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This paper reports on laser surface remelting experiments performed on a Zn—2wt.%Cu hypoperitectic alloy by

employing a 5kW CW CO2 laser at scanning velocities between 6 and 1207mm/s. The growth velocities of the mi-

crostructures in the laser molten pool were accurately measured. The planar interface structure caused by the high

velocity absolute stability was achieved at a growth velocity of 210 mm/s. An implicit expression of the critical solidifi-

cation velocity for the cellular—planar transition was carried out by nonlinear stability analyses of the planar interface.

The results showed a better agreement with the measured critical velocity than that predicted by M-S theory. Cell-free

structures were observed throughout the whole molten pool at a scanning velocity of 652 mm/s and the calculated

minimum temperature gradient in this molten pool was very close to the critical temperature gradient for high gra-
dient absolute stability (HGAS) of the n phase. This indicates that HGAS was successfully achieved in the present

experiments.
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1. Introduction

The morphologic instability of a growing
solid/liquid interface is the origination of all solidifica-
tion pattern evolution. Experimental and theoretical
studies on solidification morphologic instability have
been performed in the last several decades. In the
1960s, Mullins and Sekerka firstly performed the rig-
orous linear kinetic stability analysis on the planar
liquid—solid interface for a dilute binary system and
low Peclet number.[*2 With their efforts, the famous
M-S theory was presented in 1964, which predicted
the probability of the high velocity absolute stability
(HVAS). Since then, some important advances have
been made in fundamental understanding of interface
morphologic stability: a more complete stability anal-
ysis was proposed and extended for large Peclet num-
bers by Trivedi and Kurz,!®! nonlinear stability analy-
ses were carried out by Wollkind and Segel,!*! Langer
and Turski 56 and the others("8] and nonsteady state
interface stabilities were researched by Warren and
Langer® and Lin et al'%'1] In 1997, a further anal-

ysis of the M-S stability criterion which was per-
formed by Ding et al predicted a new phenomenon,
the high gradient absolute stability (HGAS). It means
that when the temperature gradient exceeds a critical
value, the solidification interface becomes absolutely
stable no matter how large the solidification velocity
is.[12]

Although major progress on microstructure evolu-
tion has been made, both theoretical and experimental
researches have been focused on the HVAS of single
phase alloy.[l?’_lﬁ] Until now, there have been few ex-
perimental investigations on HVAS of multi-phase al-
loy and the HGAS. With the development of laser sur-
face remelting technology, it is possible to experimen-
tally achieve above processes on peritectic alloy to in-
vestigate the interface stability of a peritectic system,
which is favoured for providing experimental founda-
tion for the establishment of precise and quantitative
solidification theory of the aforementioned system.

During laser surface remelting, there is an ex-
tremely high temperature gradient (> 10° K/m) in the
melting pool and the local growth rate can also reach
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a very high value (> 1 m/s). Furthermore, one could
obtain unidirectional growth structures by adjusting
processing parameters. In the melting pool, the lo-
cal growth rate can be determined directly by vy =
vy, cos 6, where 6 is the angle between the laser beam
scanning velocity vy, and the local interface growth

[17] and the local temperature gradient can

velocity v,
be determined by numerical calculations.®! So it is
possible to compare the experimental results with the
theoretical predictions of the HVAS and HGAS.

This paper reports on laser surface remelting
experiments performed to investigate the interface
stability under ultra-high temperature gradient and
growth velocity of a hypoperitectic Zn-2 wt.%Cu al-
loy. This alloy was selected due to its narrow solidi-
fication temperature interval and its rather complete
and credible thermophysical parameters. In this pa-
per, the angle § was measured by a sampling method

similar to the one adopted by Pan et al.[*?]

2. Experimental details

Zn—2 wt.% Cu alloy was prepared by electric re-
sistance melting of the 99.995% Zn and 99.999% Cu
in high pure corundum crucible under high pure ar-
gon atmosphere and then poured into a 14 mmx14
mmx90 mm rectangular steel mould with chalk pow-
der coating. In order to remove the oxide of metal on
the surface, the outer 1 mm of the ingot was milled off.
Specimens of 6 mm x 12 mm x 30 mm were cut from the
remaining ingot. All the specimens were polished up
to 500 grid SiC paper and thoroughly cleaned in ace-
tone to obtain a similar surface quality for each one.

/ laser beam

specimen

electromagnetic
pusher arm pusher
/ slide block \ /
Vp o
<= P D:
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Fig.1. Schematic diagram of the surface remelting processing.

The present experiments were conducted on a
5kW continuous wave COgz laser (Rofin-Sinar 850).
The laser beam was focused to a spot with the diame-
ter of 0.5 mm and a continuous flow of He (10L/min)
was blown onto the melting zone to prevent heavy
oxidation during the laser treatment. The specimen
was fixed on the slide block, which was floating on
an air track. While the laser treatment was pro-
cessed, the pusher arm provided an initial velocity,
vp, to the slide block. Then the slide block and the
specimen moved straightly and steadily at v, because
there was no friction on the air track. The velocity
of the block was between 6 mm/s and 1207 mm/s
in the present experiment, which was measured by a
light electric tachometer. Compared with the rotat-
ing disc method, we knew that the scanning veloc-
ity was obtained more smoothly and steadily by the
present method and a straight laser trace was eas-
ier to analyse. The schematic diagram of the laser
surface remelting processing is shown in Fig.1. After
the laser treatment, a small quantity of white floc-
cule could be observed on the surface of the samples,
which resulted from the volatilization of Zinc under
high temperature. In order to protect the operators
from zinc poisoning, a gas extractor with a filter was
placed near the laser beam during the laser treatment.

The specimens were cut along traverse and lon-
gitudinal directions of laser trace respectively. Then
the samples were polished and etched with a solution
of 100 mL of de-ionized water, 10g of Cr2O3 and 2 —3
drops of HC1. The microstructures of the samples were
observed with a Hitachi S-570 scanning electron mi-
croscope (SEM) and optical microscope. In this paper,
the angle § was measured by employing a sampling
method similar to the one adopted by Pan et al.!'*]

3. Results

Figure 2 shows the SEM micrographs of the typ-
ical microstructures in the melting pool, where the
black arrow indicates the direction of the laser beam
velocity vy. Featureless structures, which are the pla-
nar interface structure of the n phase growing under
the ultra-high temperature gradient and low growth
velocity condition, can be seen in the bottom of the
melting pool (Fig.2(a)). In the laser melting pool,
along with the increase of the distance from the bot-
tom, the growth velocity increases and the tempera-
ture gradient decreases, as illustrated in Fig.3. In the
upper section of the melting pool, due to a lower local
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temperature gradient and a higher growth rate, the
planar interface became unstable and lamellar struc-
tures appeared. With the increase of growth rate, the
lamellar structure became more regular and the lamel-
When the growth
velocity reached 108 mm/s, lamellar structure trans-

lar spacing decreased (Fig.2(b)).

formed into a kind of structure with larger width and
shallower grooves, which was identified as thin cellu-
lar structure in our previous paper,?? as shown in
Fig.2(c). As growth velocity increased to 210 mm/s,

a cell-free structure was obtained.

\ surface

bottom

A surface
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Fig.2. SEM micrographs showing the typical microstructures from longitudinal section of a laser resolidified Zn—2%Cu
alloy under solidified velocities of 6.7 mm/s (a), 31.8 mm/s (b), 108.7 mm/s (c), and 210.0 mm/s (d).
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Fig.3. Schematic map of growth velocity and tem-

perature gradient a various distances from the bottom
of resolidified pool.

Finally, when the scanning velocity exceeded 652
mm/s, there were no visible microstructures through-
out the whole molten pool (Fig.4). According to
Ref.[20], the minimum spacing of the segregation
structures, i.e. cells, dendrites or lamellar structures,
is much larger than 0.8 pm and 0.24 pm, which are the
minimum resolvable distance of Fig.4(a) and Fig.4(b),
respectively. So it reveals that there are no segrega-

tion structures in the molten pool.

A JXA-733 electron probe microanalyser was em-
ployed to measure the composition of the cell-free
structures in the melting pool at a scanning rate of
652 mm/s. The 10 measured points were randomly
chosen in the cell-free structures. The results show

that the Cu content in the cell-free structures is within
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the range of 2.19-2.37 wt.%, which is slightly higher
than the initial composition of the alloy. It can be
attributed to the volatilization of Zinc under high
temperature. Since there is no significant difference

Fig.4.

between the composition of the cell-free structures
and the initial composition, further discussions will
be based on the initial composition: 2.0 wt.%Cu.

Fully cell-free microstructures morphology at a scanning velocity of 653 mm/s: (a) optical micrograph of the

molten pool, (b) SEM micrograph of the microstructures in the molten poll.

4. Discussion

4.1. HVAS

According to the M-S interface stability theory,?!
the critical condition for the HVAS is given by
ATy Dy,
= 1
Vab kOF 3 ( )

where ko, I', Dy, and AT} are the equilibrium partition

coefficient, the Gibbs—Thomson coefficient, the solute
diffusion coefficient and the freezing range of the alloy,
respectively. For peritectic alloys, before determining
Vab, at first we should determine which phase is the
leading phase under the local solidification condition.
In our experiments, unidirectional solidification was
achieved by using laser surface remelting technique
and the nucleation process generally can be ignored
during epitaxial growth. So it is reasonable to em-
ploy the maximum interface temperature criterion to
predict the leading phase. According to the highest
interface growth temperature criterion with the as-
sumption of abundant nucleation condition, the phase
with a higher interface temperature will be the lead-
ing phase during the unidirectional solidification.[2!]
So the interface response functions (IRF) of the planar
interface of the two phases were calculated by using
the following formulae given by Refs.[22-24]:

Tp(vs) = Tt + Crmy — (RgTt/ASt)vs/vo,  (2)

— ke + aOUS/Di (3)
M ].—i—Oéo’US/Di’
1 — ko[l — In(koky
my = 1t~ Inlhoko)] (4)
1 %o

where Tt is the melting temperature of the pure com-
ponent, C} = Cy/k, is the concentration of the liquid
at the interface, R, is the gas constant, AS; is the
molar entropy of fusion, and vy is the limit of the
crystalline growth velocity, whose upper limit equals
to the velocity of sound. In equilibrium state, T, cor-
responds to the solidus temperature of the initial com-
position Cy. The parameters used for the calculations
were listed in Table 1.

The calculated results of the IRF for n and ¢
phases are shown in Fig.5. It can be seen that the
1 phase is the leading phase over the whole veloc-
ity range, so the theoretical critical velocities for the
HVAS of Zn-2 wt.%Cu alloy can be determined. It
equals to the critical velocity for the HVAS of the
7 phase, whose value is 48.2 mm/s. Attention must
be given to what the experimentally determined crit-
ical velocity, 210 mm/s, for the HVAS (as shown in
Fig.2(d)) is about 4.4 times of that predicted by M-S
theory. In the previous papers, this kind of difference
was often attributed to the effect of the possible im-
purity elements and the uncertainties of the thermo-
physical parameters.!'3=16:28=30] Ty fact, the nonlinear
instability of the planar interface is another important
reason for it.
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Table 1. Parameters for Zn—Cu diagram and thermophysical data of the phases involved solidification procedure
Parameters Value Reference
Melting point of Zn, Tz, 692.73 K [25]
Melting point of Cu, Tou 1358.02 K [25]
Peritectic temperature, T} 698.14 K [25]
Liquid composition at peritectic reaction, C} 1.7 wt.% [25]
Composition in primary e at peretectic reaction, Cs 11.7 wt.% [25]
Composition in peritectic n at peretectic reaction, Cy, 2.75 wt.% [25]
Liquidus slope of € phase, m. —17.1 K/wt.%Cu [25]
Liquidus slope of 7 phase, my, —3.19 K/wt.%Cu [25]
Equilibrium distribution coefficient of ¢ phase, ke 0.65 [25]
Equilibrium distribution coefficient of  phase (corrected), ky 0.62 [25]
Diffusion coefficient in liquid, Dr, 2.04x1079 m?2/s [26]
Diffusion coefficient in solid, Dg 1.59x10712 m?/s [27]
Gibbs-Thompson coefficient, I’ 1.1x1077 K-m [26]
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Fig.5. Calculated planar interface temperature

varies with the solidified velocity for the two phases
in solidification of Zn—2wt%Cu alloy.

In order to investigate the nonlinear instability of
the planar interface and the dynamic bifurcation of
the cellular—planar transition, an approach similar to
the one adopted by Wu et all3!! has been employed.
When a sinusoidal ripple perturbs the planar interface,
the perturbed interface equation is

z = ¢(x,t) = 6(¢) sin(wz), (5)

where §(t) is the amplitude of sinusoidal wave, w =
27\ is the frequency, and X is the wavelength. The
equations of the changed concentration and tempera-

" fi-eo(-52)]

+ (b — Ge)d sin(wz)exp(—w*z), (6)

ture field are

C(z,2,t) =Co +

/

G'D, s
T (x,2,t) =Ty + U—th [1 - exp(va—éhz)]

S

+ (a' — G")dsin(wz)exp(—wiy2),  (7)

G Dy, Vs
T(x,z,t) =Ty + [17ex (7 z)]
( ) 0 s p Dy

+ (a — G)d sin(wzx)exp(—winz), (8)

where C(z, z,t) is the instantaneous concentration of
solute in the liquid phase, Cj is the liquid phase so-
lute concentration at the unperturbed planar interface
(6 =0), T(x,2,t) and T'(z, z,t) are the instantaneous
temperature in the liquid phase and in the solid phase
respectively, Tp is the temperature of the unperturbed
planar interface, G¢ is the concentration gradient of
solute in the liquid phase at the unperturbed planar
interface, D is the diffusion coefficient of solute in the
liquid phase, D}, and Dy, are the thermal diffusivity
of the solid and liquid phase respectively, G’ and G
are the temperature gradient in the solid and liquid
at the unperturbed planar interface, respectively, and

c=gptlGp) T

w=gm - ar) +] o
Wth 2Déh 2D€h +w 9 ( )
Ve Ve \2 2}1/2
_ _ . 11
“t = S D KZDth) tw (11)

After complex algebraic derivation, an implicit
expression of the critical solidification velocity of the
bifurcation point of the cellular—planar transition was
obtained
Coo(k — 1)v,

Dk

—(Gr + Fw2)(]. +

F(ve) =m

vk

——) =0.
Dw* —’UC)

(12)

This means that when vy < v, the interface will be cell
mode and when vs > v, it will be the planar interface.
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Numerically solving Eq.(12), we obtained the crit-
ical velocity, and its value is 80.5 mm/s, which shows
a much better agreement with the experimentally ob-
tained critical velocity than that predicted by Eq.(1).

4.2. HGAS

In 1997, Ding et al performed a more rigorous
nonequilibrium analysis of the M-S theory by combin-
ing analytic method with numerical model, and found
a new stability phenomenon.[*?l The critical condition
of the M-S interface stability is as follows:

A% 3432 A%(1-2k)
I _ A - _ 2 1
G + 1 5" P re, (13)
Us
A= ——— 14
DATy /KT’ (14)
where 7 is the positive real root of the following equa-
tion: ok
and G’ is the dimensionless temperature gradient de-
fined as G
!
= —F. 1
ATZ/ET (16)

Equations (13)—(15) were numerically solved by
Ding et al to obtain the maximum of G’. A regressive
analysis of the calculated results was performed and
the critical temperature gradient was obtained

AT2

kol
— 0.0541kg + 0.0624),

Ga = (—0.0203k3 + 0.0487k2

0<ky <l (17)

Equation (17) means that when G > G, the inter-
face will be planar interface. It indicates that while
the weighted mean temperature gradient G is above
or equal to the critical value G,, its stabilizing effect
will entirely dominate the destabilizing effect of solute
diffusion, so that the solidification interface becomes
absolutely stable no matter how large the solidification
velocity is, i.e. the interface stability is independent of
the solidification velocity. Ding et al called this kind of
absolute stability the high gradient absolute stability.

Substituting the parameters listed in Table 1 into
Eq.(17) we get G, of 1.65 x 10° K/m for the HGAS
of the n phase. It is known that the temperature gra-
dient in the melting pool increases with the scanning
velocity.['9 Tt is found that, when the scanning rate
reached 652 mm/s, cell-free structures were attained
throughout the whole melting pool in our laser remelt-
ing experiments (Fig.4). Cell-free structure can result
from both planar front growth and complete ‘solute

trapping’. However, according to Aziz’s model,[3? the
critical growth velocity for complete “solute trapping”
is about 5 m/s, which is much higher than the growth
velocity in the present melting pool (the maximum
growth velocity has an order of magnitude of 1x107!
m/s). Soit is clear that these cell-free structures result
from the planar front growth. Because the solidifica-
tion rate varies continuously from zero to the maxi-
mum from the bottom to the top of the melting pool,
it implies that the planar interface stability is indepen-
dent of the solidification rate at a scanning rate of 652
mm/s. That is to say, these cell-free structures may
be attributed to the result of the HGAS. However, be-
fore a conclusion can be drawn, the local temperature
gradient in the laser melting pool must be determined.
For the difficulties of direct measurement, a numerical
enthalpy method model was applied in the calculation
of temperature field. This model was established by
Liu et al'® and the results showed an excellent agree-
ment with that of laser surface remelting experiments
in Cu-Mn alloys.[*3] The minimum temperature gra-
dient in the laser molten pools of Zn-2 wt.% Cu alloy
was calculated and shown in Fig.6.
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Fig.6.
laser melting pool of Zn—2wt.%Cu alloy calculated by

The minimum temperature gradient in the

a numerical enthalpy method model.

It can be seen that the calculated minimum tem-
perature gradient in the melting pool at a scanning
rate of 652 mm/s is 1.48 x 105 K /m, which is very close
to the critical temperature gradient for the HGAS of
the 1 phase. So conclusion can be drawn that the
HGAS was experimentally achieved in the laser sur-
face remelting experiments on the Zn-2 wt.%Cu hy-

poperitectic alloy.
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5. Conclusions

Laser surface remelting experiments of Zn-2
wt.%Cu peritectic alloy were performed on a 5kW CW
COg; laser with various scanning velocities from 6 to
1207 mm/s. It was found that the critical solidifica-
tion rate of the HVAS of Zn—2wt.%Cu hypoperitectic
alloy is 210 mm/s. An implicit expression of the criti-
cal solidification rate for the cellular-planar transition
was achieved by nonlinear stability analyses of the pla-
nar interface. The result showed a better agreement
with the experimentally obtained critical velocity than
that predicted by the M-S theory.

Cell-free structures were observed throughout the
whole melting pool at a scanning rate of 652 mm/s.
The minimum temperature gradient at this scanning
rate, which was calculated by a numerical enthalpy
method model, was very close to the HGAS of n phase.
Conclusion can be drawn that the HGAS was experi-
mentally achieved for the first time.
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