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AbstractÐLaser alloyed tracks were produced by blowing aluminum powder into melt pools generated in
zinc substrates. Analysis of the microstructures revealed a structural and compositional strati®cation re-
lated with a de®cient aluminum redistribution in the liquid. The e�ect of chemical heterogeneity on solidi®-
cation mechanisms was modeled. The composition gradients and the solidi®cation undercooling were
shown to strongly in¯uence the geometry of the solidi®cation front. A reasonable agreement was obtained
between experimental and predicted characteristic dimensions of the microstructures, in particular, the
radii of the dendrite tips observed experimentally were comparable to the calculated ones. # 1997 Acta
Metallurgica Inc.

1. INTRODUCTION

In laser surface alloying the high energy of a laser

beam is used to alloy the surface of a material with

another material. Usually, the alloying elements are

injected in the form of a powder into the melt pool

created in the substrate by the laser beam [1]. If

variable powder feed rates are used, the chemical

composition along the tracks can be changed and

this enables a rapid and exhaustive preparation of a

whole range of alloys. Some work has been

reported on rapid alloy prototyping using laser pro-

cessing with variable powder feed rates: Monson et

al. [2] studied the microstructure and hardness evol-

ution vs composition variation for two alloy sys-

tems (Ni±Cr±Si±C±B and Mo±Ni±Cr±Si±C±B±Fe);

Abbas et al. [3] investigated the wear behavior of

variable composition stellite-SiC laser clad deposits

and Carvalho et al. [4] systematically evaluated the

corrosion behavior of Co±Ni±Al alloy grades. In

the present work, laser alloying of zinc with alumi-

num was performed by injecting aluminum powder,

at variable and constant feed rates, into melt pools

generated in zinc substrates. The aim was to pre-

pare a large number of Zn±Al homogeneous alloys,

so that the potential of these alloys as sacri®cial

coating materials for the protection of steel against

corrosion could be systematically investigated.

However, in all the tracks produced a structural

and compositional strati®cation was observed,

which was related to a de®cient aluminum redistri-

bution in the liquid.

In recent years, several studies have been pub-

lished on the distribution of alloying elements in

laser surface alloying [5±12], and in some of them

signi®cant depthwise chemical heterogeneities were

reported [8±10]. In these cases, the variety of solidi-

®cation structures found in the treated layers is
explained in terms of a de®cient distribution of the

alloying elements. However, the e�ect of compo-
sition gradients on the solidi®cation mechanisms is
analyzed only in a qualitative manner.

Furthermore, although concentration ®elds based
on ¯ow patterns have been thoroughly
modeled [5, 10, 11], the e�ect of chemical heterogen-
eity on the geometry of the solidi®cation front (and

consequently on the solidi®cation rate [13]) seems
to have never been investigated. In this study, the
in¯uence of composition gradients on solidi®cation

mechanisms was modeled and some computations
were carried out in order to evaluate the in¯uence
of chemical heterogeneity on the geometry of the

solidi®cation front.

2. EXPERIMENTAL PROCEDURE

The experiments were performed with a 3 KW
continuous wave CO2 laser. The mode of the laser
beam was a mixture of TEM00 with higher order
modes (specially TEM*

01). An argon jet, coaxial

with the beam, was used to shield the melt pool
from oxygen and to protect the optics from fumes
and spattered metal. The substrates were moved

under the stationary laser beam by a numerically
controlled X±Y table. A computer controlled pow-
der feeder (described elsewhere [4]) supplied the

aluminum powder to the melt pools. The alloyed
tracks were made with a laser beam power of 1500
W, a 3.8 mm beam diameter and a traverse speed of

5 mm/s, which resulted in an energy density of 100
MJ/m2. The powder was delivered to the melt pool
by an argon jet with a 25 cm3/s ¯ow rate. The injec-
tion nozzle, whose internal diameter was 1.5 mm,
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made an angle of 458 to the substrate surface, and
had its extremity at a distance of 18 mm from the

center of the irradiated region. The aluminum pow-
der had 99.5 wt% purity and a particle size below
250 mm. The substrates were 99.99 wt% zinc. Due

to the substantial increase in zinc vapor pressure on
heating, the shielding and injection gas was also
used to remove from the laser beam path some of

the vapors formed. Some tracks were made with the
aluminum powder feed rate varying from 0 to
0.06 g/s, while others were made with the following

constant feed rates: 0.01, 0.03, 0.045 and 0.06 g/s.
The length of the tracks with a variable compo-
sition was 10 cm.

Detailed microstructural analyses were performed

using standard metallographic methods. The speci-
mens were etched in an aqueous solution of chro-
mic acid and sodium sulfate. An optimal contrast

in optical microscopy was obtained with polarized
light. The chemical analyses were performed with a
microprobe in representative regions of 104 mm2.

Dendritic and lamellar spacings were measured on
enlarged SEM prints of tracks produced with a con-
stant powder feed rate of 0.06 g/s. The measure-

ment of the lamellar spacing was performed in
transverse cross-sections. The experimental value
was obtained from the number of intersections with
25 lines of 2 mm in length, which were drawn per-

pendicular to the orientation of the lamellas. The
dendritic spacings were measured in transverse and
longitudinal cross-sections of the tracks, the exper-

imental values obtained are the average of 30
measurements.

3. EXPERIMENTAL RESULTS

Figure 1 shows a typical example of the micro-

structures found in transverse cross-sections of the
alloyed tracks. Solidi®cation structures presenting
three well de®ned layers were always observed.

Examination at higher magni®cations enabled to
resolve a dendritic zone at the top [Fig. 2(a) and
(b)], another dendritic zone at the bottom [Fig. 2(d)]

and eutectic lamellas grouped in cells at the inter-
mediate region [Fig. 2(c) and (d)]. The results
obtained with variable powder feed rates were simi-
lar to those achieved with constant powder feed

rates; however, the thickness of the intermediate
and top layers tended to increase with increasing
powder feed rate, whereas the inverse happened to

the thickness of the bottom layer.
Figure 3 shows a longitudinal cross-section of a

track produced with a constant powder feed rate of

0.06 g/s. The cellular nature of the intermediate
layer eutectic can clearly be seen in Fig. 3(b); the
angle between the growth direction of the eutectic

cells and the beam scanning direction (yeu) was
found to be 21238 (average of 30 measurements).
As can be observed in Fig. 3(b) and (c), growth was
quite unconstrained at the top dendritic layer.

Longitudinal bands parallel to the solidi®cation
front were observed at the bottom dendritic layer

[Fig. 3(a)]. Chemical composition pro®les obtained
in representative regions of this cross-section are
presented in Fig. 4. Some tips of bottom layer den-

drites, which were situated close to the intermediate
layer, can be seen in Fig. 5.
Table 1 contains experimental primary and sec-

ondary arm spacings of the aZn and bAl dendrites as
well as the lamellar spacing of the intermediate
layer eutectic. The measurement of the lamellar spa-

cing was performed all over the eutectic layer. The
dendritic spacings were measured in regions near
the eutectic layer.

4. MICROSTRUCTURE ANALYSIS

To understand the microstructures obtained it
was necessary to know what phases could appear
during the solidi®cation of Zn±Al alloys and the

modi®cations induced on the solidi®cation struc-
tures by possible solid-state transformations. The
Zn±Al equilibrium phase diagram presents a simple
eutectic con®guration [14] and according to several

previous studies [15±19] the solidi®cation of Zn±Al
alloys does not involve the formation of non-equili-
brium phases, even for growth rates as high as

160 mm/s [15]. Furthermore, the solid-state trans-
formations which occur in this system do not sig-
ni®cantly modify the solidi®cation structures [16±

19]. This information enables us to discuss the soli-
di®cation process from the observed microstruc-
tures.

At the bottom of the trace, solidi®cation started
by epitaxial growth from the partially molten zinc
grains (detail in Fig. 1). A constitutional undercool-
ing was soon generated and, in consequence, the

planar solid/liquid interface became unstable. This
led to the onset of a dendritic structure of the zinc
rich phase (primary aZn) with aluminum being

rejected to the interdendritic zones, where a lamellar
eutectic (aZn + bAl) was ®nally formed [Fig. 2(d)].
Banded con®gurations similar to the one

observed at the bottom dendritic layer [Fig. 3(a)]
are common at scanning rates below 10 mm/s [20±
22]. According to Gremaud [21], the banding beha-
vior at low scanning rates is related to growth

instabilities induced by convection. The observed
bands, although irregular, de®ne successive pos-
itions of the solidi®cation front at the zinc rich

layer.
The microstructures indicate that in the top layer

solidi®cation began either by heterogeneous nuclea-

tion on the surface oxides or by epitaxial growth
from small aluminum particles, which were not
completely dissolved and ¯oated at the top of the

pool. It can be seen in Fig. 3(a) that some of these
nuclei grew in all directions and sometimes even
developed in the direction opposite to the laser
scanning direction [Fig. 3(b) and (c)]. Therefore,
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growth was not strongly conditioned by the

advancement of the isotherms and could occur in

an almost unconstrained way in the melt. The latent
heat of solidi®cation seems to have been mainly dis-

sipated through the liquid, implying a thermally

undercooled melt. This solidi®cation behavior led to

the formation of a dendritic structure of primary
bAl, with zinc being rejected to the interdendritic

Fig. 2. Transverse cross-section of a track obtained with the aluminum powder feed rate varying con-
tinuously from 0 to 0.06 g/s. Since sectioning was performed at the end of the track, the nominal pow-
der feed rate was 0.06 g/s: (a) top dendritic layer near the cellular region; (b) detail of (a); (c) cellular

intermediate layer; (d) bottom dendritic layer near the cellular region.
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zones, where a lamellar/rod eutectic (aZn + bAl)

appeared at the end of solidi®cation [Fig. 2(b)].

Since growth could occur in all directions, it can be

inferred that solidi®cation of bAl started in regions

not very far from the center of the irradiated area.

Heterogeneous nucleation (or epitaxial growth) at

the surface of the melt is not common in laser ma-

terials processing, but it has been observed in some

cases [23, 24].

A cellular eutectic structure was observed at the

intermediate layer [Fig. 2(c) and (d) and 3(a)],

suggesting a prior cellular eutectic/liquid interface.

Hence, segregation of impurities by both eutectic

phases (aZn and bAl) produced a di�usion boundary

layer ahead of the eutectic/liquid interface, which

induced a constitutional undercooling and pro-

moted cellular type instabilities. In contrast to the

other two layers, the composition in the intermedi-

ate region was fairly constant (6.220.8 wt% Al)

and no particular variation along the depth was
observed (Fig. 4). The growth direction of the
eutectic cells was also very uniform (yeu = 21238).
The observed structures attest to an independent

solidi®cation behavior for each layer. Furthermore,
the orientation of the dendrites (Fig. 3) indicates

that solidi®cation involved opposite moving fronts,
i.e. while an aZn dendritic front was advancing from

the bottom, another phase (bAl) was growing at the
melt top (a more comprehensive discussion on this
type of solidi®cation behavior can be found in [12]).

A melt pool shape compatible with the microstruc-
ture orientation is presented diagramatically in
Fig. 6. The lines de®ning the solidi®cation front

represent the position of the dendrites and the cells'
tips; ¯uctuations in composition and speed may

have produced local irregularities.
Surface tension gradients, arising from tempera-

ture and composition gradients, are the main driv-

ing force for convective ¯ow in laser materials
processing [25], and this thermocapillarity induced
convection is usually su�ciently intense to cause

e�cient solute redistributions in laser
alloying [5, 13, 26]. However, the marked compo-

sitional strati®cation (Fig. 4) indicates that the
existing ¯uid ¯ow was unable to completely blend
the Al rich liquid situated on top with the Zn rich

liquid which was underneath. It should be noted
that in dendritic growth segregation is essentially
lateral, therefore the chemical heterogeneity

observed could not have been caused by segregation
occurring during solidi®cation of the bottom and

top dendritic layers. The di�erence in density
between the injected material and the substrate
strongly contributed to the lack of chemical hom-

ogeneity; simple calculations show that the upward
acceleration of an aluminum particle in a zinc bath,
resultant from buoyancy vs gravity e�ects, can be

as high as 16 m/s2 (Dr/rAl�g, the density values used
were obtained from [27]). Moreover, the encumber-
ing presence of bAl nuclei at the melt top tended to

reduce the intensity of the thermocapillarity convec-
tion in the back part of the melt pool, a�ecting its

stirring e�ciency. Hence, the higher melting tem-
perature of aluminum, as compared to the zinc
melting point, also contributed to hinder homogen-

ization by promoting a premature solidi®cation at
the surface. On the other hand, for the melt times
involved in the process (of the order of 1 s) the dif-

fusion distances in the melt pool were a few tens of
microns; therefore, di�usion was responsible in a

rather limited way for Al redistribution.
In principle, the use of higher energy densities

would have increased the temperature gradients,

intensifying surface tension disparities. As a result,
in regions of the melt pool not covered by the bAl

solid cap, a stronger thermocapillarity induced con-

vection would have been generated, promoting a
better distribution of aluminum. However, in prac-

Fig. 4. Aluminum concentration pro®les obtained in a
longitudinal cross-section (y= 0) of a track produced
with a constant aluminum powder feed rate of 0.06 g/s
[see Fig. 3(a)]. All values were determined from areas of
104 mm2. The Al content in the intermediate layer was
fairly constant and an average value (6.220.8 wt% Al for

11 measurements) is represented.

Fig. 5. Longitudinal cross-section showing aZn dendrites
parallel to the section plane.
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tice, it was impossible to deliver more energy to the
bath because of the low boiling temperature of zinc.

Extremely violent vaporizations were found to
occur for energy densities higher than 100 MJ/m2.
The addition of small quantities of surface active el-
ements is known to substantially increase surface

tension gradients [13, 26]. Hence, if surfactants had
been used, chemical strati®cation might have been
attenuated.

The experimental results obtained indicate that
unsatisfactory homogenizations may be expected in
laser surface alloying, when the injected element has

a signi®cantly higher melting point and a lower
density than the substrate. In such cases, the buoy-
ancy forces resulting from the di�erence in density
between the injected material and the substrate con-

tribute to a de®cient distribution of the alloying el-
ements, and the premature solidi®cation, which can
occur at the top of the bath, tends to reduce the

stirring e�ciency of thermocapillarity induced con-
vection.

5. INFLUENCE OF COMPOSITION
HETEROGENEITY ON THE SOLIDIFICATION

FRONT GEOMETRY

In order to describe the in¯uence of chemical het-
erogeneity on the solidi®cation mechanisms, each

point of the laser treated region was regarded as an

individual alloy with a speci®c chemical compo-

sition. The temperature ®eld was established using

Ashby and Easterling's model [28] and the position

of the liquidus temperatures in the melt pool was

determined with basis on the experimental compo-

sition distribution. Subsequently, the solidi®cation

undercoolings at the aZn dendritic layer were calcu-

lated using Kurz, Giovanola and Trivedi's

model [29] and this enabled to determine the pos-

ition of the solidi®cation front at the bottom den-

dritic layer. Details on the calculations are given in

the Appendix. Since the bAl dendrites grew uncon-

strained at the melt top, it was impossible in prac-

tice to determine their growth rates. Consequently,

the corresponding growth undercoolings were not

calculated and the geometry of the solidi®cation

front at the top dendritic layer was not determined.

``E�ective thermal conductivities`` have been used

to account for the real shape of the melt pool,

when heat conduction models are employed to de-

®ne the temperature ®eld [30, 31]. In this work, the

geometry of the solidi®cation front, calculated for

the bottom dendritic layer, was made to coincide

with the range of experimental shapes [Fig. 3(a)] by

iteratively modifying the temperature ®eld using

thermal conductivity as adjusting parameter. The

scheme in Fig. 7 represents the iterative compu-

Table 1. Primary and secondary dendrite arm spacings (respectively l1 and l2) and lamellar eutectic spacing (l). All the experimental
values were measured on tracks obtained with constant 0.06 g/s powder feed rates

bAl dendrites aZn dendrites Lamellar eutectic

l1 (m m) l2 (m m) l1 (mm) l2 (mm) l (mm)

Experimental 14.423.4 2.020.4 10.322.2 1.720.3 0.15420.03
Calculated Ð Ð 12.0 2.9 0.12±0.17

Fig. 6. Diagram representing a longitudinal cross-section of the melt pool, in which opposite moving
solidi®cation fronts can be seen. The direction of the beam scanning velocity ( ~Vb) is indicated. At the
bottom of the trace solidi®cation started by epitaxial growth of the partially molten zinc grains. In the
top layer solidi®cation began either by heterogeneous nucleation on the surface oxides or by epitaxial
growth from small undissolved aluminum particles. The essentially random orientation of the top layer
dendrites attests to the unconstrained growth of each nucleus. The intermediate layer solidi®ed with a

cellular eutectic structure and the growth direction of the eutectic cells was quite uniform.
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tations which were performed to make the theoreti-

cal position of the aZn dendritic front lie within the
experimental range. This procedure aimed a satis-

factory calibration of the temperature distribution

using the experimental geometry of the solidi®ca-

tion front as reference.

5.1. Results of the computations

Figure 8 shows the calculated position of the aZn
dendrite tips at the y = 0 plane, as well as the

range of experimental positions of the aZn solidi®ca-

tion front. Figure 9 presents the position of the

liquidus temperature front. The isotherms corre-

sponding to the Zn melting temperature, to the

Fig. 7. Scheme of the iterative calculations performed to calibrate the temperature ®eld.

Fig. 8. Calculated position of the aZn dendrite tips at the
bottom layer. A range of experimental positions is also
presented. The experimental curves were all made to co-
incide at the average measured depth of the 0.06 g/s tracks

(1.4720.22 mm).
Fig. 9. Calculated positions of the liquidus temperatures in
the melt pool. Three isotherms are shown as reference.

CARVALHO et al.: LASER ALLOYING OF ZINC1788



equilibrium eutectic temperature and to the equili-
brium liquidus temperature of the alloy with 33

wt% Al (composition measured at the surface) are
also represented in Fig. 9. The e�ect of liquidus

temperature variation and undercooling variation
on the position of the aZn dendritic front can be

evaluated in Fig. 10. The calculated values of den-
drite tip radius and undercooling, which were used

to determine the position of the aZn dendrite tips,
re¯ected the in¯uence of composition and growth

rate variation over the depth [equation (A7)]. The
undercooling determined for the top of the aZn den-

dritic layer was 158C and corresponded to a calcu-

lated tip radius of 0.3 mm.

The chemical composition pro®les presented in

Fig. 4 indicate that at the melt top the position of

the liquidus temperature tended towards the iso-

therm corresponding to the equilibrium eutectic

temperature as z increased and, conversely, at the

bottom of the pool the position of the liquidus tem-

perature approached the eutectic isotherm as z

decreased (as can be seen in Fig. 9). Thus, assuming

an aluminum distribution in the liquid similar to

one found in the treated layer, the heterogeneous

aluminum distribution led to a contraction of the

melt pool at the top layer and to a lengthening at

the bottom layer (as depicted in Fig. 6). By compar-

ing the position of the liquidus temperatures with

the position of the zinc melting isotherm (Fig. 9), it

can be inferred that the variation of liquidus tem-

perature across the depth had a large in¯uence on

the geometry of the solidi®cation front. The relative

positions of the liquidus temperature front and of

the aZn dendritic front (Fig. 10) reveal that solidi®-

cation undercooling had also a signi®cant e�ect on

the geometry of the solidi®cation front. The liqui-

dus temperature variation and the solidi®cation

undercooling accounted for 23% of the total length

of the solidi®cation front at the zinc rich layer.

These results show that chemical heterogeneity and

solidi®cation undercooling can strongly in¯uence

Fig. 10. Relative positions of the zinc melting temperature,
liquidus temperature front, and aZn solidi®cation front.

Table A1. Physical properties and parameters used in the calculations

Symbol De®nition Value Units Source

r0 Beam radius at z = 0 1.9� 10ÿ3 m Experimental
P Laser beam power 1500 W Experimental
Vb Beam scanning rate 5� 10ÿ3 m/s Experimental
T0 Substrate initial temperature 20 8C Experimental
r Density 6.62� 103 kg/m3 [27]
cp Speci®c heat 0.52� 103 J/kg/K [27]
aa Constant ÿ3.3 wt% Al equation (A4)
ba Constant 3.6� 10ÿ5 m2 (wt% Al) equation (A4)
ab Constant ÿ34.0 wt% Al equation (A4)
bb Constant 2.1� 10ÿ4 m2 (wt% Al) equation (A4)
ma

1 Liquidus slope for the aZn phase ÿ7.7 K/(wt% Al) [14]
Ta

* Intercept for the aZn phase (TZn) 419.6 8C [14]
mb

* Liquidus slope for the bAl phase 4.85 K/(wt% Al) [14]
Tb

* Intercept for the bAl phase 357 8C [14]
D Di�usion coe�cient in the liquid 2.04�10ÿ9 m2/s [37]
k aZn equilibrium partition coe�cient 0.24 Ð [14]
ma

s Solidus slope for the aZn phase ÿ32.2 K/(wt% Al) [14]
TÇ Cooling rate (at z = 0.425 mm) ÿ461 K/s equation (A1)
G Temperature gradient (at z = 0.425 mm) 1.48� 105 K/m equation (A1)
DT' Tip±root temperature di�erence 7.7 K [14]
C' Composition of the last liquid to solidify 5 wt% Al [14]
C0 Concentration at the top of bottom layer 4.020.6 wt% Al Experimental
ya Growth angle of aZn (at z = 0.425 mm) 2825 degree Experimental
Va aZn dendrites growth rate (at z = 0.425 mm) 4.4� 10ÿ3 m/s equation (A10)
Ga aZn phase Gibbs±Thompson coe�cient 1.1� 10ÿ7 Km [38]
Gb bAl phase Gibbs±Thompson coe�cient 0.9� 10ÿ7 Km [38]
ma

eu Liquidus slope for aZn at eutectic point ÿ7.7 K/(wt% Al) [14]
mb

eu Liquidus slope for bAl at eutectic point 10.1 K/(wt% Al) [14]
DC Length of eutectic equilibrium tie line 15.7 wt% Al [14]
f Eutectic volume fraction of aZn at Teu 0.68 Ð Estimated
Fa a eutectic cusp angle 30±80 degree Estimated
Fb b eutectic cusp angle 30±80 degree Estimated
yeu Growth angle (Fig. 3(b)) 2123 degree Experimental
Veu Eutectic cells growth rate 4.7� 10ÿ3 m/s equation (A10)
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the geometry of the solidi®cation front, changing
the local growth rate.

5.2. Experimental con®rmation

The arm spacings of the aZn dendrites were calcu-
lated for regions adjacent to the intermediate layer.
The primary and secondary dendrite arm spacings

(l1 and l2) were calculated, respectively with Kurz
and Fisher's [32] and Feurer and Wunderlin's [33]
models. The eutectic spacing at the intermediate

layer was determined using Jackson and Hunt's
model [34]. Since the growth rate of the bAl den-
drites could not be determined, the corresponding
interdendritic spacings were not calculated. All par-

ameters and properties used to calculate the theor-
etical spacings are listed in Table A1 (Appendix).
The calculated primary and secondary arm spacings

of the aZn dendrites as well as the lamellar spacing
of the intermediate layer eutectic are presented in
Table 1. Jackson and Hunt's model also enabled to

obtain the following results: 48C< D Teu < 68C
and 7 mm3/2 sÿ1/2 < l V1/2

eu < 10 mm3/2 sÿ1/2. The
temperature at the eutectic front was found to lie
between 375 and 3778C (TeuÿDTeu), which is in

agreement with the temperature determined for the
aZn dendrite tips situated nearby (TmZn

+ C0m
1
aÿ

DTt = 3748C).
A reasonable agreement was obtained between

the experimental spacings and the theoretical pre-
dictions (Table 1). In the case of l1 and l2 this

agreement attests to the acceptable simulation of
the temperature ®eld, from which some of the par-
ameters used in the calculations (G and TÇ ) were de-

rived. As for l, the experimental con®rmation of
the theoretical value corroborates the mean under-
cooling determined for the eutectic layer (D Teu).
Liu and Jones presented in [17] the eutectic coupled

zone for the Zn±Al system and, according to these
authors, a 6.2 wt% Al alloy should solidify with a
lamellar structure for a 4.7 mm/s growth rate (see

Table A1). The calculated values for l V1/2
eu are simi-

lar to the value presented by Liu and Jones in [17]
for the 5 wt% Al alloy (7.1 mm3/2 sÿ1/2). The under-

cooling at the aZn dendrite tips was determined as a
function of the theoretical tip radius [equation
(A7)]. Therefore, since in regions adjacent to the in-
termediate layer the aZn dendrite tips were visible

(Fig. 5), by comparing the tip radius calculated for
that region, 0.3 mm, with the dimensions of the
observed tips, it was possible to indirectly assess the

propriety of the undercooling established for that
depth, 158C.
As the temperature ®eld was calculated with a

simple heat conduction model, some important
physical processes were not taken into consider-
ation. In fact, Ashby and Easterling's model does

not incorporate the e�ect of phase changes, there-
fore the discontinuity of heat ¯ux across the moving
interface, owing to phase transitions, was ignored.
Furthermore, the e�ect of thermal conductivity

variation due to chemical and temperature hetero-
geneity was not evaluated and the existing ¯uid

¯ow was neglected. Several numerical models have
been developed to take proper account of some of
these physical processes. However, the in¯uence of

the composition variation and the in¯uence of the
bAl solid cap on heat conduction and on ¯uid
dynamics cannot be easily treated. On the other

hand, the use of a simple heat conduction model
and its subsequent calibration (Fig. 7) seem to have
resulted in an acceptable simulation of the tempera-

ture distribution, since the predicted values of l1
and l2 are in reasonable agreement with the ones
obtained experimentally.
In the calculation of D Tt (z), in spite of the com-

position and growth rate variations over the depth,
each point of the solidi®cation front was treated as
an individual alloy, which was not a�ected by the

behavior of its neighborhood. Steady-state con-
ditions were assumed, ignoring the ¯uctuations in
solidi®cation speed which caused the banded struc-

ture [Fig. 3(a)]. Moreover, the average growth
direction of the dendrites was assumed to be per-
pendicular to the liquidus temperature front, conse-

quently, no crystallographic considerations were
taken into account in the determination of the den-
dritic growth rates. However, in spite of these
assumptions and simpli®cations, the solidi®cation

behavior of the aZn dendrites seems to have been
reasonably described since the radii of the tips
observed experimentally were comparable to the

calculated ones.

6. CONCLUDING REMARKS

The structural and compositional strati®cation
observed was a consequence of the de®cient Al

redistribution in the melt. The experimental results
indicate that homogenization may be di�cult in
systems where the injected element has a higher

melting point and a lower density than the sub-
strate. In such cases, thermocapillarity induced con-
vection can be impeded if the top of the bath starts

to solidify (due to its higher melting point) and the
buoyancy forces, resulting from the di�erence in
density between the injected material and the sub-
strate, contribute to strati®cation. Chemical hetero-

geneity and the dendritic undercooling were found
to have a strong in¯uence on the shape and pos-
ition of the solidi®cation front. A reasonable agree-

ment was obtained between the experimental and
predicted characteristic dimensions of the micro-
structure. The undercooling determined for the aZn
dendrite tips (near the intermediate region) corre-
sponded to calculated tip radii comparable to the
dimensions of the tips observed experimentally. In

the case of l1 and l2, the agreement between the
theoretical and the experimental values attested to
the acceptable simulation of the temperature distri-
bution.
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APPENDIX

Modeling the in¯uence of composition heterogeneity on
solidi®cation mechanisms

Establishing the temperature ®eld

Ashby and Easterling [28] showed that the solution to the
heat conduction equation, for the case of a laser beam
tracking the surface of a solid, can be well approximated
by a simple analytical equation. According to these
authors, in steady state and for x>> r20Vb /4a, the
equation for a T1 isotherm in the medial plane of the
track (y= 0) plane is given by:

T�z; x� � T0 � AP

2pk

� �
1

x
exp ÿVb�z� z0�2

4ax

� �
�A1�

with

z0 �
������������������
r0
e

���������
par0
Vb

rs
�A2�

where t is the time, r0 is the beam half-width, a is the ther-
mal di�usivity, T is the temperature, z is the depth below
surface, Vb is the laser beam scanning velocity, x is the
scanning direction (x= Vbt), T0 is the initial temperature
of the substrate, A is the absorptivity, P is the beam
power and k is the thermal conductivity.
The values of the parameters and properties used in the

calculation of the temperature ®eld are listed in Table A1.
Owing to the lack of suitable data for Zn±Al alloys, the
values of the physical properties used, except thermal con-
ductivity and the absorption coe�cient, were those for
liquid zinc at melting temperature. Absorptivity was estab-
lished by making the maximum depth of the calculated
zinc melting isotherm (419.68C [14]) match the depth of
the traces. The depth of the traces produced with a con-
stant powder feed rate of 0.06 g/s was 1.4720.22 mm (30
measurements) and the maximum value of the 419.68C iso-
therm corresponded to this experimental molten depth for
an absorptivity value of 0.17. This type of procedure has
been used to establish the ``absorption coe�cient'' when
the fraction of absorbed energy cannot be reasonably
determined [21, 35].
The geometry of the solidi®cation front, calculated for the

bottom layer, was made to coincide with the range of ex-
perimental shapes de®ned by the banded structure
[Fig. 3(a)]. This was done by iteratively modifying the cal-
culated temperature ®eld, using thermal conductivity as
adjusting parameter. A good agreement was obtained with
k= 28 W/m/K; the process was initialized with k= 60
W/m/K, which is the thermal conductivity for pure
zinc [27]. The condition x>> r20Vb /4a was valid for the
region studied.
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Determining the position of the liquidus temperature front

Since the chemical composition variation over the depth
C0(z) was known (Fig. 4), the position of the equilibrium
liquidus temperatures (Tl) in the y= 0 plane could be
established from the Zn±Al equilibrium phase diagram
and the temperature ®eld:

T i
1 Ci

0�z�
� � � T�z; x� �A3�

with T(z,x) being given by equation (A1) and i corre-
sponding to each dendritic layer; being a for the bottom
layer and b for the top layer. The following equation was
®tted to the experimental composition pro®les obtained at
the dendritic layers:

Ci
0�z� � ai � bi

�z� z0�2
�A4�

where ai and bi are constants and i corresponds to the top
or the bottom layer. The curves are presented in Fig. 4
together with the experimental data. In the case of linear
liquidus lines:

T i
1 Ci

0�z�
� � � T i

� �mi
1C

i
0�z� �A5�

where mi
1 are the liquidus slopes and Ti

* are the intercepts
for 0 wt% Al. Since equation (A5) is not in a tractable
form, it was modi®ed to the following equivalent system:

�z� z0�2 �
AP

2pk
j exp ÿVb

4a

� �
ÿmi

1bi

T i
� �mi

1ai ÿ T0

x � �z� z0�2
j

�A6�

which was solved using j as a free parameter. The pos-
ition of the liquidus temperatures in the melt pool was
then given by equation (A6) (Fig. 9). The use of equation
(A4) as the composition ®tting curve enabled to solve
equation (A5); good correlation was obtained (ra = 0.978
and rb = 0.947) showing that this approach was plausible.
All the values of parameters and physical properties used
in the calculations can be found in Table A1.

Determining the position of the aZn solidi®cation front

In directional or constrained growth, if the local equili-
brium condition is satis®ed, the dendrite tip undercooling
D Tt can be given by [36, 37]:

DTt � DTs � DTR � kDT0Iv�Pe�
1ÿ �1ÿ k�Iv�Pe� �

2G
R

�A7�

with

Pe � RV

2D
and Iv�Pe� � Pe:exp�Pe�E�Pe� �A8�

where D Ts is the undercooling required for solute di�u-

sion, D TR is the undercooling due to capillarity e�ects, G
is the Gibbs±Thompson coe�cient, R is the dendrite tip
radius, k is the equilibrium partition coe�cient, D T0 is
the liquidus±solidus range, Pe is the PeÂ clet number for
solute di�usion, V is the dendrite tip velocity, D is the
solute di�usion coe�cient in the liquid and E(Pe) is the
exponential integral function.

Kurz, Giovanola and Trivedi [29] proposed the following
relationship for constrained dendritic growth with well
de®ned secondary arms at moderate growth rates:

R �
����������������������������������������������������
4p2GD�1ÿ �1ÿ k�Iv�Pe��

DT0Vk

s
�A9�

The undercooling at the aZn dendrite tips was calculated
using equation (A7). Since equations (A8) and (A9) are
strongly interrelated, an iterative method was used to ®nd
the values of R and Pe at each depth. The calculations
were initialized with R= 10ÿ7 mm. All physical properties
and parameters were considered to be constant (Table A1),
except D T0 and V, which varied continuously with the
depth. The D T0 values were determined from linearization
of the aZn liquidus and solidus lines; the correspondence
with z was made through the chemical composition Ca

0(z),
given by equation (A4). It was assumed that on average
the growth direction of the aZn dendrites was perpendicu-
lar to the liquidus temperature front and the values of
V(z) were calculated from:

V � Vb cos y �A10�
where y is the angle between the scanning direction and
the normal to the liquidus temperature front. The values
taken by y at each depth were determined from the local
slope of the curve de®ned by equation (A6). The values of
Iv(Pe) were obtained numerically.

The position of the aZn dendrite tips in the y= 0 plane is
then given by the following equation:

Ta
1 Ca

0�z�
� �ÿ DTt�z� � T�z; x� �A11�

which is equivalent to:

�z� z0�2 �
AP

2pk
j exp ÿVb

4a
j

� �
ÿma

1ba

Ta
� �ma

1aa ÿ T0 ÿ DTt�z�

x � �z� z0�2
j

�A12�

Twenty-®ve experimental curves, which de®ned successive
longitudinal positions of the solidi®cation front at the aZn
dendritic layer, were digitalized from photomicrographs of
tracks produced with constant 0.06 g/s powder feed rates.
The position of the aZn dendrite tips, given by equation
(A12), was made to lie within the range of experimental
positions (Fig. 8) by iteratively modifying the calculated
temperature distribution using k as adjusting parameter
(see Fig. 7).
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