rate of heating of the two metals and their respective melting points, one
can expect either of the two metals to melt first. In the present case, the low thermal
conductivity of nickel more than compensates for its high melting point and melts first.
Figure 4.22 shows the evolution of the weld pool as the laser heating takes place. The
velocity profile is superimposed on the temperature contours to show the flow pattern that
leads to transport of heat and further evolution of the weld pool shape. Since the

temperature coefficient of surface tension, 0, , is negative, the value of surface tension at

the maximum temperature location is lower than that at the edges of the weld pool. Hence,
the fluid in the centre is pulled radially outward. This leads to the melt spreading towards
the copper side due to the flow. The heat is transported from the nickel side to the copper
side by the convective flow. This information is not easily obtainable from experiments
alone, and hence it is considered to be an important contribution from our numerical
modelling. During the initial stages when copper starts melting at the interface of copper
and nickel, as shown in figure 5.22 (c,d), the dependence of surface tension on composition

leads to instabilities in the flow pattern.

However, at later times, the flow pattern is dominated by the strong convection originating
from the nickel side. The fully developed pool shown in figure 4.22 (f) depicts an
asymmetric pool shape. The evolution of the pool shape in a transverse section is shown in
figure 4.23. It can be seen that due to asymmetric heating and convection, isotherms bend
and become non-circular. On the free surface, convection brings the hot liquid from the
maximum temperature location to the edges of the weld pool, thus increasing the width of
the weld pool. By continuity, this flow also brings the cold fluid up from the bottom of the
pool to the surface. The amount of heat transported in the vertical direction is therefore
relatively small. Hence, the melt pool tends to be shallow and wide. Since surface tension
forces are dominant, the maximum velocity occurs on the free surface. The eye of the
convection cell is close to the surface. The radially outward flow and formation of two
loops, a large one on the nickel side and a small one on copper side could be easily

observed. The strong radially outward convection due to Marangoni forces leads to a
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shallow pool. The composition of copper on the top view at three different time steps
during heating (figure 4.24) shows increased mixing as heating progresses. It could be
noticed that the nickel side is well mixed and the composition gradients at the molten

coppet/substrate interface are large.

The laser is switched off when the pool shape is fully developed to follow the phenomena
that take place during the cooling stage. Due to the small size of the weld pool and a large
base metal acting as heat sink, cooling takes place rapidly and the weld pool shrinks,
eventually leading to a completely solid domain. The pool shapes at different time steps
after the laser is switched off are shown in figure 4.25. Copper solidifies first, as its thermal
diffusivity is higher that that of nickel. The pool shrinks from the copper side, finally
leading to a small pool on the nickel side. The shape of the pool on nickel side resembles
very much the one during initial stages of heating. This shows that the pool shape
development is governed more or less by the nickel side. The cooling cycle is analysed
using the transverse section also, as shown in figure 4.26. Even after the pool shrinks from
copper side, the melt pool shape in transverse section is asymmetric with a flat side towards
the copper side, showing the effect of high thermal diffusivity of copper on that side.
Solidification of the melt pool takes place to completion by heat extraction by the base
metals. The composition of the solidified spot weld is shown in figure 4.27. It could be
noticed that the composition is nearly uniform on the nickel side and has sharp gradients on
the copper side. Solidification phase after the laser is switched off does not lead to major
changes in the composition profile at a macro level. The solidified weld composition
contours could be compared to those of the experimentally determined ones, shown in
figure 4.18. The composition across the weld near the top is shown in figure 4.27(c) which
could be compared to the corresponding experimental plots shown in figures 4.3(b) and
4.4(b). The experimental and numerical plots are superimposed on figure 4.27 (c). The

qualitative agreement between the calculated and experimental profiles is good.

In this simulation, the same value of efficiency of laser absorption was used for both the
metals, and hence the observed asymmetry in the melt pool is entirely due to difference in
thermal transport properties of the two metals. Simulations were run using differential laser

absorption efficiencies for the two metals, but the effect is found to be less significant.
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4.5.5 Scale analysis

In the previous section, it was observed that nickel melts before copper does, although the
former has a higher melting point. A possible cause identified for this phenomenon is the
higher thermal conductivity of copper. There are several other properties such as density,
specific heat, and latent heat, each of which could also play a role in determining the time
for initiation of melting after the laser is switched on. In this section, a systematic scale
analysis is performed, from which one may be able to predict time scales for initiation of

melting of each metal in a dissimilar couple.

Before melting occurs, the mode of energy transport is pure conduction. Accordingly, the
energy equation (4.5) takes the following form in this regime:

0 o(, 0Ty o0(,0T) 0,6 0T
—\ocT)=— | bk— |+ —| k— |+ —| k— 4.12
at(pc ) ax( ij Gy( ayJ 62( sz (+12)

The diffusion terms on the right hand side of equation (4.12) are all of the same order of

magnitude. Let us consider only the term %(k%—i) The transient heating term on the left

side of equation (4.12) should also be of the same order of magnitude. In other words,
i(ch)~i oL (4.13)
ot oy\ Oy

A length scale, y,.s, 1s defined, representing the penetration of heat by diffusion as a result

of the laser heat flux acting on the top of the work piece. With this definition, the rate of

energy absorption per unit volume can also be scaled as % . Hence, one can write:

) d( 0T\ ¢
—(oeT)~—| k— |~—— 4.14
at(”c) ay( ayj » (4.14)

When melting initiates, the temperature at the top surface is 7, , while the temperature at a
distance y.,; from the top surface will be nearly that of ambient (since y.., represents a

diffusion length scale). Defining AT =7, —T

ambient >

one can rewrite equation (17) as:

pDT  KAT g
tref (y}"(:"f )2 yref

(4.15)

where t,,, is the time scale for initiation of melting. Eliminating y,.,, from the above

equation, one gets:
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The above expression suggests that, for the same laser heat flux, ¢ , the time for initiation of
increases with density, specific heat, thermal conductivity, and the melting temperature of
the particular material. Substituting the average property values of copper and nickel into

the above expression and using average laser intensity, it is found that (7, ) ~0.2 ms

nickel

and (¢,,,) ~0.4ms.

copper

4.6 Computational Modelling of continuous welding

A full scale modelling of a moving dissimilar weld pool (i.e. produced by a continuous
laser welding) requires modelling of the melting, mixing and solidification at both micro
and macro scales. Solidification and melting take place at the two ends of the weld pool and
have to be modelled simultaneously. Modelling such a situation is a very difficult task,
since the composition can vary sharply at any location. In addition, the solidification
process would depend on the scale of mixing of the two metals at the interface, which may
be very difficult to determine using present modelling tools. In the present case, an attempt

is made to model the melting and mixing processes at a macroscopic level.

4.6.1 Mathematical Formulation

A schematic of the computational domain used for numerical simulation is shown in figure
4.1. Continuous welding is taken in to account by the motion of a Gaussian heat source
moves along the z-axis at a velocity ws.,. The assumptions made in the computational
model of the spot welding also apply for continuous weld. Since the laser heat source is
moving, the problem is analysed in a reference frame fixed to the laser itself. The details of
the governing equations are given in the appendix at the end of the thesis. The governing

equations for mass, momentum, energy and species equations are as follows:
Continuity:

%—fm[GpU):o (4.17)
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Momentum:

0
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Energy:
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Mass fraction:

‘2(; Oc)=0 EQDDC)—%(CWW) (4.22)
Where, (/is viscosity, u,v,w are velocity components along x,y,z, u is the total velocity
vector, T is Temperature, O is surface tension, C is solutal weight fraction, pis density, # is
time, p is pressure, H is enthalpy, £ is thermal conductivity and D is solutal diffusivity. K is
a morphological constant, b is an arbitrary small number to prevent division by zero, AH is

the latent heat content of a control volume, and & is the liquid fraction.
Initial and boundary conditions:

At time t=0, the entire domain is in the solid state at room temperature. At time >0, at the
top surface of the work piece, a heat flux with a Gaussian distribution is applied symmetric
about the centreline. At the flat free surface of the liquid, shear force due to surface tension
is applied to take Marangoni convection into account. No mass transfer is considered at the
top surface. The bottom surface is insulated, while the four sides are subjected to
convective and radiative heat loss. At the melting front, the flux of species in to the weld

pool is given by
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anl = _Dl % (423)
dy

where v, is the projection of the traverse speed onto the normal to the solid-liquid
boundary, C; is the species concentration in the liquid and D; is the diffusivity . The flux of
species due to partitioning at the solidification interface is given by the equation 4.24. &, is

partition coefficient.

(1-k,)v,C, ==D, 9, (4.24)
dy

4.6.1 Numerical Procedure

The three-dimensional coupled continuity, momentum, energy, and mass fraction equations
along with the boundary conditions are solved numerically using a finite volume technique.
The general framework of the numerical solution rests on the SIMPLER algorithm,
modified appropriately to accommodate phase change processes and mixing of dissimilar
metals. Transient studies were carried out until some mixing patterns are obtained. The
thermophysical data for the case study is given in table 4.6. A grids used are non uniform to

ensure high concentration of grids inside the weld pool.

Table 4.6 Parameters used in the computation

Laser power (kW) 3.5
Efficiency 77 0.22
Radius of laser (mm) 0.5
Laser scan speed (mm/s) 8

Box dimensions (mm XmmXxmm) | 12x10x12

Number of Grids 64 x48x64
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4.6.2 Discussion of Computational Results

The weld pool shape evolution during continuous welding was similar to that during spot
welding. The fully developed weld pool is analysed using temperature and velocity profiles
at a snapshot of time. Figure 4.28 shows the temperature contours and velocity profile on
the top view as well as cross sectional view. The weld pool is asymmetric with more
melting of nickel than copper. The spacing between temperature contours indicates the
temperature gradient and thus, heat extraction rate on each side. The closely spaced
contours on the nickel side and widely spaced contours on the copper side could be clearly
seen. Nickel has more sensible heat than copper. The velocity profile extends to the
temperature contour at 1085 °C on the copper side and to the contour at 1450 °C on the
nickel side showing the extend of melt pool on each side. The maximum velocity in the
weld pool is nearly 2 m/s which is much larger than the laser scan speed. Thus, we do not
expect much trailing of weld pool in the direction of laser scan speed. The velocity profile
shows a strong vortex on the nickel side indicating that the weld pool shape is governed
primarily by the convection on the nickel side. The microstructural bands shown in figure
4.8 (c) also show the ‘eye’ of the vortex on the nickel side. The width of the melt pool
along the z-axis is a measure of the amount of time spent by a given region in the molten
state. It could be noticed that copper side has much less melt pool width than nickel side.
Thus, the mixing on copper side is not expected to be complete, leading to sharp
composition gradients on that side. However, the nickel side is well mixed due to strong

convection and extended time spent in the molten state before solidification.

The microstructural features observed in the experiments, such as asymmetric weld pool
shape, good mixing on nickel side and high composition gradients on the copper side are
well reproduced by the computation. Thermal transport arguments are used successfully to
explain these features. The coupling coefficient being different for copper and nickel would
only enhance the asymmetry we noticed. The melting and solidification sequence, namely
that copper melts later and solidifies first, leads to lack of mixing on copper side. This
information is not easily determined in experiments and is thus an important contribution

from the computation.
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4.7 Summary

Detailed analysis of laser welding of copper and nickel was presented. Welding have been
performed at different scanning speeds such that the welding mode changes from
conduction mode at high scan speed to keyhole mode at low scan speeds. The weld pool
shape was found to be asymmetric and the microstructural features observed for the case of
iron-copper system were found to be similar to those of copper-nickel system. Cellular
microstructure was observed in the weld pool at all welding speeds. Composition across the
weld indicates good mixing on the nickel side in the weld pool. The growth of nickel was
continuous into the weld pool with a gradual increase in composition. On the copper side,
such a continuous growth was not observed. The bands near the copper side were similar in
nature to those at the nickel side. They originate due to growth rate fluctuations.
Microstructural banding with fluctuations in length scale and composition were observed.

TEM study shows that the weld pool is highly strained.

A computational model of the transport phenomena that take place during laser welding of
dissimilar metals was developed using a finite volume formulation. Nickel was observed to
melt first and the heat is transported to the copper side by convection in the molten nickel
due to Marangoni and buoyancy forces. The final shape of the weld pool is dictated by the
convective flow and is observed to be asymmetric. The copper side spends less time in the
liquid state with insufficient mixing whereas the nickel side is well mixed. The composition
profile across the weld pool shows good qualitative agreement with the experimentally

observed one.
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Figure 4.2. (a)Schematic of Laser welding setup. (b) Schematic illustrating
simultaneous melting and solidification during continuous welding.
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Figure 4.3 (a) Top view of a Cu-Ni spot weld done with Nd-YAG laser (20J, 0.1ms)
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(b) Composition plot across the weld.
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Figure 4.4 (a) Top view of Cu-Ni spot weld (power = 4.5 kW, time = 0.4 s)
(b) Composition across the above spot weld.
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Figure 4.5 (a) Top view of spot weld (Power = 3.5 kW, time = 0.8 s) (b) Composition
across the spot weld.
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(b)

Figure 4.6 (a) Frozen in ripples on the top surface (b) Unetched dendrites on the top
surface of the spot weld (Power = 3.5 kW, time = 0.8 s).
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Figure 4.7 (a) Cross section view of spot weld (power = 3.5 kW, time = 0.5s)
(b) Cellular microstructure observed in the weld cross section. (¢) Dendrites of Cu-Ni
(~15at%Cu) found in pores.
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(a)

Figure 4.8 Cross section view of the Cu-Ni weld pool processed at a laser power of 5.5
kW and scan speeds of (a) 21 mm/s
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Figure 4.8 (contd.) Cross section view of the Cu-Ni weld pool processed at a laser
power of 5.5 kW and scan speeds of (b) 42 mm/s (c) 84 mm/s and at (d) a laser power
of 4.5 kW and scan speeds of 4 mm/s. Copper is on the left side and nickel is on right.
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Figure 4.8 (contd.) Cross section view of the Cu-Ni weld pool processed at a laser
power of 4.5 kW and scan speeds of (e) 12 mm/s and (f) 16 mm/s. In all the
micrographs, copper is on the left side and nickel is on right side.
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Figure 4.9 Microstructure on the top view (a) copper side (b) nickel side of the weld at a
laser power of 5.5 kW and scan speed of 21 mm/s.
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Figure 4.10 Microstructures of the copper side interface of Cu-Ni weld at (a) 5.5 kW,
42mm/s. (b &c) 3.5 kW, 4 mm/s
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Figure 4.10 (contd.) Microstructures of the copper side interface of Cu-Ni weld at
4.5 kW, (d) 8 mm/s and (e) 12 mm/s.
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Figure 4.11 Microstructures of the nickel side interface of Cu-Ni weld at (a) 5.5 kW,
42mm/s. (b) 4.5 kW, 4 mm/s (c) 4.5 kW, 8 mm/s and (d) 4.5 kW, 12 mm/s.
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Figure 4.12 Composition variation from the nickel interface in to the weld for laser
power of 5.5 kW and scan speed of (a) 42 mm/s.
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Figure 4.12 (contd.) Composition variation from the nickel interface in to the weld for
laser power of 5.5 kW and scan speed of (b) 10.6 mm/s.
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Figure 4.13 Interface microstructures on the nickel side of Cu-Ni weld showing
transition from planar to cellular growth mode. The laser power is 5.5 kW and scan
speeds used are (a) 21 mm/s and (b&c) 42 mm/s. The white line in (a) shows possible
extent of growth from each grain on the nickel side.
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Figure 4.14 Microstructural banding in the Cu-Ni weld at a laser power of 5.5 kW and
(a) 10.6 mm/s, at the center of the weld.
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Figure 4.14 (contd.) Microstructural banding in the centre of the weld Cu-Ni weld done
at power of 5.5 kW, (b) 10.6 mm/s within the weld.
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Figure 4.15 Microstructural banding in the Cu-Ni weld at a laser power of 5.5 kW (@)

21 mm/s within the weld and (b) 84 mm/s, ahead of the nickel interface near the top.
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Figure 4.16 Cellular microstructures observed through out the weld regions for laser
power and scan speeds of (a) 5.5 kW, 42 mm/s and (b) 4.5 kW, 12 mm/s (¢) 4.5 kW, 12
mm/s. near the top of the weld.
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Figure 4.17 Composition across the weld from copper side on the left to nickel side on
the right for welds of (a) 4.5 kW, defocussed beam, 12 mm/s and (b) 5.5 kW, focussed

beam, 10.6 mm/s.
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Figure 4.18 Composition map in the whole of weld pool with copper on the left and
nickel on the right for welds of (a) 5.5 kW, 84 mm/s and (b) 4.5 kW, 8 mm/s. The
contour levels shown are in at% Cu.
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Figure 4.19 Transmission electron microscopy of Cu-Ni weld at 4.5 kW, 16 mm/s. (a)
Bright field in [011] zone and (b) Dark field (from 200 reflection) images showing
strain contrast. The corresponding diffraction pattern is shown in (c).
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Figure 4.20 Transmission electron microscopy of Cu-Ni weld at 5.5 kW, 16 mm/s.

(a) shows bright field image taken in [001] zone. (b) Dark field taken from (200)
reflection. The Corresponding diffraction pattern is shown in (¢). (d) SADP taken from
the region in (a). The arrow points towards extra spots.
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Figure 4.21 Free energy vs. composition plots for (a) T=1400 °C shown on nickel rich
side and (b) T=1140 °C shown on copper rich side.
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Figure 4.21 (contd.) (c¢) Schematic showing possibility of undercooled region (shaded)
ahead of nickel interface.
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Figure 4.22 Temperature contours and velocity profile of the top view of weld pool after
(a) 1 ms and (b) 1.8 ms. Values shown on the contours are in °C and the bold contours

refer to the melting points of copper and nickel.
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Figure 4.22 (contd.) Temperature contours and velocity profile of the top view of weld
pool after (¢) 2.6 ms and (d) 3.4 ms. Values shown on the contours are in °C and the
bold contours refer to the melting points of copper and nickel.
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Figure 4.23 Contours of temperature and velocity profile of the cross section view of
weld pool after (a) 3.4 ms, (b) 11 ms and (c) 25 ms. Values shown on the temperature
contours are in °C.



Chapter 4

104

Figure 4.24 Composition contours and velocity profile of the top view of weld pool
after (a) 3.4 ms, (b) 11 ms and (c) 25 ms. Values shown on the contours are wt%

copper.
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Figure 4.25 Temperature contours and velocity profile in the top view during the
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Figure 4.26 Temperature contours and velocity profile in the cross section view during
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Figure 4.27 Composition contours of the solidified spot weld in (a) top view and (b)
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Chapter 5
Laser remelting of Al-Bi alloy

5.1 Introduction

The process of laser cladding to produce alloy coatings on surfaces has several similarities
with laser welding. Issues such as size and shape of fusion zone, temperature history and
fluid flow that play an important role in the microstructural evolution, are common to both
the processes. Aluminium alloys with soft dispersions such as lead, bismuth and tin show
promising applications in tribology of automotive components [108]. Conventional casting
route to produce alloys of AI-X (X=Pb/Bi/Sn) leads to coarse microstructure with
segregation and settling down of the heavier phase at the bottom [109,110]. Vigorous
convection could be used to avoid the same. Magnetohydrodynamics is one such technique
that employs Lorentz force induced convection to compensate for buoyancy induced flow
to produce bulk alloys of uniform dispersion of soft heavy phase in a metallic melt
[111,112]. In this work, laser cladding is being investigated as a technique to produce

uniform dispersions of soft phase on the surface of the desired material.

The binary phase diagram of aluminium-bismuth [113] (figure 5.1) shows a monotectic
reaction due to liquid immiscibility. Thus, upon cooling from a temperature above the
monotectic temperature (930 K), a hyper monotectic alloy liquid separates into globules of
bismuth dispersed in a matrix of aluminium. The work presented here aims at determining
experimentally the size distribution of bismuth particles in the aluminium matrix and to
develop a computational model to understand the factors that govern the distribution. In this
chapter, the first section deals with the laser cladding and remelting experiments to produce
an Al-Bi alloy solidified at several growth rates. Characterisation and experimental results
are detailed in the next section. Section 5.4 presents an outline of the modelling strategy

adapted and the details of laser melting program. Section 5.5 deals with the particle
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nucleation and growth. In the next section, coalescence of particles by particle tracking and
collision is discussed. The chapter is concluded with a summary of results in the last

section.

5.2 Experiments

A schematic of the laser cladding process is shown in figure 5.2. The laser cladding setup
consists of a powder feeding system in addition to the laser. Elemental powders of
commercial purity aluminium and bismuth are blended in 9:1 wt/wt ratio. The powder is
fed into the laser melt pool using a powder feeder. When the base metal is moved at a
prescribed speed, the alloy powder mixes in the laser melt pool of the base metal and forms
the alloy clad. Rofin Sinar R10000 Continuous wave CO, laser with a peak power of 10kW
is used for the cladding processes. The laser is focussed 30 mm above the focal point to
give a beam diameter greater than 2 mm. This results in a broad distribution of intensity

that does not lead to vaporization and is thus well suited for cladding.

Initial experiments of laser cladding with a laser power around 3-4 kW produced clads
without good adherence to the base metal and uniformity along the length of the clad.
Several cladding experiments have been performed to determine the optimum conditions
for a smooth clad on the surface without any porosity. No surface coating was used to leave
the surface as pure aluminium. A high power of about 8.5 kW was employed to obtain good
clads that were used for the characterization studies. The alloy clad was then remelted using
the same laser at higher speeds to simulate higher solidification rates. The relation between
laser scan speed and the solidification rate is illustrated in figure 2.10 [85]. Thus remelting
could be used to simulate higher solidification rates to study microstructural evolution as a

function of growth rate.

The process conditions used in this study are as follows:

Powder Composition Al + 10 wt% Bi (Al+1.414at%Bi)

Laser Power 8.5kW

Laser scan speeds 5 mm/s (cladding)
5 mm/s, 13.3 mm/s and 20 mm/s (remelting)
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5.3 Characterisation

5.3.1 Microstructure

Transverse and longitudinal sections are taken from the laser clad and remelt samples. The
transverse sections are used for microstructural analysis using optical microscopy and
scanning electron microscopy. Longitudinal sections are used to determine the growth rate

of the alloy as a function of height from the bottom of the remelt pool.

Figure 5.3 shows a composite X-Ray Diffraction pattern of the clad and remelted alloys.
Only elemental peaks of aluminium and bismuth can be seen confirming the presence of
bismuth as the second phase in the alloy. Spot EDAX was done on several bismuth
particles seen in the SEM images to confirm that the particles are of bismuth. Figure 5.4(a)
presents an EDAX spectrum of a bismuth particle shown in the inset. Figure 5.4(b) shows
EDAX taken from a large area to reveal an approximate proportion of bismuth present in
the alloy. Several such spectra are taken on unetched samples for quantitative analysis

showing that the effective bismuth content in the remelted alloys is about 0.78 at% Bi.

The transverse section of a clad layer of Al-Bi alloy is shown in figure 5.5. The clad region
is about 6 mm wide and 2 mm deep and has a distinct feature of directional growth of
aluminium grains of substrate into the clad region. The remelted regions for the three
speeds is shown in figure 5.6. The shape of the remelted region could be noticed within the
clad region due to a trace of the bottom of the remelted pool left after solidification. The
longitudinal section of the clad and remelted alloy region is shown in figure 5.7. The three
regions i.e., base metal, clad region and the remelted region could be identified easily in the
micrograph. The grains are oriented in the direction of growth. The change in the
orientation of grains at the bottom of the remelted region shows a change in the growth rate
in the alloy at that position due to remelting. As illustrated in the figure 2.10, the growth
rate could be calculated from the orientation of the grains as a function of height from the
bottom of the remelted region (figure 5.8). Since the grains near the top of the remelted
region are oriented almost along the laser scan direction, the growth rate approaches close

to the laser scan rate itself at the top.
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5.3.2 Size distribution

Back scattered electron microscopy (BSE) was used to image the distribution of bismuth
particles in the remelted alloy region. Figure 5.9 shows the typical BSE micrographs of the
cross-sections of laser remelt regions, showing fine dispersion of bismuth particles. It could
be noticed that the bismuth particles are quite large at low scan speed. During
metallographic preparation, some of the bismuth particles fall off and pits form during
etching, leading to formation dark spots in the back scattered electron micrographs. The
microstructures at low magnification, shown in figure 5.10, depict the uniform nature of the
distribution of bismuth particles. At higher magnification, it can be seen that most of the
particles are fine and nearly uniform in size. However, there were a few particles which are
much larger in size than the average (figure 5.11). Since the particles were nearly uniform
within the remelted region, size distribution analysis was confined to the top of the region.
Several microstructures were taken in both transverse and longitudinal sections to
determine the size distribution of the particles. The BSE images were digitised and a
software ‘SigmaScan Pro’ was used to estimate the diameter of the particles. Since the
particles are nearly circular in shape, Feret diameter (diameter of a circle of same area as
that of the particle) is used as the representative parameter for the diameter of the particles.
A large number of particles (between 300 and 700) are taken to ensure meaningful
statistical analysis. Distribution of particle sizes plotted for the clad and remelt alloys is
shown in figure 5.12. Average sizes are given in table 5.1. As can be noted, with increasing
laser scan speed, the average size of the particles decreases. However, there are particles
much larger than the average size indicating a bimodal distribution. The microstructures of
remelted alloys show one other feature namely, network formation of bismuth towards one
side of the bottom of the pool (figure 5.13). Such a network formation was found to be
throughout the clad/remelt regions for the alloys processed at low laser power. A possible
explanation for this phenomenon could be that, when the laser power is low, the
temperature does not increase significantly beyond the liquidus temperature given by the
phase diagram. Since the laser scan velocities are large, the time spent by the laser melted
alloy region above the liquidus could be too small for dissolution of bismuth particles in the
liquid. When the laser power was increased, such network formation was generally absent,
thus supporting this explanation. However, such a network formation was observed in a
small region for the samples processed at 8.5 kW laser power. This could be due to non-

uniformity of the laser intensity distribution leading to a lower intensity at such locations.
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Table 5.1. Average bismuth particle size of the clad/remelt alloys.

Laser scan speed Average size
5 mm/s (as clad) 0.73 pm
5 mm/s 0.80 pm
13.3 mm/s 0.51 pm
20 mm/s 0.44 pm

As shown in the schematic diagram given in the figure 5.14, the grains of aluminium grow
from the bottom of the remelt region towards the top, continuously changing the direction
such that the growth direction, normal to the solid-liquid interface, is along the direction of
the maximum temperature gradient. The dashed line shows the trace left by the moving
solid-liquid front due to small fluctuations in the growth rate as also shown in the figure
5.7. A series of the microstructures of the remelted alloy taken for a single grain from the
top to the bottom of the remelt region (shown by the dots in the schematic of figure 5.14)
shows interesting features for the three remelting speeds. It is clear that the particles are all
embedded in the grain, showing that they are entrapped by the growing aluminium grains.
The alloy remelted at 5 mm/s shows bismuth particles aligned along the direction of growth
near the top (figure 5.15). However, particles appear randomly distributed at the middle and
bottom of the remelted region. In case of the alloy remelted at 13 mm/s, the aligned nature
of particles is clear at the middle and top of the remelt region and is absent at the bottom
(figure 5.16). For the case of 20 mm/s as shown in figure (5.17), except very close to the
bottom of the remelt region, the particles seem to be aligned through out the grain up to the

top.

5.3.3 Summary of experimental results

Laser processing conditions were optimised to produce clads of aluminium-bismuth alloy
of hypermonotectic composition. Alloy clads were remelted at three different speeds to
simulate different growth rates. Bismuth was observed to have precipitated out of the alloy
liquid in a uniform manner throughout the remelted region. Particle size distribution was

determined to characterise the microstructure of the remelt alloys at the three laser scan
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rates. Higher scan rate produced a finer dispersion of bismuth particles. Particles much
larger than the average size were observed, indicating a bimodal distribution of particle

sizes.

5.4 Modelling

5.4.1 Outline of the model

The process of microstructural evolution in laser cladding could be visualized in two stages.
At the macro level, the laser melting with heat transfer and fluid flow dictates the size and
shape of the liquid zone. The temperature history of various locations in the clad region is
given by the solution of the laser melting problem. At the micro level, the microstructure is
determined by the nucleation, growth, coarsening and coalescence of the soft dispersion
phase in the melt pool. These processes are determined by the temperature history. Thus
one has an option of modelling the problem in two stages to arrive at the final picture of the
microstructure in terms of size distribution of the dispersed phase. A flow sheet of the

computational model is shown in figure 5.18.

5.4.2 Laser Melting

The computational model developed for the laser welding problem could be used for laser
remelting with minor modifications. The formulation is presented below for the sake of
completeness. The laser melting process involves a continuous beam of laser moving with a
constant scanning speed, Wy, along the z-direction. As the laser strikes the base metal,
part of the laser energy is absorbed and the temperature of the base increases, leading to
melting under the laser. When the laser moves away, heat is extracted by the base metal and

resolidification of molten region takes place.
In the present formulation, the following assumptions are made:
(1) The top surface of the pool is flat.

(11) The heat source on the top is assumed to be Gaussian in nature.
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(iii))  The Al-Bi alloy exists as a dilute solution in the molten pool. In order to reduce
the complexity of the problem, in the laser melt pool is assumed to be well

mixed and hence species equation is not solved.

(iv)  Melting and solidification of the base metal is formulated using a pure metal

assumption.

(V) Evaporation at the top surface is neglected.

5.4.2.1 Governing equations

Since the molten pool moves with the laser beam, the problem is more conveniently studied
in a reference frame fixed to the laser. Continuity, momentum conservation and enthalpy
conservation equations are solved to obtain the temperature and velocity distribution in the
laser remelted region. The fundamental variables solved for are temperature (7) and
velocity of liquid in the laser melt pool (#,v,w). The governing equations for the process are

given below.

Continuity:
0p Y _
£ +0pi)=0 (5.1)
ot
Momentum:
9 (ou)+ Dbouit) = D tfpaci) -2 2 (o, ) - K=ol ), (5.2)
ot ox 0z " E+b

] =) 0 ()[R =) i
2 o) 0l =000)- L2 )| K g 1) s

) L\ op_ 0 [(Kk(1-¢€)
o (o) 0l =)L 2w ) KN
Energy:
9 . d 9
5, i)+ Otlpiirt )= OOT) =~ (0w, H) == ) (5.5)
t 0z ot
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In the above equations, T is temperature, ¢ is time, 0 is density, u,v and w are velocities
along x,y and z directions, # is the velocity field in vector notation, f is viscosity, p is
pressure, K is permeability, b is a small number to avoid division by zero, wy.., 1s the laser
scanning velocity, g is acceleration due to gravity, [, is compressibility, 7, is the reference

temperature for buoyancy, £ is liquid fraction and £ is thermal conductivity.
The enthalpy, H, of a material can be expressed as:

H=h +AH (5.6)

h,=cT (5.7)

where /; is the sensible heat, and AH is the latent heat content and c is specific heat. In
order to simulate a phase change, the latent heat contribution is specified as a function of

temperature, T, and the resulting expression is:
AH = f(T) (5.8)
Since latent heat is associated with the liquid fraction, f,, one can write:

L for T>T,
AH = f(T)=<Lf, for T.<T<T, (5.9)
0 for T<T,

where 7, is the liquidus temperature at which solid formation begins, 7. is the solidus

temperature at which full solidification occurs, and L is the latent heat of fusion. In the
present problem, the substrate is pure aluminium. The range of temperature over which
phase change takes places is taken to be numerically small for this purpose. Substituting the
expression for H from equation (5.9) and equation (5.6) in the energy equation (5.5), one

arrives at the following final form of the energy equation:

2 (o) + DpeT) = OKOT) = 2, T) 21 (5.10)
t 0x ot

5.4.2.2 Boundary Conditions

Since a single domain analysis is used here for solving the energy and momentum
equations, the solid-liquid interface comes out as a solution. There is no need to explicitly

track the solid-liquid interface and put a boundary condition there. Hence, the boundary



Chapter 5 118

conditions for momentum and energy equations are applied on the boundaries of the work-

piece domain as follows:
Top Surface:
A Gaussian heat flux distribution is assumed at the top surface which is given by:

q'(r)= %exr{—éj (5.11)

q q

where, r is the distance from the laser centre, g is laser power and 7, is half the laser beam
width. Considering heat losses due to convection and radiation, one arrives at the following

boundary condition:

-¢"(N+WT-T)+0,e,(T"-TH)= —k(g—T] (5.12)

where, 0, is the Stefan-Boltzman constant, &£, is emissivity, 7, is the ambient temperature

and £ is the convective heat transfer coefficient. The top surface is assumed to remain flat:

v, =0 (5.13)

top

From the balance between shear force and surface tension at the free surface:

ou) _oo(or
ro=—y %] =99(9T 5.14
w = H aijp aT(ax]mp ©-19)
ow) o (T
ro=—y | =999 5.15
= a 6y}t0p OT[OZ jmp ( )

00 . . .
where, FYd is the temperature coefficient of surface tension.

Faces:

The four side faces and the bottom face are subjected to convective heat transfer boundary

condition:

—k(a—Tj =WT-T,)+0,6,(T"-T2) (5.16)
n wall

where 7 is in the direction of the outward normal to any side and the bottom face.
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5.4.2.3 Results and Discussion

The governing equations described in the previous section are solved under the respective
boundary conditions simultaneously using a control volume technique. SIMPLER
procedure [60] with a tri-diagonal-matrix algorithm is used for the solution. Convergence is
declared when the maximum value of residuals of each parameter drops below 0.01% of the
maximum value for each time step. The parameters used for the simulation are given in
table 5.2. Since the cooling rate obtained from the laser melting program is used as an input
parameter for the microstructure calculation, the value of efficiency is chosen such that the
pool shape matches with that of the experimental remelt pool shape for one of the remelting
speeds. The efficiency is then kept constant for the remaining two remelt speeds. Results of
modelling of laser melting are shown by the snap shots of temperature contours and

velocity profiles of the laser melt pool at any instant.

Table 5.2 Parameters used in the laser melting program

Laser Power g (W) 8500
Efficiency 77 0.20
Radius of laser r, (mm) 1.5

Dimensions of domain X XY xZ | 30x10x30

(mmXmmXmm)

Number of grids 64 x48 x 64

Laser scan speeds (mm/s) 5,13,20

Figure 5.19 shows the temperature contours in the longitudinal section, top view and
transverse section of the remelt region. It could be noticed that the pool has a trailing shape
towards the solidification front (in the +z direction) due to the laser scanning velocity. The
trailing is not significant due to high thermal diffusivity of aluminium. The shape of the
solidification front is similar to the trace left by the moving solidification front shown in the
figure 5.7. The transverse section shows laser remelt pool in the plane normal to the laser
scan direction and thus the shape of remelt pool is symmetric about the y=0 line. Figure
5.20(a-c) and 5.21(a-c) show temperature contours for the laser remelting speeds of 13

mm/s and 20 mm/s, respectively. The velocity profiles for laser remelting speed of 20 mm/s
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are shown in the three sections in figure 5.21(d-f). It could be noticed that due to negative
coefficient of surface tension of aluminium, the liquid flows radially outward from the laser
centre on the top surface. The maximum velocity is on the top of the pool near the solid-
liquid interface and is about 2 m/s in magnitude. The strong dependence of viscosity on
temperature and the high temperature near the top surface lead to a recirculation of the fluid
within a small depth from the top surface. The remaining fluid in the remelt pool has a
counter circulation leading to transport of heat towards the bottom of the pool. The final

shape of melt pool is shallow, as desired for cladding.

After the temperature field reaches a quasi steady state, the temperature history of any point

(x,v,z7) in the computational domain could be obtained by the following equation.

T(x’y’ZUtl) = T('x’y’zl) + T(x,y’ZZ)_T(x’y’ZI)Wscan(tZ _tl) (517)

T4
where, (x,1,z,) is the position to which the laser moves after the time interval (¢,-¢,).

The cooling rate can then be obtained within a given temperature interval by interpolation.
Figure 5.22(a) shows the temperature history of a point at the top of the remelted region for
the three laser scan speeds. In the zoomed plot shown in figure 5.22(b), one can note the
time intervals allowed in the range of temperature from the start of liquid immiscibility to
the monotectic point for the composition of Al + 0.78 at% Bi. Table 5.3 shows the time
intervals for the three scan speeds. The cooling rates thus calculated form the input for the

nucleation and growth calculations detailed in the next section.

Table 5.3 Time intervals spent in the temperature range of phase separation

(733°C to 660 °C)

Laser scan speed (mm/s) | Time interval (ms) | Effective cooling rate (K/s)

5 25 2920

13 13 5600

20 12 6010
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5.5 Microstructure Evolution

5.5.1 Nucleation of Bi particles

Nucleation of second phase in the liquid immiscible systems can be adequately described
by homogeneous nucleation theory as shown by Granasy and Ratke [114]. The phase
diagram is shown in figure 5.1 [115]. A thermodynamic description of the Al-Bi binary
system is required to arrive at the driving force for nucleation of the Bi particles. The free
energy of the Al-Bi system, for the temperature range (930K to 1310K) within which
immiscibility exists, is given by a subregular solution model [116]. The free energy
expression used is given by the following equation and the corresponding coefficients are
given in table 5.4.

AG =" K,x,x,(x, —x,)" +RT(x, logx, +x, logx,)
= (5.18)

K, =A +BT

Table 5.4. Coefficients used in the equation 5.18.

i |4;(J/mol) |B; (J/(mol.K)

0 [24649.18 |[-3.04970

1 |13282.64 |-5.92753

2 |18519.75 |-12.33873

3 1695930 |[-2.24613

The free energy vs. composition curve for any given temperature is used to arrive at the
driving force for phase separation, as illustrated by Thompson and Spaepen [117]. At any
given temperature within the range of phase separation, a tangent is drawn to the free
energy versus composition curve at a composition C; corresponding to that of the liquid. A
tangent parallel to it is drawn such that it meets the free energy curve at C,. The vertical
difference between the two tangents gives the free energy difference of a nucleus of
composition C, formed from a liquid of composition C; such that the difference in the

chemical potentials for Al and Bi components is same for both the liquid and the nucleus.
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An illustration of the construction for 1.414 at% Bi at 1055K is shown in the figure 5.23.
Numerous such constructions were made at temperatures of 5K interval and compositions
of ~ 0.05 at% interval to obtain the driving force for nucleation as a function of temperature
and composition within the range of phase separation. Figure 5.24(a) shows contours of
driving force for nucleation in J/mol as a function of temperature and composition.

Similarly, the composition of the nucleus is shown in the figure 5.24(b).

The surface energy of a critical system such as the immiscible liquid system Al-Bi is

described by the following relation [118].
Y%
U:ao[l——j (5.19)

where, 0, 1s a constant, 7. is the critical temperature, and f1s the critical exponent. o is

taken to be 0.06 J/m® at the monotectic temperature, as reported in the literature [119].

Homogeneous nucleation rate for phase separation is given by:

*

I=1, exp(— ﬁ] (5.20)

B

3
where, AG” =%T g

and AG, is the volume free energy given by AG, = A% where,

2
v

vV is the molar volume. The pre-exponent factor /, was evaluated using the classical

m

expression for nucleation rate [114].
I, =N,OT Z exp(-AG” / kT) (5.21)

where, N is the number density of atoms in the liquid, O =4n>"

with n being the number
of atoms in the droplet of critical size, [ =6D/A*, A being the average jump distance of
atoms in the liquid and D being the diffusivity. Diffusivity values are unavailable for most
monotectic systems in the literature and for the present case of Al-Bi, it is estimated using

Stokes-Einstein’s relation given by the equation (5.22), where k is Boltzman constant, 77 is

viscosity, and ay is the diameter of diffusing particle (bismuth atom, in this case).

D =kTBmyn)™" (5.22)
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The critical radius of the nucleus is given by R" = Azg

[120]. The parameters used for the

V

calculations are taken from Smithells’ Handbook [88] and are listed at the end of this
section. Steady state nucleation rates were calculated as a function of temperature and
composition using equation 5.20. The contours of the same are shown in the figure 5.24(c).
It could be observed that the nucleation rate increases exponentially with decrease of
temperature. At lower compositions, the liquidus temperature is lower and the undercooling
for phase separation is smaller. Thus, at a given temperature, nucleation rate is lower at
lower compositions of bismuth in the liquid. The contour labels show nucleation rate in

number per unit volume per unit time.

Table 5.5 Parameters used in the nucleation and growth calculations

Surface tension g (Nm™") 7\
0.2854(1.0——)

Average jump distance A (m) | 3.64x107"°
Atomic volume of Al Q (m3) 1.2249%107%°
Atomic volume of Bi Q (m3) 2.5252%x107%

Viscosity of Al 1 (Nm™s) 0.1492 x10”exp(16500/8.314T)
Viscosity of Bi 4#(Nms) 0.4458 %10~ exp(6450/8.314T)
Molar weight of Al (kg) 0.02698

Molar weight of Bi (kg) 0.20898

Density of Al (kgm™) 2700

Density of Bi (kgm™) 9550

5.5.2 Growth of Bi particles

Growth of Bi particles takes place via diffusion [121] and LSW coarsening [122,123]. The
time scale of these processes is on the order of a few milliseconds for the laser remelting
conditions used in this work. An order of magnitude analysis is performed to determine

which of the two processes is dominant.
Transport constant for LSW coarsening [124] is given by equation (5.23) below.

_80QC,D

=22 e 5.23
B9k, TAC (5.23)

At T=1030K, K, =4x10""m’s™.
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The increase in diameter of particle due to diffusion is approximated by the following

expression:

AR = JzDAt(ﬂ] (5.24)

B~ 4l

C4;, Cp; are concentrations of the two liquids at equilibrium during nucleation and Cj is the

concentration of the decomposing liquid. Diffusivity was estimated using equation (5.22) at
the same temperature (D =k,T(37,7)" =4.7x107 m*s™"). It can be seen that diffusional

growth of particles in the liquid for the time scale involved gives almost two orders higher
value than coarsening. Hence, the LSW coarsening is neglected in the present calculations.

However, for long time scales and lower temperatures, this would be of importance.

Growth by diffusion can take place only till the supersaturation is exhausted. The growth of
bismuth particles is calculated using the following expression [120]:

d_R:D ﬁ l (5.25)
dt C,,—C, )R

The temperature at which the nucleation and growth of bismuth particles takes place,
continuously decreases at a rate given by the cooling rate. Thus, to obtain the number of
nuclei and the final size distribution of the bismuth particles, nucleation rate and increase in
particle size by diffusional growth should be calculated simultaneously. The calculations
are done for a unit volume in which the mass of bismuth is balanced after every time step.
Thus, the composition of bismuth in the control volume decreases during the process and
calculations are stopped once the supersaturation is exhausted i.e., composition reaches the

value corresponding to the solid solubility limit of bismuth in aluminium.

Size distribution is investigated as a function of three parameters, surface tension,
composition and cooling rate. The calculations take several parameters as input, the
accuracies of most of which are not easily determined. The parameter most sensitive to
presence of impurities and measured least is surface tension. Figure 5.25(a) shows the size
distribution of the bismuth particles that nucleate and grow during phase separation of a
liquid of composition 0.78 at% bismuth at a cooling rate of 6000 K/s. Three values of
surface tension viz., 20% higher, 20% lower and equal to the value available in literature
were used in the calculations, keeping all the other parameters constant. Lower surface

tension increases the nucleation rate and leads to higher number of nuclei, narrower size
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distribution due to lack of supersaturation for growth. As could be noted, there is a
significant change in the size distribution demonstrating the importance of correct input

parameters for physical properties.

Figure 5.25(b) shows size distribution of bismuth particles after phase separation of a liquid
at a cooling rate of 6000 K/s for different initial compositions of liquid. The size
distribution is broader and the total number of nuclei is smaller for lower initial
composition of bismuth. This is understandable since at lower compositions of bismuth, the
steady state nucleation is lower, leading to an increase in the size of particles before the
supersaturation is exhausted. However, the size distribution does not seem to be a strong

function of composition.

While all the parameters are kept constant, at different laser remelting speeds, the parameter
that changes is the cooling rate. Size distribution of bismuth particles was studied at three
different cooling rates: 10%, 10° and 10* K/s, as shown in figure 5.25(c). The distribution
was normalised with the maximum nuclei for comparison within the same plot. The number
of nuclei is large for higher cooling rate and accordingly, the average size of the particles is
also lower. The development of distribution at different cooling rates could be understood
by the path taken by a control volume in the temperature-composition map. Figure 5.26
shows such a path for different cooling rates superimposed with the contours of nucleation
rates as a function of temperature and composition. At higher cooling rates, the temperature
of a control volume decreases considerably before the supersaturation starts decreasing due
to high nucleation rate and growth of particles, leading to a decrease in composition of
bismuth. At lower cooling rates, the control volume spends more time at a given
temperature and thus, the composition starts decreasing before the temperature drops much.
The figure also shows such paths for the cooling rates corresponding to the three laser
remelting speeds used in the present work. The size distribution after nucleation and growth

of particles at these three cooling rates is shown in figure 5.27.

5.5.3 Collision and coalescence of particles

The nucleation and growth of the bismuth particles take place in a liquid pool that
undergoes vigorous convection driven by Marangoni forces [125]. It is clear that
coalescence due to collision of particles will be present during the process. Coalescence

during sedimentation is negligible as the velocities for convection in a laser melt pool are
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large (of the order of 1 m/s) and thus, significantly higher than Stokes velocities (which is

of the order of 1 mm/s).

Coagulation and coalescence of particles under motion is well studied and a review by
Drake [126] provides a comprehensive analysis of models in use for processes involving
aerosols and colloids. However, coalescence of particles during solidification is not so well
understood [124]. The models discussed by Drake and Ratke involve collision frequency as
a function of velocity of the particles. This term is nearly impossible to evaluate for laser
melting process, for which, the velocity profile is solved numerically. The velocity of the
fluid varies as a function of position and time apart from the process conditions. Thus, a

method outlined below is used to take coalescence into account.
The following assumptions are made:

* Particles move along with the liquid and the effect of drag is negligible. Collision takes

place due to finite sizes of the particles.

» Particles are small enough in volume fraction so that they have no effect on the liquid

flow profile.

* Particles that have undergone diffusional growth are taken for coalescence study during
which they only collide and coalesce but do not grow. Growth and coalescence are thus

treated as discrete steps in the process.

The first two assumptions are justifiable, as the volume fraction of the particles is less than
2%. Since this complex model is attempted for the first time, the growth and coalescence
are treated as discrete stages. In principle, it could be done simultaneously, but it will

increase the complexity of the problem.

Figure 5.28 shows velocity profile on the solidification front for laser remelting at 20 mm/s.
The laser scan direction is indicated by an arrow at the top of the figure. The temperature
contours shown are in °C and correspond to the range within which phase separation takes
place for the composition of the alloy under study. The box shown at the right top of the
figure is the control volume chosen to study collision of particles. The total number of
particles introduced in the control volume during a time interval At; (figure 5.29) are such
that the number of particles per unit volume corresponds to the number of nuclei calculated

for exhaustion of supersaturation as detailed in the previous section. The particles are
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introduced with their sizes corresponding to the distribution after nucleation and growth.
The locations of particles within the control volume are chosen by a random number
generation program. The particles are then tracked by integrating the fluid velocities at the
respective locations using a fourth order Runge-Kutta method. Two particles (labelled 1,2)
are coalesced and the size of #1 increased for volume conservation when they come close

enough by the following criterion:
‘(xl —x2)2 + (J’1 _y2)2 + (Zl _22)2‘ s (”1 +”2)2 (5.26)

where (x;,y;,z;) and (x2),z;) are positions of the two particles with radii »; and r»,
respectively. The collision and coalescence is allowed during a time interval At, allowed for

the process.

Figure 5.30 shows the particle size distributions before and after collision. The size
distribution after nucleation and growth, is narrow and nearly symmetric about the mean
size. Collision leads to increase in average particle size. The larger particles have more
probability of collision due to size effect and thus the size distribution shows a gradual
decrease of number of particles at the higher sizes. It could be noticed that the experimental
size distribution also shows a similar feature of sharp increase and a gradual decrease of
number of particles with size. The total number of particles decreases during the
coalescence. The calculated sizes are slightly higher compared to the experimentally
determined ones. As noted in the previous section, the size distribution is sensitive to
several parameters that include surface tension and composition. Some of the parameters,
such as surface tension, are sensitive to presence of impurities and are difficult to determine
experimentally. Inaccuracy of values of such parameters borrowed from the experimental
data could be one of the reasons for the discrepancy between the computed and calculated
size distributions. However, the computed sizes of particles are quite close to the
experimentally observed ones and the nature of computed distribution is depicted closely
matching the trend of experimental distribution. Hence, it could be concluded that the
agreement between the computational and experimental size distributions is satisfactory

experiments.
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5.6 Summary

Microstructure development as a function of laser remelting rate was studied for
aluminium-bismuth system. The alloy which was made using laser cladding of elemental
powders, was remelted at Smm/s, 13 mm/s and 20 mm/s. The microstructures in transverse
and longitudinal sections observed in SEM showed uniform distribution of bismuth
particles in the matrix of aluminium. The miscibility gap of liquid Al-Bi alloy led to
precipitation of nearly globular particles of bismuth. Size distribution of bismuth particles
for alloys remelt at the three different scanning speeds, was determined using image

analysis. Higher scan speeds led to a finer size distribution.

A computational model was developed to calculate the size distribution of bismuth particles
during laser remelting. The remelted pool shape and cooling rates during laser surface
remelting were calculated. The driving force for nucleation was calculated and a map of
nucleation rate was constructed as a function of composition and temperature. Size
distribution of bismuth was calculated at different cooling rates taking into consideration,
simultaneous nucleation and growth by diffusion in the melt, till the super saturation is
exhausted. Cooling rates used were obtained from the laser remelting program. Collision of
particles due to convection in the laser melt pool is taken into account by a particle tracking
algorithm. Final size distribution of bismuth particles showed a good agreement with the

experimental particle size distribution.
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Figure 5.1 Phase diagram of the aluminium-bismuth system [88].
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Figure 5.2 Schematic of the laser cladding process.
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Figure 5.3 Composite X-Ray (Cu kq) Diffraction pattern of Al-Bi alloys showing
elemental peaks of aluminium and bismuth for the clad and remelted alloys.
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Figure 5.4 (a) Spot EDAX of a Bismuth particle (shown in inset). (b) EDAX of a large
region in the alloy remelted at a scan speed of 20 mm/s.
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Figure 5.5 Transverse sections of the clad and remelted regions for the laser scan speed of
5 mm/s for cladding and (a) 5 mm/s (b) 13 mm/s (c) 20 mm/s for remelting.
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Figure 5.6 Remelted regions for laser scan speeds of (a) 5 mm/s (b) 13 mm/s (c) 20 mm/s
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Figure 5.7 Longitudinal sections showing the base metal, clad and remelt regions for scan
speeds of (a) 5 mm/s (b) 13 mm/s (c) 20 mm/s.
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Figure 5.8 Growth rates calculated from the orientation of grains as a function of height

from the bottom of the pool for laser remelt speeds of (a) 5 mm/s (b) 13 mm/s and

(c) 20 mm/s.
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Figure 5.9. Typical back scattered images of remelt regions showing Bismuth (white)
particles in aluminium matrix for scan speeds of (a) 5 mm/s (b) 13 mm/s (¢) 20 mm/s.
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Figure 5.10 Back scattered electron images at low magnification showing uniform
distribution of Bismuth particles in the regions remelted at (a) 13.3 mm/s and (b) 20 mm/s.
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Figure 5.11 BSE images showing two sizes of Bismuth particles for remelting speeds of

(a) 13 mm/s (b) 20 mm/s.
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Figure 5.13 (a) Network formation of bismuth at the bottom of pool. (b) Bismuth in
particle morphology and as a network in the aluminium matrix.
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Figure 5.14 Schematic of aluminium grain growth in to the remelt region. The dark cirles
show locations where the BSE microstructures were taken.
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Figure 5.15 Back scattered images showing distribution of bismuth particles at a distance
of (a) 1 mm (b) 0.5 mm and (c¢) 0 mm from the bottom of a single grain in the longitudinal
section for laser remelt speed of 5 mm/s.
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Wpev

Figure 5.16 Back scattered images showing distribution of bismuth particles at the (a) 1
mm (b) 0.5 mm and (¢) 0 mm from the bottom of a single grain in the longitudinal section
for laser remelt speed of 13 mm/s.
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Figure 5.17 Back scattered images showing distribution of bismuth particles at a distance
of (a) 1 mm (b) 0.6 mm (c) 0.3 mm and (d) 0 mm from the bottom of a single grain in the
longitudinal section for laser remelt speed of 20 mm/s.
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Figure 5.18 Flow chart of the modelling scheme.
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Figure 5.23 An illustration of Thomson-Spaepen construction to calculate driving force for

nucleation. The plot shown is for Al+1.414at%Bi at 1055K.
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Figure 5.24 Contours of (a) driving force for nucleation (b) composition of nucleating
particle as a function of temperature of phase separation and composition of the liquid.
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Figure 5.25 Size distribution of bismuth particles after nucleation and simultaneous
diffusional growth evaluated till exhaustion of supersaturation, as a function of change in
(a) surface tension of liquid Al-Bi and (b) composition of liquid.
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Figure 5.25 (contd.) Size distribution of bismuth particles after nucleation and
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of cooling rate. The maximum number of nuclei used to normalise the plots are shown in
the legend.



Chapter 5 158

Bi (at%)
0.604 0.675 0.746 0.817 0.89 0.962
00| | o e,
o o 2020K/s
- q 5600 K/s
— o} 6010 K/s
990 — | = 10000Kis
X980 |-
o [
2 [
©970 |-
5 i
Q_ —
aE: i
2960 |-
950 |-
= N
o
940 = 1 ¢
e
4.5
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Summary

Laser welding of iron and copper at low and high scan speeds showed similar
microstructural features. The weld pool shape is found to be asymmetric with more melting
of iron, though the heat source is placed symmetrically on the butt joint. This phenomenon
was attributed to differences in thermal diffusivity between the two metals. The overall
composition is uniform at a macro scale. The weld interface also shows asymmetry. The
iron side has a smooth interface with a transition from planar to cellular growth into the
weld and a gradual increase in composition. The copper side showed a rough interface with
extensive banding, indicating a peritectic reaction. Microstructural bands due to
fluctuations in growth are present throughout the weld pool characterised by a change of
length scale and composition. The difference in the growth mode from the copper side to
iron side was explained using thermodynamic arguments. Droplet formation in the weld
region, as shown by TEM studies, indicates access to submerged liquid miscibility gap

during solidification of the weld.

Detailed analysis of laser welding of copper and nickel was presented. Welding have been
performed at different scanning speeds such that the welding mode changes from
conduction mode at high scan speed to keyhole mode at low scan speeds. The weld pool
shape was found to be asymmetric and the microstructural features observed for the case of
iron-copper system were found to be similar to those of copper-nickel system. Cellular
microstructure was observed in the weld pool at all welding speeds. Composition across the
weld indicates good mixing on the nickel side in the weld pool. The growth of nickel was
continuous into the weld pool with a gradual increase in composition. On the copper side,
such a continuous growth was not observed. The bands near the copper side were similar in

nature to those at the nickel side. They originate due to growth rate fluctuations.
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Microstructural banding with fluctuations in length scale and composition were observed.

TEM study shows that the weld pool is highly strained.

A computational model of the transport phenomena that take place during laser welding of
dissimilar metals was developed using a finite volume formulation. Nickel was observed to
melt first and the heat is transported to the copper side by convection in the molten nickel
due to Marangoni and buoyancy forces. The final shape of the weld pool is dictated by the
convective flow and is observed to be asymmetric. The copper side spends less time in the
liquid state with insufficient mixing whereas the nickel side is well mixed. The composition
profile across the weld pool shows good qualitative agreement with the experimentally

observed one.

Microstructure development as a function of laser remelting rate was studied for
aluminium-bismuth system. The alloy which was made using laser cladding of elemental
powders, was remelted at Smm/s, 13 mm/s and 20 mm/s. The microstructures in transverse
and longitudinal sections observed in SEM showed uniform distribution of bismuth
particles in the matrix of aluminium. The miscibility gap of liquid Al-Bi alloy led to
precipitation of nearly globular particles of bismuth. Size distribution of bismuth particles
for alloys remelt at the three different scanning speeds, was determined using image

analysis. Higher scan speeds led to a finer size distribution.

A computational model was developed to calculate the size distribution of bismuth particles
during laser remelting. The remelted pool shape and cooling rates during laser surface
remelting were calculated. The driving force for nucleation was calculated and a map of
nucleation rate was constructed as a function of composition and temperature. Size
distribution of bismuth was calculated at different cooling rates taking into consideration,
simultaneous nucleation and growth by diffusion in the melt, till the super saturation is
exhausted. Cooling rates used were obtained from the laser remelting program. Collision of
particles due to convection in the laser melt pool is taken into account by a particle tracking
algorithm. Final size distribution of bismuth particles showed a good agreement with the

experimental particle size distribution.
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Scope for future work

The present work forms one of the early studies on the microstructure evolution during
laser processing of dissimilar metals. The experimental studies are performed on chosen
dissimilar metal combinations. On the experimental front, characterisation tools such as
Electron Back Scattered Diffraction analysis (EBSD), composition analysis of very small
areas and direct visualisation of the process could provide valuable information for a
detailed analysis. The work could be extended to a careful analysis of dissimilar welding of
metals that form intermetallic compounds. An understanding of formation of brittle

intermetallic phases that lead to cracking and failure of the weld is important.

There are limitations of the computational work as outlined by the assumptions presented in
the sections corresponding to the computational aspects. The computational work could be
extended to take several features such as free surface deformation, porosity, remelting of
solidified alloy and micro segregation in to account. The mixing patterns shown by banding
are at a length scale much smaller, compared to the system scale. Studies using a two-fluid
approach could lead to further insight in to formation of these patterns. The phase change
temperature range is fixed a priori in most of the macro models that deal with heat transfer
and solidification. Incorporation of interface undercooling from thermodynamic arguments
would bring the macro model closer to reality. A micro model to study the microstructure
evolution during laser processing of dissimilar metals using techniques such as phase field

calculations is highly relevant.
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Spot welding

The conservation equations for mass, momentum, enthalpy and species during spot welding

are given in their complete form in this section.

Continuity:

op 9 o o \_
o oy (e glon) =0 (A-1)

Momentum:

advective viscous source

2 (o) (o) + () 2 (owi)= 2 5|2 (u"“}i[u"“j—"’—f%sx

ot Ox dy 0z o\ ax a 5 oz\" 0z ) ox
(A.2)
0 0 d 0
o )+ =)+ (o) + == (owv) =
t Ox oy 0z A3
9, 2), 2,2, 2,2 9 "
ox\' ox) ay\' oy) 0z 0z) dy
0 0 0 d
o ow)+ == (auw) + == (onw) + (o) =
t Ox oy 0z
(A4)

0( 6wj 0 ow 0( awj op
— | U= |t —| U= |+t | U— |+,
ox\" ox) oy dy) 0z\' 0z) Oz
The source terms in the above equations according to the enthalpy-porosity formulation are

expressed as follows:

S, = —(M}t (A.5)

e +b
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s, :—(—K i) ]v+ pelp (T -1)) = B.(C-C,)] (A.6)
£ +b
SZ:_{éi%:fﬂiJw (A7)
£ +b

In the above equations, ¢ is time, o0 is density, u,v and w are velocities along x,y and z
directions, u is the velocity field in vector notation, 4 is viscosity, p is pressure, K is
permeability, b is a small number to avoid division by zero, g is acceleration due to gravity,

B, is compressibility, [ is the difference in the densities of the two metal, 7, and C, are

reference temperature and composition for buoyancy and & is liquid fraction. The first
terms in each of the equations (A.5)-(A.7) represent the porous medium-like resistance in
the mushy region at the solid-liquid interface. In the fully liquid region, the value of £ is 1,
making the porous medium resistance terms zero. On the other hand, in the fully solid
region, £= 0, thus forcing the porous medium resistance terms in equations (A.5)-(A.7) to
be very large. This large negative source term offers a high flow resistance, making the
velocities in the entire solid region effectively zero. In the mushy region, however, £ lies
between 0 and 1, and the porous medium resistance varies smoothly from zero in the liquid

region to a high value in the solid region, thus making the velocities vary accordingly.

Energy:
0 d d 0
~ (ot )+ ——(putt )+ ——(pvt1) + —~(owH ) =
ot Ox dy 0z (A%)
i(ka_Tj+i ka_T +i(ka_Tj+Sh
Ox\ oOx) ody\ dy) 0z o0z
_ 0
S, ==, (onH) (A.9)
The enthalpy, H, of a material can be expressed as:
H=h_+AH (A.10)
h,=cT (A.11)

where /; is the sensible heat, and AH is the latent heat content and c is specific heat. In
order to simulate a phase change, the latent heat contribution is specified as a function of

temperature, T, and the resulting expression is:



Appendix 168

AH = f(T) (A.12)
Since latent heat is associated with the liquid fraction, £, one can write:

L for T>T,
AH = f(T)=<Le for T,<T<T, (A.13)
0 for T<T,

where 7, is the liquidus temperature at which solid formation begins, 7, is the solidus

temperature at which full solidification occurs, and L is the latent heat of fusion. In the
present problem, the domain consists of pure copper and nickel in a butt joint. During spot
welding, melting and solidification take place one after other and not simultaneously. Also
mixing occurs only after melting of pure components on each side takes place. Hence, pure
metal melting only needs to be considered during the melting stage. The range of
temperature over which phase change takes places is taken to be numerically small for this
purpose. Substituting the expression for H from equation (A.10) and equation (A.11) in the

energy equation (A.8), one arrives at the following final form of the energy equation:
0 . d
E(ch)+DMchu)—DmkDT)—E(,aAH) (A.14)

where AH is the latent heat content of a control volume, and £ is the liquid fraction

calculated as #4, with L being the latent heat of melting for the corresponding metal.

During solidification of spot weld, the enthalpy, H, used in equation (A.10) is defined in the
liquid state at any location using mixture theory as given in the equation A.15 where, Hc,
and Hy; are the enthalpy values of copper and nickel, respectively, at a given temperature.
The melting point of any alloy is approximated, using equation A.16, to a weighted average
of the melting points of copper and nickel as it closely follows the liquidus in the phase
diagram. Since the solidification speed during spot welding is high, mushy zone could be
neglected. This assumption is justifiable since we are interested only in the composition

profile at a macro level.
H=H, C+H,(1-C) (A.15)

Toow = T cuC + Ty (1= C) (A.16)

melt — L melt,Cu
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Mass fraction:

‘Z_f+i( C)+—(vC)+—( C)——(D—) —(D—) —(D—) (A.17)

Since no mass is added and mass transfer across all faces is assumed to be zero, there are no

source terms for the species conservation equation.
Continuous welding

The reference frame used for the simulation of continuous welding is a moving frame fixed

to the laser. The laser moves in the z-axis at a speed Wyegp. If (x, y,z') is the stationary
coordinate system and (x, y,z) is the system in reference to the laser, we can write the

convection-diffusion equation for a general variable ¢ in a stationary coordinate system as

0 0 0 0 0 og. . 0 og. . 0 o¢
— +— +— +— =— (o D) +—(oh 5+ —)+S
Py (09) P™ (oqu) 5 (op) P (opw) e (o ax) % (o ay) 5 )
(A.18)
where, z'=z+w_ ¢ (A.19)
Differentiating equation A.19 with respect to time,
w' =w++ W.an (A20)
Applying chain rule to convert the terms in equation A.18 to the moving frame,
(cp(x y.2\0)= —EL(qa(x v.z, r))——(qo(x y.2.0)) (A21)
0 . 0 0z _0
_(ﬂx:yaz :t)) = —(ﬂx,y,Z,t))'F—Z B—(ﬂx,y,Z,f))
ot ot 0t 0z
(A.22)
_0 0
- —(ﬂx,y,z,t))+ Wscan —(qﬂ(x,y,z,t))
ot 0z
Substituting equation A.21 in to equation A.18,
0 0 0 0 0 og, 0 dg,. 0 o¢
— +— +— +— =— (o D)+— (o D) +— (o —=
Py (09) ™ (oqu) 5 (o@) P (@) P. (A ax) 5 (o ay) P (A aZ,)

0
t8 =5 (PPYcun)
4
(A.23)
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Thus, the governing equations in the moving frame will be as given below:

Momentum:
2 ()2 (u)+ 2 () 2 )= 2 3 |+ 2 St )+ 2 2]
ot Ox 0 0z Ox\" Ox ay dy ) 0z 0z (A24)
o (KO=eP) 0,y
Ox E+b 0z s
0 (o2 ()2 (o) 2 (o) = 2 20 N 2 2 ) 2 ,00) 2
5, 2+ lovu) 2 low)+ - o) ax(”axj ay(”ay}az(”azj dy
K(1-¢)
0
E(pvwscan)
(A.25)
S on)s o) o)+ ()= 2 w3 2 w2 |+ 2 0
ot Ox 0z 0z Ox\' Ox) ody\' dy ) 0z 0Oz
(A.26)
o (KO=eP) 0, )
0z £ +b 0z s
Energy
0 0 0 0 o0(,0T
Z(peT)+ 2 (pucT )+ —(pveT ) +— (pweT) = —| k
T B e e L B e e )
0 0 0
-2 - (perw,,, ) -— AH
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