MATERIALS
SCIENCE &
ENGINEERING

v RUNIRS
ELSEVIER Materials Science and Engineering A 371 (2004) 91-102

www.elsevier.com/locate/msea

Microstructural evolution during remelting of laser surface
alloyed hyper-monotectic Al-Bi alloy

Gandham Phanikum&rPradip Dutt&, Rolf Galur®, Kamanio Chattopadhyay

a Department of Metallurgy, Indian Institute of Science, Bangalore 560012, India
b Department of Mechanical Engineering, Indian Institute of Science, Bangalore 560012, India
¢ Institut fir Werkstoffkunde und Werkstofftechnik, Technische Universitat Clausthal, Clausthal-Zellerfeld, Germany

Received 18 June 2003; received in revised form 8 September 2003

Abstract

The present investigation explores the possibility of synthesizing a two-phase microstructure consisting of a fine dispersion of bismuth
particles in an aluminium matrix using the laser surface alloying technique. The possibility of controlling the size distribution of bismuth
particles by subsequent remelting is also investigated. The microstructural analysis of the surface alloyed samples shows that the average
size of the bismuth particles reduces with increase in laser scan speed. In order to understand the factors that determine the nature of the
size distribution of the particles, a detailed model is developed. The model incorporates heat and fluid flow induced by the laser to arrive
at the evolution of the temperature and velocity of the melt in three dimensions. Using these as inputs, a kinetic analysis of the nucleation,
growth and coarsening induced by collision-controlled coalescence of the bismuth particles from the melt is carried out. Comparison with the
experiments indicates that coalescence due to convection plays an important role in the evolution of the size distribution of bismuth particles.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction to produce a uniform dispersion of soft phase in a metallic
matrix [5,6]. In this work, laser surface alloying followed by
Aluminium alloys dispersed with lead, bismuth and tin laser remelting is conducted to produce uniform dispersions
show promising applications in the tribology of automotive of a soft phase on the surface of a desired material. Pure
componentd1]. Such dispersions of low melting temper- aluminium is chosen as the substrate and bismuth as the
ature elements exhibit low hardness and flow easily under soft phase. A numerical model is developed to understand
sliding conditions, resulting in favourable tribological be- the factors that govern the bismuth particle size distribution
haviour. The binary phase diagram of aluminium—bismuth in the alloyed layer as a function of process parameters.
[2] contains a monotectic reaction followed by a domain of The modelling results are compared with the experiments.
liquid immiscibility. Thus, a hyper-monotectic alloy liquid
is separated into globules of bismuth dispersed in a matrix of
aluminium upon cooling from a temperature above the criti- 2. Experimental study
cal line bounding the immiscible domain. The conventional
casting route to produce alloys of Al-X (X: Pb/Bi/Sn) leads A schematic of the experimental setup for laser surface
to a coarse microstructure with segregation and sedimenta-alloying and remelting is shown ifig. 1 In addition to
tion of the heavier phasg3,4] which may be avoided in the  the laser, the setup consists of a substrate holder mounted
presence of vigorous convection. Techniques such as magneen a computer controlled X-Y stage and a powder feeding
tohydrodynamic processing take advantage of the convectionsystem. The detailed experimental conditions are listed in
Table 1 Elemental powders (40—¢{0m) of commercial pu-
* Corresponding author. Tek+91-80-22932678: rity alumi'nium and bismuth are bIended (in 10:1, w/w ratio)
fax: +91-80-3600683. and fed into the laser melt pool using the powder feeder.
E-mail address: kamanio@metalrg.iisc.ernet.in (K. Chattopadhyay). Both the laser and powder feeder remain stationary during
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LASER layer with bismuth completely in the solution. Under such
POWDER a scenario, phase separation in the melt competes with the
solidification yielding a dispersed microstructure at higher
growth rate.

3. Experimental results

».A-‘/MELT POOL X-ray diffraction patterns of the surface alloyed layers as
well as the layers remelted subsequently showed only the
CLAD elemental peaks of aluminium and bismuth. Scanning elec-
tron microscopy (SEM) indicates the presence of dispersed
particles in the aluminium matrix. The average composition

Y ) :
of the alloyed layer using the EDS analyzer estimated to
X be 0.78 at.% Bi. This value is less than the composition of
Z Base Metal Motion the powder used (1.414 at.% Bi) because of dilution by the
substrate.
Fig. 1. Schematic of the laser cladding process. A typical microstructure of a surface alloyed track

remelted at a scan rate of 5mm/s is showrFig. 2 The

the experiment while the substrate is moved at a predeter-transverse section shown fig. 2aclearly reveals the orig-
mined speed to produce the alloyed track on the substrateinal surface alloyed layer and the remelted layer. Although
The substrate is kept 30 mm above the focal point of the the processing conditions are identical, the remelted depth
laser to obtain a large beam diameter of 3mm. This resultsis less than the alloyed depth due to enhanced absorption of
in a broad distribution of intensity that does not lead to va- the laser radiation by the powder in flight during alloying.
porization of the substrate material. The alloyed layers were The increase in laser scan rate reduces the depth of the
subsequently used for surface remelting at higher speeds taemelted layer further. Both the alloyed and remelted re-
simulate higher solidification rates. The remelting experi- gions exhibit directional growth of aluminium grains from
ments followed the same procedure except that no powderthe substrate into the alloyed melt. This is revealed in the
is fed during the process. The present study is restricted tolongitudinal section shown irFig. 2h Bismuth particles
single-pass alloying in order to make a meaningful study on were imaged using a back scattered electron detector in
the effect of processing conditions on the bismuth particle the scanning electron microscope (BSE)g. 2c shows a
size distribution. typical BSE micrograph of the cross-sections of a remelted

Initial experiments of alloying using laser powers of region revealing a fine dispersion of the bismuth particles
3-4 kW produced alloyed layers with poor adherence to (light) in the aluminium matrix (dark). The microstructure
the substrate and lack of uniformity along the length of the reveals distribuition of fine submicron particles. However,
alloyed track. To obtain a smooth and porosity-free alloyed few bismuth particles are much larger than the average. The
layer with uniform distribution of bismuth particles in alu- microstructure is fairly uniform across the remelted layers.
minium matrix, a high laser power of 8.5kW and a scan  For more quantitative information, the size distribution
rate of 5mm/s was found to be optimum and used for this analysis has been carried out on the remelted tracks (regions
study. When the laser power is increased, peak temperaturegovering 1 mm from the top). A series of microstructures
are much higher than the temperature of liquid miscibil- are taken in both transverse and longitudinal sections to
ity gap. Thus, the solidification takes place from the melt determine the size distribution of the particles using animage

Table 1
Experimental parameters

Laser: Rofin Sinar R10000, cw GO

Peak laser power: 10 KW

Laser beam diameter on substrate at 30 mm defocus: 3 mm
Protective gas shroud: A+ 30% (v/v) He

Powder feeder: Metko

Feeder gas: Ax- 30% (v/v) He

Gas flow rate is adjusted to yield a feed rate of 1.2g/s
Powder composition: Ak 10wt.% Bi (Al + 1.414 at.% Bi)

Laser scan speeds (mm/s) 5 (surface alloying) 5 (remelting) 13 (remelting) 20 (remelting)

Bismuth particle size averagerf) 0.73 0.80 0.51 0.44
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Fig. 2. (a) Transverse section and (b) longitudinal section of surface alloyed and remelted regions for the laser scan speed of 5mm/s. (@) Bistributio
bismuth particles within the remelted region near the top.

analysis software. Since the particles are nearly rounded indistributions of particle sizes plotted for the surface alloyed
shape, the Feret diameter (diameter of a circle of the sameand remelted alloys are shown kig. 3. Average sizes are
area as that of the particle) is used as the representativegiven inTable 1 As can be noted, the average particle size
parameter for determining the diameters of the particles. Thedecreases with increasing laser scan speed. However, the
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distribution shows a log-normal nature, with a considerable process of microstructure evolution during the laser surface
number of particles much larger than the average size. Inalloying could be visualized in two stages. At the macro
the section that follows, a computational model is discussed level, the laser melting with the consequent heat transfer
to determine the factors that govern the size distribution of and fluid flow dictates the size and shape of the melt zone.
surface remelted Al-Bi hyper-monotectic alloy. The thermal history of the various locations in the remelted
region is given by the solution of the governing transport
equations used for modelling the laser melting problem.
4. Computational study At the micro level, the microstructure is determined by
the nucleation, growth, coarsening and coalescence of the
The model assumes that the dispersed second phase Bdispersed liquid phase in the melt pool during cooling.
particles evolve in the melt and the solidification of the Time scale of these processes is determined by the ther-
matrix does not alter the sizes of the particles. Hence, themal history. Thus, one has an option of modelling the
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Fig. 3. Apparent distribution of bismuth particle size (Feret diameter) of surface alloyed and remelted layers at (a) 5mm/s (b) 13mm/s and (c) 20 mm/s.
Average sizes are indicated by the arrows.
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Fig. 3. Continued).

problem in two stages to arrive at the final picture of the  The value of laser efficiency is initially adjusted such
microstructure in terms of size distribution of the dispersed that the pool shape matches with that of the experiment for
phase. A flow chart of the computational model is shown in one of the remelting speeds. The same value of efficiency

Fig. 4. is observed to reproduce the experimentally observed pool
shape for the remaining scanning speeds and thus is kept
4.1. Laser melting constant.

Fig. 5shows the computed temperature contours and ve-

A three dimensional transient model developed by the locity profile in the top view and longitudinal section of the
authors for laser processifg,8] has been used for mod- remelted region for a laser scan speed of 5 mm/s. The com-
elling laser remelting. The Al-Bi alloy exists as a dilute puted shape of the solidification front matches the trace left
solution and is assumed to be well mixed at the macro level. Py the moving solidification front observablefig. 2b Due
The final shape of the melt pool, temperature gradients in to the negative temperature coefficient of surface tension in
the liquid, and thus the cooling rate at any location in the aluminium, the liquid flows radially o.utward from thg laser
pool are strongly affected by convection. In the present Centre on the top surface. 'I_'he_ maximum velocity is at the
case, convection in the liquid melt pool is predominantly P Of the pool near the solid-liquid interface and is about
due to surface-tension driven (Marangoni) convection on 2m/s in magn'|tu'de. The.coollng rate obtalrjed from the ther-
the free surface rather than buoyancy forces in the bulk of M&! history within any given temperature interval form the
the melt poo[7]. The Marangoni forces are incorporated as input for the nucleation and growth calculations discussed in
boundary conditions for the velocities on the free surface. the next section. A typical example of heating and cooling

The formulation uses the well-established enthalpy-porosity CUrve of a point in the melt pool is shown kg Sc
model, the details of which are given elsewhffe]. The )

governing equations are discretized and solved using a%2- Nucleation and growth

control volume method according to the SIMPLER algo-

rithm [9]. The computational parameters used are listed in  Nucleation of the second phase in the liquid immiscible
Table 2 systems outside the spinodal regime can be quantitatively

described using homogeneous nucleation theory as shown
by Granasy and Ratkd 0] and Christian11]. The homo-

Table 2 geneous nucleation rate for phase separation is givdnsy
Parameters used in the laser melting program Iy exp(—(lGrr/?;kBT)(U3/AG\2,)), whereAGy is the volume
Laser powerg (W) 8500 free energyg is the surface tension between the liquids of
Coupling efficiency, 0.20 Al and Bi.

Radius of laser on sample surfacg,(mm) 15 The free energy of the Al-Bi system (in Jmd) in the
Dimensions of computational domain (fm 80 > 10 x 30 temperature range of immiscibility (9301310 K) is given by
Number of grids 64x 48 x 64

an expression below using subregular solution m#i2].
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Table 3

Laser remelting of soft Parameters used in the nucleation and growth calculations

dispersion phase

¢ Surface tensiong (Nm=1) 0.2854(1.0— T/1310}-26
Average jump distance, (m) 3.64x 10710
Stage-l : Laser Melting Atomic volume of Al, £2(m3) 1.2249x 1072°
Atomic volume of Bi, 2 (m3) 2.5252x 10729
Single domain Viscosity of Al, u (Nm~25s) 0.1492x 103 exp(16500/8.31%)
Control volume Viscosity of Bi, u (Nm=25s) 0.4458x 1073 exp(6450/8.31%)
Heat transfer and Fluid flow Molar weight of Al (kg) 0.02698
Molar weight of Bi (kg) 0.20898
v Density of Al (kgnT3) 2700
Density of Bi (kg nt3) 9550

Governing equations
Boundary conditions
SIMPLER+TDMA

v law scaling relatiorj14]. The critical values for the case of
Temperature distribution Al-Bi system are available in the literatufgs].
Velocity Profile The pre-exponential factdg, evaluated using the classical

Thermal History expression for nucleation rafg6], is a function of composi-

tion and temperature and is of the order effl039m=—3s-1,
‘ The parameters used for the calculations are list@dlie 3

The steady state nucleation rates are calculated as a func-
tion of temperature and composition. The calculations are

carried out up to a composition of 0.962 at.% Bi. The con-

Stage-ll : Phase transformation

Driving Force tours of the same are shownhiyg. 6. It can be observed that
Nucleation of second phase the nucleation rate increases exponentially as the tempera-
v ture decreases. At lower compositions, the liquidus temper-

ature is lower. Therefore, the undercooling for phase sepa-
ration is smaller and as a consequence the nucleation rate is
¢ also lower. Thus, at a given temperature, the nucleation rate
is lower at lower compositions of bismuth in the liquid.
Growth of Bi particles can be modeled using the diffu-
sion controlled growth law17]. Furthermore, the size of

( Diffusional Growth

‘ Collision and coalescence

¢ Bi particles can be influenced by the surface-energy driven
coarsening process. It is possible to estimate the relative im-
Final size and di;tributiml of second portance of the two processes. Assuming that the coarsening
phase

process follows LSW kinetidd.8,19], the transport constant
Kisw [20] is estimated a& | sy = (86Q2CoD)/(%gT AC),

Fig. 4. Flow chart of the modelling scheme. where Cy is the concentration of the decomposing liquid,
£2 the atomic volumeT the temperaturekg the Boltzmann
constant,AC the composition difference between the ma-
trix and the particle an® is diffusivity. At 1030K, the es-
timated value oK sw is 4x 1071°m~23s~1 and diffusivity

AG = (2464918 — 3.04971)x1.x2 is 47 x 102m~3s~1. The typical time interval involved

at each temperature for the imposed cooling condition is of
the order of 1 ms. The increase in diameter of bismuth par-

X1 andxp are the compositions of aluminium and bismuth,
respectively.

+ (1328264 — 5.92753) x1x2(x1 — x2)

1 (1851975 — 12.33873)x1x2(x1 — x2)2 ticle due to diffusional growth for the time interval involved
3 (~1ms) leads to a size almost two orders of magnitude
+ (695930 — 2.24613F)x1x2(x1 — x2) larger than that estimated for the coarsening process. Thus,

the contribution from LSW coarsening for the increase in
particle size can be ignored. In the numerical scheme of cal-
The driving force for the nucleation of the second phase in culation, only the diffusional growth of nucleated particles
alloy melts A Gy) was obtained from the free energy using is considered till the supersaturation is exhausted.

the method proposed by Thompson and Spadf8h In The temperature at which nucleation and growth of bis-
order to obtain the nucleation rate, it is necessary to know muth particles takes place decreases continuously at a rate
surface energy() between the two separating liquids at dif- given by the cooling rate. Thus, to obtain the number of nu-
ferent temperatures. The surface energy of a critical systemclei and the final size distribution of the bismuth particles,
such as the immiscible Al-Bi liquid is described by a power nucleation rate and increase in particle size by diffusional

+ RT(x1logx1 + x2l0g x2)
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Fig. 5. Temperature contours and velocity profiles in the laser remelted region in (a) top view and (b) longitudinal section for scanning speed of 5mm/s
The bold contour shows the extent of melting. The contour labels shown are in degrees K, the axes are in mm. (c) Thermal history of a point near the
top of the remelted region.
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1010 At higher cooling rates, the residence time for the melt
L o 100K/s & at each temperature is small. Therefore, the melt undercools
1000~ A 1000 K/s to a large extent before significant nucleation takes place.
- | v 2920K/s 400_J This happens at lower temperature, where the nucleation
990 |- 5 23?3 f,: /{é ;\Q ratg i; high..The appearance of'particles under this sce-
< | < 10000 K/s /r—;,.r = nario is dom!nated l_)y the nucleation. Calculatlor]s sqggest
E 980 |- & R that under this condition, the growth has only a minor influ-
3 ence on the distribution of the particle size of the dispersed
g 970 phase.
g— At lower cooling rates, the control volume spends more
K time in a given temperature range than the case of higher
cooling rates. Thus, time is available for the particles that
950 have nucleated at the given temperature intervals and above
to grow. The concentration of bismuth, therefore, decreases
at relatively higher temperature during cooling and exhaus-
940 tion of supersaturation occurs at higher temperatures. This

scenario at lower cooling rates yields larger particle sizes.
It can be noted that the calculated size distribution at this
stage is symmetric in shape. This is in contrast to the ob-
served size distributions that are not symmetric and have a
significant number of particles at larger size.

Fig. 6. Temperature-composition path taken by a control volume during
phase separation. The contours show steady state nucleation rate.

growth should be calculated taking into account the solute 4.4. Collision

depletion in the melt. The calculations are done for a unit

volume in which the mass of bismuth is balanced after €very  The nucleation and growth of the bismuth partides take
time step. The diffusional growth of particles accumulated pjace in a liquid pool that undergoes vigorous convection
up to the time step is calculated by taking their radii and the driven by Marangoni forces. Thus, one expects that coales-
composition of remaining liquid into account. The compo- cence due to the collision of particles will occur during the
sition of bismuth in the control volume decreases during the process. Coalescence can also occur due to sedimentation
process and calculations are stopped once the supersaturgsrocess driven by gravity. However, it is negligible as the

tion is exhausted. velocities for convection in a laser melt pool are large (of the
order of 1 m/s) and thus, significantly higher than the Stokes
4.3. Szedistribution velocities (of the order of 1 mm/s). Coagulation and coales-

cence of particles under motion is well studied. A review
Fig. 7ashows the size distribution of bismuth particles af- by Drake[21] provides a comprehensive analysis of models
ter phase separation of a liquid at a cooling rate of 6000 K/s in use for processes involving aerosols and colloids. How-
for different initial compositions of liquid. The size distri- ever, coalescence of particles during solidification is not well
bution is broader and the total number of nuclei decreasesunderstood16]. The existing models involve collision fre-
as the initial composition of bismuth reduces. This is un- quency as a function of velocity of the particles. This term
derstandable since at lower compositions of bismuth, the is nearly impossible to evaluate for laser melting for which
steady state nucleation is lower, leading to an increase in thethe velocity profile is solved numerically. The velocity of
size of the particles before the supersaturation is exhaustedthe fluid varies as a function of position, time, and the pro-
However, the size distribution does not seem to be a strongcess conditions. Considering the above issues, the method
function of composition. outlined below is used to take coalescence into account. The
At different speeds for laser remelting, the dominant pa- following assumptions are made:
rameter that controls the size distribution is the cooling rate.
The size distribution of bismuth particles after nucleation
and diffusional growth at three different cooling rates?,10
10% and 1@ K/s, is shown inFig. 7o The number of nu-
clei is larger for higher cooling rate and, accordingly, the
average size of the particles is smaller. The development
of the distribution at different cooling rates can be under-
stood by observing the path taken by a control volume in the
temperature-composition malpig. 6 shows such a path for
different cooling rates superimposed on the contours of nu-  The velocity profile ahead of the solidification front in the
cleation rates as a function of temperature and composition.longitudinal section is shown ifig. 8a The temperature

o Particles move along with the liquid and drag is negligible.
Collision takes place due to finite sizes of the particles.

e The volume fraction of particles2%) is small enough
that they do not affect the liquid flow field.

e Particles that have undergone diffusional growth are con-
sidered for coalescence during which they only collide
and coalesce but do not grow. Growth and coalescence
are thus treated as discrete steps in the process.
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Fig. 7. Size distribution of bismuth particles after nucleation and simultaneous diffusional growth evaluated till exhaustion of supersasiration
function of change in (a) composition of bismuth in liquid, (b) cooling rate. The maximum number of nuclei used to normalise the plots are shown in the
legend.

contours shown are in degrees K, and correspond to theclei calculated for exhaustion of supersaturation, as detailed
range within which phase separation takes place for thein the previous section. The particles are introduced with
composition of the alloy under study. The box shown at the their sizes corresponding to the distribution after nucleation
right top of the a control volume chosen to study the colli- and growth. The locations of the particles are chosen by a
sion of particles. The time scale showrFiy. & is the total random number generation program. The particles are then
time spent by the control volume within the temperature tracked in a Lagrangian frame of reference by integrating
range of phase separation. During this intervst; is the the fluid velocities at the respective locations using a fourth
effective time interval when the particles nucleate and grow order Runge—Kutta method. Fluid velocity at non-grid loca-
till supersaturation is exhausted. A number of particles are tions is interpolated using a trilinear scheme. Two particles
introduced in a control volume such that the number of are coalesced and the size of the first particle is increased
particles per unit volume corresponds to the number of nu- due to volume conservation when they come in contact
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Fig. 8. (a) Velocity profile shown on the solidification front within the temperature range for phase separation. The laser remelting speed usésl is 20 mm
(b) Number of nuclei precipitating out of Al-Bi alloy liquid during the time interval of phase separafibnis the time interval chosen to introduce
particles into the control volume. Andt; is the time interval for collision.

with each other. The coalescence by collision occurs dur- and thus the size distribution develops a tail towards the
ing a time intervalAt, spent by the control volume in the higher size.

temperature range below which the aluminium matrix so-

lidifies (Fig. 8b). Patrticle size distribution after coalescence

is estimated keeping the total mass of particles in a control 5. Comparison with the experiments

volume constant at every time step.

Fig. 9shows the particle size distributions before and after  The experimentally observed size distribution is com-
collision. The size distribution without collision is narrow pared with the one numerically estimated. A comparison
and nearly symmetric about the mean size. Collision led of Fig. 3 with Fig. 9 brings out following conclusion. The
to an increase in average particle size. The total numbernature of the experimentally observed distribution curve is
of particles decreases during the coalescence. The largereproduced well in our computational scheme only when
particles have more probability of collision due to size effect the effect of collision due to the large surface tension
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driven fluid flow is included. The process of nucleation and tension and increases with decrease in surface tefigjon
growth alone cannot explain the observed size distribution. Diffusivity in immiscible systems is not easily available
The computation overestimates the average size of bismuthand is also estimated from the viscosity. The discrepancy
particles while reproducing the nature of distribution. The between computation and experiments may be explained
guantitative matching with experiments is subject to the partly by the uncertainty in the input parameters and partly
accuracy of the input parameters as well as the assumptiondy the assumptions in the laser melting problem. Quantita-
in modeling the various physical processes. In our study, tively, the match between the computed and experimental
the surface tension between the liquids of aluminium and size distribution is excellent only for the samples processed
bismuth is taken to be 60 MN/m at monotectic temperature at the higher scan speed of 20mm/s. At the lower laser
[15]. Recent work by Hoyer et &22] report the same to be  scan speed, the observed distributions of sizes are broader
66 mN/m. Nucleation rate is a sensitive function of surface compared to that obtained through computation. The results
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Fig. 9. Size distribution of particles within a control volume before (thin line) and after (thick line) collision. The corresponding laser gespekits
are (a) 20mm/s (b) 13mm/s and (c) 20 mm/s. Average sizes are indicated by the arrows.
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suggest that the simple collision model presented here needfkeferences
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