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a b s t r a c t

Aluminium was laser clad on a pure zirconium substrate using the blown powder
method. The microstructure across the laser-clad coating was studied. Starting from the
bottom to the top surface of the coating, a series of phase evolutions had occurred:
(Zr) → (Zr) + AlZr2 + AlZr3 → Al4Zr5 + Al3Zr2 → Al3Zr2 + AlZr2 → Al2Zr → Al2Zr + Al3Zr. This resulted in
eywords:
aser cladding
luminium
irconium
hase evolution

an epitaxial columnar crystal growth at the re-melt substrate boundary, a band of backward growth
Al3Zr2 dendrites towards the lower half of the coating, and a two-phase eutectic dendritic growth of
Al2Zr + Al3Zr towards the top of the coating. The evolution of the various phases and microstructures is
discussed in conjunction with the Al–Zr phase diagram, the criteria for planar interface instability, and
the theory of eutectic growth under rapid solidification conditions (the TMK model).
ntermetallics
endrite growth

. Introduction

The results of previous research studies on the laser cladding of
arious metals on Mg-based substrates have shown that the tech-
ique is capable of improving the corrosion and wear resistance
f magnesium alloys [1–4]. An essential factor for the success of
aser cladding is the achievement of a strong metallurgical bond
ver the entire interface between the substrate and the clad-layer,
ith a limited amount of Mg going to the coating. The main chal-

enges for achieving a high performance coating are to overcome
he high chemical reactivity, the relatively low melting and boil-
ng points of Mg-alloys, a high level of dilution of the coating, and
ltimately to produce a defect-free coating with a strong met-
llurgically bonded interface. Previous studies have also shown
hat it is difficult to overcome the above problems and obtain
ood corrosion and wear properties by laser cladding of a sin-
le alloy composition on Mg alloys. Very often an interlayer, such
s Al, needs to be laser deposited between the Mg substrate and
he top protective coating in order to obtain a desirable coating
5]. In fact, in formulating the composition of the coating, prop-

rties such as the melting and vaporization temperatures, the
olidification behaviour as well as the corrosion properties are
mportant factors to be considered. The main reasons for choos-
ng Al are that its melting point is only slightly higher than that
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of Mg and is lower than the vaporization point of Mg. This avoids
excessive boiling of the Mg substrate and the creation of an exten-
sive melt pool. Actually, aluminium is a commonly used alloying
element for casting alloys of magnesium. As far as the cladding
of aluminium on magnesium is concerned, previous work has
shown that good interfacial bonding and good quality coatings
can be produced [6,7]. Recently, Yue et al. [5] studied the solid-
ification behaviour and phase evolution in the laser cladding of
aluminium on magnesium substrates. However, the results of these
studies also show that the problem of the high level of dilution
cannot be easily overcome if only Al is used as the coating mate-
rial.

In the course of the development of the cladding technique and
the selection of suitable anti-corrosion coating alloys for Mg-based
substrates, it was found that laser cladding of compositionally
graded coatings on magnesium can bring further improvement in
corrosion and wear resistance [4]. It is envisaged that cladding of
a graded coating of Zr/Al on Mg substrates would result in signif-
icant improvement in corrosion resistance. Zr is chosen because
it lies at the noble end of the galvanic series of metals in seawa-
ter. Moreover, it has excellent corrosion resistance in salt-laden
environments [8]. This paper forms part of a wider study that inves-
tigates laser cladding of graded Zr/Al coatings on Mg substrates,

and focuses on studying phase evolution in the rapid solidifica-
tion of Al on Zr; while the study of the solidification behaviour
and the evolution of the microstructure in laser cladding of alu-
minium on magnesium substrates has been reported previously
[9].

dx.doi.org/10.1016/j.jallcom.2010.12.173
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mftmyue@inet.polyu.edu.hk
dx.doi.org/10.1016/j.jallcom.2010.12.173
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Table 1
The laser processing parameters.

Laser power
(kW)

Scanning velocity
(mm/s)

Laser beam
diameter (mm)

Powder feeding
rate (g/min)
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. Experimental details

The laser cladding was carried out using a 4 kW continuous wave CO2 laser from
rima North America Inc., which was equipped with a four-axis numerical control
orking table and a lateral powder feeder nozzle. In this study, the focal diameter of

he laser beam was 3 mm, and the scanning rate was 10 mm/s. The experiment was
onducted inside a controlled-atmosphere glove box, where high-purity argon gas
as continuously supplied at a flow rate of 10 l per minute during the experiment

o prevent the molten metal from oxidizing. The laser cladding experiment was
onducted on a commercially pure zirconium (99.5 wt.%) substrate which had a
urface area of 40 mm × 40 mm, and the coating powder was 99.9 wt.% pure Al with
mesh size of 200–300. Prior to the laser cladding experiment, the Al powder was
ried in a vacuum oven for 24 h. In the experiment, the laser beam was directed
nto the substrate to create a shallow molten pool, and the Al metal powder was
elivered into the pool using a lateral powder feeder, with the aid of the flow from an
rgon gas jet. The feed angle between the substrate and the powder feeder nozzle
as 60◦ . The metal powder was melted and subsequently re-solidified to form a

aser-clad track. In order to create a coating, multi-tracks were produced with an
verlapping percentage of 30%, and two layers were deposited. The total thickness

f the coating was about 350 �m. A summary of the laser processing parameters is
iven in Table 1. The specimens for microscopic study were ground with a series of
mery papers and then polished with 1 �m diamond abrasives. The microstructure
f the material was revealed using a JEOL scanning electron microscope equipped
ith energy dispersive X-ray spectroscopy (EDX), and the specimens were in the
netched condition.

Fig. 1. Relationships between the composition profile, Al–Zr binary phase di
mpounds 509 (2011) 3705–3710

3. Results and discussion

3.1. Solidification of zone [I]

Fig. 1 shows the inter-relationship between the microstructure
(Fig. 1a), the composition gradient across the coating (Fig. 1b), the
Al–Zr binary equilibrium phase diagram (Fig. 1d), and the proposed
solidification process during laser deposition of the second layer
(Fig. 1c). The results of the EDX analysis (Fig. 1b) along the verti-
cal direction of the coating show that with the deposition of Al,
the concentration of Zr decreased to about 30 at.% towards the
top surface of the coating [zone V]. Within such a compositional
range, and according to the Al–Zr phase diagram, a series of reac-
tions, eutectic, eutectoid, peritectic, and peritectiod, would have
occurred. To investigate the phase evolution during laser depo-
sition, the microstructure along the compositional gradient was
studied using SEM. Figs. 2(a–f) show the backscattered SEM images
of the microstructure of a cross section perpendicular to the coating.
Figs. 2(b–f) correspond to the regions labelled [I]–[V] in Fig. 1a. The
results of the EDX analysis of the phase composition at locations
marked 1–7 are given in Table 2, which also presents the sug-
gested phases based on the information of the Al–Zr phase diagram
(Fig. 1d).

The microstructure close to the zirconium base is shown in

Fig. 2(a), and reveals that a metallurgical bond was formed at the
Zr/Al interface with no major solidification defects. An enlarge-
ment of the coating microstructure close to the re-melt boundary
is shown in Fig. 2(b), which has a concentration of about 22 at.%Al.
In this region, the microstructure comprises the phases of solid

agram and the corresponding microstructure in the laser-clad coating.
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ig. 2. Backscattered images of the Al–Zr coating showing the microstructure acros
nlargement of (a), corresponding to zone [I] with 21.6 at.%Al, (c) corresponding to z
o zone [IV] with 54.3 at.%Al, and (f) corresponding to zone [V] with 68.6 at.%Al.
olution �(Zr) in dendritic form, AlZr3 and AlZr2 intermetallics.
he �(Zr) phase exhibits epitaxial columnar crystal growth. This
s different from the planar growth that is often obtained at the

able 2
ummary of element analysis of phases marked as 1–7 in Fig. 2.

Location Composition (at.%) Phase

Zr Al

1 78.55 21.45 �(Zr)
2 77.47 22.53 AlZr3

3 67.68 32.32 AlZr2

4 53.90 46.10 Al4Zr5

5 41.02 58.98 Al3Zr2

6 36.20 63.80 Al2Zr
7 28.79 71.21 Al3Zr
compositional gradient, (a) regions close to the re-melt substrate boundary, (b) an
] with 30.4 at.%Al, (d) corresponding to zone [III] with 42.9 at.%Al, (e) corresponding

re-melt boundary of a substrate in laser melting and cladding [10].
For directional solidification, the interface morphology will nor-
mally change from planar → cell → dendrite → cell → planar with
increasing solidification velocity. In laser cladding and forming,
the solidification velocity increases from zero at the bottom of the
molten pool to a value close to the scanning velocity at the top;
whereas, the temperature gradient is highest at the bottom of the
molten pool and decreases towards the top of the molten pool. The
bottom of the molten pool is where the solidification velocity has
the lowest value, therefore a continuous planar growth normally
occurs there. However, it has been demonstrated that under the

conditions where the primary dendrite arm spacing is similar to
the perturbation wavelength of instability of the planar growth,
and if the growth orientation of the crystals in the melt pool is close
to that of the underlying crystal, then epitaxial growth will prevail
[10]. To examine the solidification condition in the present study of
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Table 3
Physical parameters used for the calculation of the predicted critical perturbation
wavelength (�C), and the fastest growth perturbation wavelength (�F) as a function
of the solidification velocity of primary �(Zr) phase.

Nominal composition (at.% Al) 21.6
Liquidus temperature (K) 1796.17
Gibbs–Thomson coefficient 3.68 × 10−7

Equilibrium partition coefficient 0.595
Liquidus slope (K at.%−1) 18.68
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Fig. 3. The predicted critical perturbation wavelength (�C), and the perturbation
wavelength with a maximum amplification rate (�F) as a function of the solidifica-
Thermal diffusivity (m s ) 9 × 10
Activation energy for solute diffusion (J/mol) 4.7883 × 104

Prefactor of solute diffusion coefficient (m2/s) 7.96 × 10−8

Temperature gradient in solid and liquid (K/m) 106

hether epitaxial growth would occur, an analysis of planar inter-
ace stability based on the work of Trivedi and Kurz, was conducted
11]. In fact, they have extended the linear perturbation theory of

ullins and Sekerka [12] to the case of large thermal Peclet Num-
ers. According to Trivedi’s analysis, the critical stability condition
or a planar interface can be expressed as:

0GC�C − �ω2 − (K̄SGS�S + K̄LGL�L) = 0 (1)

here,

C = − (1 − k0)VC0

DL
(2)

L = ωL − V/aL

K̄SωS + K̄LωL

(3)

S = ωS − V/aS

K̄SωS + K̄LωL

(4)

C = ωC − V/DL

{ωC − (V/DL)(1 − k0)} (5)

¯ S = KS

KS + KL
; K̄L = KL

KS + KL
(6)

ωC = V
2DL

+
[(

V
2DL

)2 + ω2
]1/2

;

ωL = V

2aL
+

[(
V

2aL

)2
+ ω2

]1/2

;

ωS = − V

2aS
+

[(
V

2aS

)2
+ ω2

]1/2

(7)

Whereas, ω = 2�/� is the wave number, � is the perturbation
avelength, k0 and m0 are the equilibrium partition coefficient

nd the liquidus slope, respectively. � is the Gibbs–Thomson coef-
cient, KS and KL are the thermal conductivities in the solid and

iquid, respectively; while aS and aL are the thermal diffusivities in
he solid and liquid, respectively. GS and GL are the temperature
radients in the solid and liquid at the unperturbed solid/liquid
nterface, respectively. DL is the diffusion coefficient of solute in
iquid, GC is the solute concentration gradient in liquid at the unper-
urbed interface, and C0 is the nominal concentration. Now, the
ritical perturbation wavelength for developing planar interface
nstability can be obtained by solving Eqs. (1)–(7).

Based on the above analysis, the predicted critical perturbation
avelength (�C), and the fastest growth perturbation wavelength

�F) were obtained (Fig. 3) as a function of the solidification velocity
f the primary �(Zr) phase (22 at.%Zr), where the physical param-

ters used for the calculations are given in Table 3. The primary
endrite arm spacings of the Zr substrate and the �(Zr) phase
djoining the re-melt boundary were measured to be 7.1 �m and
.7 �m, respectively; they are also included in Fig. 3. The results
how that the measured primary arm spacing of the substrate,
tion velocity of primary �(Zr) phase at a cooling rate of 106 K/m. � is the measured
dendrite arm spacing of the Zr substrate and� is the measured dendrite arm spacing
of the �(Zr) phase.

the measured dendrite spacing of the �(Zr) phase, and the wave-
length of the initial fastest growth perturbation are very close to
each other. This means that crystals at the re-melt boundary are
favourable sites for the development of perturbations. On the other
hand, the solute atoms that are rejected to the perturbation front
will suppress the development of a continuous planar layer. As a
result, perturbations will grow with a similar morphology as the
underlying crystals, and continuing epitaxial dendrite growth of
�(Zr) phase from the substrate was therefore obtained.

3.2. Solidification of zones [II]–[IV]

At a further distance away from the Zr interface (zone II), the
dendritic character of the Zr-rich solid solution phase becomes less
apparent and its amount is reduced, while the amount of the AlZr3
intermetallic compound is increased (Fig. 2c). The AlZr2 phase is
also commonly surrounded by the greyish black AlZr3 phase. This
can be explained by considering the Zr–Al phase diagram (Fig. 1d)
at a composition of 30 at.%Al, where the relatively high Al con-
tent would decrease the stability of the primary �(Zr) phase and
lead to the peritectiod reaction of AlZr2 + �(Zr) → AlZr3. The encir-
clement of the AlZr2 phase is believed to be due to non-equilibrium
peritectoid transformation.

When the Al content reaches a level of 43 at.%Al (zone III), the
microstructure mainly consists of Al4Zr5 and Al3Zr2 intermetallics
(Fig. 2d). The Al3Zr2 phase grew in the form of directional den-
drites, but it is interesting to note that its growth direction was
opposite to the composition gradient and was towards the Zr sub-
strate. Towards the end of the solidification in this zone, some fine
Al3Zr2–Al4Zr5 eutectic structures were formed. As the Al concen-
tration increased further along the compositional gradient, i.e. zone
[IV], bulky Al3Zr2 dendrites were found, and lying above these den-
drites a layer of blocky Al2Zr intermetallic compound was found.
It is believed that the blocky Al2Zr zone was formed during laser
cladding of the first Al layer. During laser cladding of the second Al
layer, some relatively low melting point materials, including inter-
metallics, lying underneath this zone, were melted. This is highly
possible because Al2Zr has a high melting point of 1660 ◦C which
is the highest among the Al–Zr intermetallics, according to phase

diagram (Fig. 1d) [13]. Now, once a liquid phase is present around
the Al2Zr phase, a peritectic reaction Al2Zr + L → Al3Zr2 occurs, and
thus leads to the formation of these bulky Al3Zr2 dendrites. How-
ever, due to non-equilibrium transformation, some small blocks of
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and �T0 is the freezing range of the alloy. The physical parame-
ters used for the calculation of the Al2Zr + Al3Zr two-phase dendrite
spacing are given in Table 4. The calculated spacing of the two-
phase dendrite was 7.6 �m, which agrees reasonably well with the
measured mean value of 10.4 �m.

Table 4
Physical parameters used for the calculation of interfacial temperature, growth
velocity, and dendrite arm spacing of Al2Zr + Al3Zr.

Eutectic composition (at.% Al) 72
Eutectic temperature (K) 1773.15
Volume fraction of Al2Zr phase 0.36
Length of eutectic line (at.% Al) 5.44
Equilibrium liquidus slope of Al2Zr phase (K/at.%) 45.22
Equilibrium liquidus slope of Al3Zr phase (K/at.%) 44.14
Capillarity constant of Al Zr phase (mK) 1.88 × 10−7
T.M. Yue et al. / Journal of Alloys a

ntransformed Al2Zr (marked X in Fig. 2e) can been seen to have
urrounded by the bulky Al3Zr2 phase. With a further decline in
emperature upon cooling, the remaining liquid would enter into a
ypereutectic region of the Al4Zr5–Al3Zr2 system (Fig. 1d), which
eans that Al3Zr2 crystals can nucleate directly on the surface of

he peritectic product of bulky Al3Zr2 and form finer dendrites with
growth direction towards the Zr substrate (Figs. 2d and e). Finally,
hen the eutectic temperature is reached, the Al4Zr5–Al3Zr2 eutec-

ic structure is formed (Fig. 2d).

.3. Solidification of zones [V]

When the concentration of Al reaches a level of 69 at.%Al, that
orresponds to the region of the Al2Zr–Al3Zr eutectic system in the
r–Al phase diagram (Fig. 1 d), Al2Zr dendrites and the Al2Zr + Al3Zr
utectic should have formed upon solidification. However, the
icrostructure shown in Fig. 2f (zone V), reveals that a kind of

pitaxial growth of two-phase dendrite of Al2Zr + Al3Zr developed
irectionally in a vertical direction towards the top surface of the
oating. This is considered to be due to the non-equilibrium effect
f laser rapid solidification. To understand the eutectic growth
ehaviour of the Al2Zr–Al3Zr system, the growth condition was
nalysed using the TMK model [14], which predicts eutectic growth
nder rapid solidification conditions. Using the model, the eutectic

nterface temperature can be calculated by the relation,

e = Teut + �Te (8)

here Teut is the nonequilibrium eutectic temperature, and �Te is
he nonequilibrium eutectic undercooling, which can be solved by
he following two equations:

2
eV = aL

Q L
(9)

e�Te = maL
[

1 + P

P + �(∂P/∂�)

]
(10)

here �e is the lamellar spacing, and the definitions of the other
erms are as follows:

L = 2
{(aL

1/fm1) + (aL
2/((1 − f )m2))}

F(k	)
(11)

L = 1 − k	

f (1 − f )DL

[
P + �

∂P

∂�

]
(12)

= m1m2

m1 + m2
F(k	) (13)

(k	) = 1 + k0 − k(1 − ln(k	/k0))
1 − k0

(14)

	 = k0 + V/VD

1 + V/VD
(15)

+ ∂P

∂�
=

∞∑
n=1

(
1

n�

)3

[sin(n�f )]2

×
[

Pn√
1 + p2

n − 1 + 2k	

]2
Pn√

1 + p2
n

(16)

n = 2n�
(17)
Pe

here f is the volume fraction of the Al2Zr phase associated with
he Al2Zr + Al3Zr eutectic, aL

1 and aL
2 are the capillarity constants

f the Al2Zr and Al3Zr phases, Pe is the solutal Peclet Number for
utectic growth, m1 and m2 are the equilibrium liquidus slopes
Fig. 4. Relationship between eutectic interface temperature (Te) and growth veloc-
ity of the Al2Zr + Al3Zr eutectic (V).

of Al2Zr and Al3Zr phases, respectively. VD = Di/a0 is the interface
diffusivity speed, with a0 being the characteristic interface thick-
ness and Di the solute diffusivity across the interface. The physical
parameters used for the calculations of the interfacial temperature
and growth velocity are given in Table 4, and the results are pre-
sented in Fig. 4, in which, a maximum growth velocity of 14 mm/s
with a sudden drop in eutectic interface temperature is predicted.
The results suggest that beyond this maximum growth velocity,
a cooperative lamellar structure cannot be obtained. According to
the experimental conditions of this study, the laser scanning veloc-
ity was 10 mm/s, and is close to the predicted maximum growth
velocity. Thus it is highly possible that in this study, the maximum
growth velocity was exceeded and thus resulted in a two-phase
dendrite growth instead of a cooperative lamellar structure.

The dendrite arm spacing of the structure was also determined
using the Hunt-Lu model [15,16]:

�d = min

{
24V ′−1, 5.0V ′−b

(
1 − G′

V ′

)0.5

G′−2(1−b)/3

}
(18)

where

b = 0.3 + 1.9G′0.18 (19)

G′ = G�k

�T2
0

(20)

V ′ = V�k

D�T0
(21)
2

Capillarity constant of Al3Zr phase (mK) 3.35 × 10−7

Prefactor of diffusion coefficient (m2/s) 7.96 × 10−8

Activation energy for solute diffusion (J/mol) 4.7883 × 104

Equilibrium partition coefficient of Al2Zr phase 1 × 10−6

Equilibrium partition coefficient of Al3Zr phase 1 × 10−6
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. Conclusions

An aluminium coating with a compositional gradient of
p to 68.6 at.%Al was fabricated on a Zr substrate using laser
ladding. A metallurgical bond with no major defect was formed
n the Zr substrate. Within this wide composition range, a
eries of phase evolutions occurred, starting at the re-melt sub-
trate boundary to the top of the coating: (Zr) → (Zr) + AlZr2 +
lZr3 → Al4Zr5 + Al3Zr2 → Al3Zr2 + AlZr2 → Al2Zr → Al2Zr + Al3Zr.
wo interesting phenomena have been noticed: backward den-
ritic growth of the Al3Zr2 phase occurred towards the lower half
f the coating, and a two-phase Al2Zr + Al3Zr eutectic dendritic
tructure towards the top coating. The former is believed to be
ue to the remelting of some relatively low melting point phases
f the first deposited layer, and its formation mechanism can
e explained in terms of the products of the peritectic reaction
l2Zr + L → Al3Zr2 and a direct crystal growth from the peritectic
eaction product of Al3Zr2. As for the Al2Zr + Al3Zr two-phase
endrite, its growth mechanism can be attributed to the condi-

ion that the experimental growth velocity was higher than the

aximum growth velocity for a cooperative lamellar structure.
he primary dendrite arm spacing of the two-phase Al2Zr + Al3Zr
utectic structure was calculated using the Hunt-Lu model, and
he result agrees reasonably well with the measured value.
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