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Dendritic solidification and fragmentation in undercooled Ni—Zr alloys
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Abstract

Kinetics of dendritic solidification and fragmentation of dendritic crystals in undercooled Ni—Zr samples are studied. Using the capacitance
proximity sensor technique and a high-speed-camera system, the dendrite growth velocity has been measured as a function of initial undercooling
in solidifying droplets processed by the electromagnetic levitation technique. Analyses of solidified droplets give evidence to a transition from
coarse grained dendrites to grain refined dendrites (CG-GR) at small undercooling, a transition from grain refined dendrites to coarse grained
dendrites (GR-CG) at moderate undercooling, and to a second transition from coarse grained dendrites to grain refined dendrites (CG-GR) at a
higher undercooling. Predictions of a sharp-interface model are compared with the results of experiments on Ni—Zr samples.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Solidification of undercooled Ni—Zr alloys has been inves-
tigated recently [1,2] at small concentrations of Zr. Dendritic
growth velocities V have been measured in Ref. [1] as a function
of undercooling AT in levitated droplets of NiggZr; (numbers
indicate at.%) alloys using electromagnetic levitation technique
(see overview [3]). The results have been described within the
LKT/BCT model of dendrite growth [4,5]. With increase of
the undercooling, solute trapping becomes important in rapid
solidification which leads to deviation from local chemical equi-
librium at the solid-liquid interface. In the LKT/BCT model
of dendrite growth [4,5], this phenomenon is introduced by
the solute partitioning function k(V) which adopts interfacial
diffusion speed Vp; as a kinetic parameter of solidification
[6]. The diffusion speed Vpr has been independently deter-
mined by pulsed laser experiments [1] on thin specimens for
the NigoZr; alloy. Together with preliminary used parameters
of Ni—Zr alloys, the measured results for Vpy encouraged the
prospects of a parameter-free test of the LKT/BCT model.
In addition, the dendritic structure of solidified droplets from
Nigg 5Zrg 5 and NiggZr; alloys has been evaluated [2] to find
morphological transitions in dendritic pattern. The results of
metallographic analysis were compared with the predictions of
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Karma’s model [7,8] of grain refinement via dendritic fragmen-
tation.

Further progress on experimental measurements and theoret-
ical description of dendritic growth and fragmentation in Ni—Zr
alloys is presented in this paper. First, the photo-diode technique
as used in Refs. [1,2] is improved by application of capacity
proximity sensor (CPS) and by a high-speed camera (HSC) to
measure dendritic growth velocity in levitated droplets. Sec-
ond, the dendrite growth kinetics is tested experimentally to
verify the idea that small amounts of impurity may enhance the
solidification velocity of diluted alloys in comparison with the
solidification velocity of pure systems. Third, the predictions of
amodel for rapid dendritic growth [9], which assumes deviation
from local equilibrium at the interface and in the solute diffusion
field are compared with the experimental dendrite velocities in
Ni—Zr alloys. Fourth, metallographic analysis of solidified sam-
ples is made to measure the size of the dendritic structure and
to evaluate critical undercoolings for dendritic fragmentation
and coarsening. These findings for various Ni—Zr alloys extend
previous investigations [1,2] on kinetics of solidification and
fragmentation of dendritic crystals.

2. Experimental details

An electromagnetic levitation facility was used to undercool
the samples and to measure the velocity of solidification, the
standard setup is described elsewhere [10,11]. In contrast to the
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photo-diode technique [1,2], the present CPS technique uses two
separate signals and the velocity of solidification is measured
over the complete sample diameter. First signal: the change of
capacitance of an oscillating circuit, which is caused by touch-
ing the levitated sample at the south pole with a trigger needle;
second signal: the change of brightness caused by the release
of latent heat at the north pole of the sample at the end of the
solidification process, which is detected by a photodiode.

The HSC measurement allows for detecting the morphol-
ogy of the solidification front at a frequency up to 120,000 Hz
depending on the resolution. This enables us to detect small
deviations of the growth direction from the vertical line caused
by minor deviations of the trigger point from the south pole
of the levitating and oscillating specimen. Parameters for the
evaluation of the growth velocity, solidification length # and
solidification time At¢, are defined with a smaller error, and
hence HSC technique is the most accurate technique for detect-
ing growth velocities from the undercooled melts at elevated
temperatures.

Nigg 9Zrg.1, Nigg5Zrgs and NiggZr; alloys of about 1.0g
of mass were prepared from constituents of Ni and Zr both
of 99.99% purity. These diluted Ni—Zr alloys were chosen for
investigation due to their undercoolability in electromagnetic
levitation experiments, and availability of their thermodynamic
and kinetic data [1,2]. Moreover, strong chemical inhomogene-
ity existing during solidification of these alloys (due to small
value of equilibrium partition coefficient of Zr in Ni) may lead
to two interesting effects. First, it may exhibit the enhancement
of dendrite growth for very small controlled amounts of Zr in
Ni. And, second, it may exhibit a strong solute trapping giving
evidence of the transition from solute diffusion-limited growth
to thermally controlled growth of dendrites.

3. Experimental results
3.1. Growth

The new results found by CPS and by HSC confirm the cor-
rectness of the previous data [2] using photo-diode technique.
They have lower experimental scatter due to methodical and
technical improvements of the measurements. The small con-
trolled amounts of Zr in Ni give enhancement of the growth
velocity for solidifying Nigg 9Zr¢ 1 alloys in comparison with
the “nominally pure” nickel. This finding confirms previous out-
come [13,14] that alow amount of impurity in a pure system may
enhance the growth velocity of dendritic crystals in the range of
small or even moderate undercoolings. The experiments with
Nigg 5Zr¢ 5 and NiggZr; confirm a well established fact that the
dendrite growth velocity V decreases at a given undercooling
AT with increasing concentration of impurity [15].

3.2. Fragmentation

The microstructure of NigoZr; has been analyzed met-
allographically after solidification. The following sequence
of microstructures has been found: coarse grained (CG)
microstructure at AT=37K; transition region of undercool-

ings 37 K< AT <80 K; grain refined (GR) microstructure in the
region 80K < AT < 123 K transition region of undercoolings
123 K < AT < 130K coarse grained (CG) dendritic microstruc-
ture in the region 130 K < AT < 177 K. In the indicated transition
regions of undercoolings, both microstructures (CG and GR)
were found. These regions of uncertainty can be explained by
influence of forced convective flow during solidification of lev-
itated droplets [12].

The microstructures are shown in Fig. 1. Fig. 2 (top figure)
demonstrates the experimental size of dendrites versus under-
cooling in the droplet for the present results. For completeness
the previous results from [2] have been drawn to Fig. 2. Pre-
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Fig. 1. Microstructure in NiggZr; alloy. (a) CG (Coarse-Grained) dendritic pat-
tern: AT=37K; (b) GR (grain-refined) dendritic pattern: AT=80K; (c) CG
(coarse-grained) dendritic pattern: AT=155K.
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Fig. 2. Top: measured dendritic grain size for given sample (i.e. for given under-
cooling) of NigoZr alloy. Triangles were taken from [2], filled circle are the
results of the present investigation. Bottom: computed time for break-up (8) of
dendritic structure (solid line) and experimental plateau time (stars).

viously, only the transitions GR — CG — GR were found in
Ni—Zr alloys [2]. In addition, we found the transition CG — GR
atsmall undercoolings. Thus, the complete sequence of dendritic
microstructure is given by CG - GR — CG — GR.

4. Sharp-interface model

Due to the fact that experimental data on solidification of
the Ni-Zr alloys cover a wide range of undercoolings up to
288K and dendrite growth velocity up to 30m/s, we have

kv(v) =

ky(V) = 1

chosen the sharp-interface model of dendritic growth [9]. The
sharp-interface model provides the ability to describe diffusion-
limited growth of dendrites (growth of “solutal” dendrites at
low undercoolings), both diffusion-limited and thermally con-
trolled growth of dendrites (growth of “solutal” and “thermal”
dendrites in the intermediate range of undercoolings), and purely
thermally controlled dendritic solidification at higher undercool-
ings. The description of dendritic growth in the whole range of

my(V) =

me In ke

my(V) = = const,

1 —ke

undercooling is possible by introducing both deviations from
local equilibrium at the interface and in the solute diffusion field,
which both play an important role at high solidification velocity.

The dendrite tip radius R and the dendrite tip velocity V as
the main characteristics of primary dendrites are obtained from
the steady-state model of an axis-symmetric dendritic growth in
an undercooled binary system [9]. The final governing equa-
tions are summarized as follows. For the total undercooling
AT=Twm+mCp — Ty the final balance at the dendrite tip is given
by:

AT = ATt 4+ ATc + ATn + ATR + ATk, (1)

where Cp and Ty are the initial composition and tempera-
ture, respectively, ATt = (Q/cp)Iv(Pr) the thermal undercooling,
ATN =(m — m,)Cy the undercooling arising due to the shift of
equilibrium liquidus from its equilibrium position in the kinetic
phase diagram of steady-state solidification, ATr =2doQ/(cpR)
the curvature undercooling due to the Gibbs-Thomson effect,
and ATk =V/ug the kinetic undercooling. The notations for
material parameters presented below are given in Ref. [12]. Note
that if the dendrite tip velocity V is equal to or greater than the
solute diffusion speed Vp the constitutional undercooling AT¢
is equal to zero exactly

Tv(P
. v(Fe) , withV < Vp,
1 — (1 = ky)Iv(Pc) 2

withV > Vp

ATc = k,A

ATc =0,

In the above expressions, the Ivantsov function is given by
Iv(P) = Pexp(P) [p° exp(—x)/xdx with the thermal Peclet
number Pt = VR/2a and solutal Peclet number Pc = VR/2D. The
velocity dependent non-equilibrium interval A,, of solidification
in Eq. (2) is described by:

Colky — 1
A, = M, with V < Vp,
ky 3)
Ay =0, withV > Vp.

In Egs. (2) and (3), the non-equilibrium solute partitioning func-
tion k, is given by [16]:

(1 = V2/V3ke + V/ Vir

k
Me Iy _ky|1=m (2
1 — ke ke

with V < Vp,

1—V2/ V2L — (1 — ke)CE1+ V/ Vi )

with V > Vp.

with the liquid concentration Cj at the tip of a paraboloid of
revolution [17]:

C
0 . withV < Vp.
I — (1 —ky)Iv(Pc) (5)

CE =Cp, withV > Vp.

G

The slope m,, of the liquidus line in the kinetic phase diagram is
described by [18]:

)} + (1 —ky) [ln (kv> +( —kU)V}} with V < Vp,
ke Vo ©)

with V > Vp.
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The condition (2) of the absence of constitutional undercool-
ing at V> Vp follows from the analytical solution of the model of
solute diffusion applicable for rapid solidification [19]. In such
a case, the liquidus and solidus lines are merging into one line in
the kinetic phase diagram of the alloy, and the non-equilibrium
interval of solidification becomes zero exactly, Eq. (3). There-
fore, the critical point V= Vp is considered as a finite velocity, at
which complete solute trapping k, = 1 occurs, Eq. (4), and solid-
ification proceeds with the initial (nominal) composition Cy,
Eq. (5). At this point, V=Vp, a transition from the solutal and
thermal dendrites is ending with the onset of the diffusionless
solidification and the beginning of the purely thermal growth of
dendrites.

The balance of undercoolings (1) represents the only equa-
tion for two variables, namely, the dendrite tip velocity V and
dendrite tip radius R. The second equation for these two vari-
ables can be obtained from the stability analysis for selection
of the stable mode of the dendritic tip. This analysis gives the
following expressions:

2dpa 74 |1 4p Auky

VRz = 00¢ 2~§T( ) + DO [1 — (1 — k) Iv(Po)] sebe
2dpa (’087/45 (Pr) ithV >V, |
=0 s w1 jul .

R 5 é1(Pr D

where & are the stability functions dependent on thermal Peclet
numbers Pt and Pc, and ¢ the strength of anisotropy of the sur-
face tension at the solid-liquid interface. For the conditions of
relatively small growth velocity, V « Vp, the following expres-
sions for the stability functions & were found [20,21]: &p(Pr) =
(1+a Pe)” " and &c(Pc) = 2(1 + ay P2e)” . These are true
for arbitrary Peclet numbers, existence of anisotropy of surface
tension, and with neglecting the atomic kinetics on the inter-
face. In these expressions, the numeric coefficients, oo = 1/0.42,
a1 =0.3, ap=0.6 can be taken in agreement with the asymp-
totic analysis [22]. Assuming these functions for rapid dendritic
growth, one may take Eq. (7) as second equation in addition to
Eq. (1) to obtain velocity V and radius R for the dendritic tip.

5. Discussion
5.1. Growth

The predictions of the model (1)—(7) in comparison with
experimental data found for solidification of a “nominally pure”
Ni [13,14] and present results for the Nigg 9Zrp.1 and NiggZr
alloys are shown in Fig. 3. Material parameters of the alloys
are given in Tables of Ref. [12]. It can be seen that the dendritic
growth in Ni-0.1 at.% Zr exhibits enhancement of the velocity at
small undercooling (up to 80 K) in comparison with the growth
of “nominally pure” nickel (concentration of impurities are on
the level of 0.01 at.%). At higher undercooling, consistent with
V= Vp, the model predicts a change of growth mechanism which
gets pronounced the more Zr is included. The calculated curve
of NiggZr; exhibits this change, which can be explained by the
ending of the transition from solutal and thermal dendrites to
thermal dendrites [9]. It leads to diffusionless dendritic growth

with sharp change in the relationship “dendrite tip radius R —
undercooling AT”. Due to the limited number of data points
at undercoolings AT> AT(Vp), the predicted general change
of growth mechanism is not apparent considering the current
experimental data but is clearly indicated by the experiments of
Schwarz et al. [1,2].

Computed curves R—AT for Niggo9Zrg; and NiggZr; are
shown in Fig. 4 in comparison with one for the “nominally pure”
Ni. It can be seen that with the increase of concentration (from
0.1 at.% to 1.0 at.% of Zr) the onset of diffusionless solidification
leads to a stronger change in dendrite tip radius at RIAT(Vp)].

5.2. Fragmentation

From the model of Karma [7,8] follows that the dendrite
break-up during recalescence requires a characteristic dura-
tion in time, Af,,(AT), which depends on the undercooling.
Let Aty be the plateau duration found from the experimental
“temperature—time” curves of a processed sample. The tran-
sition CG <> GR between two microstructures takes place, if

with V < Vp, (7

Aty (AT*)~ Aty at a critical undercooling AT*. One may
observe GR microstructure, if Aty < Atp, in which break-up
occurs before the sample has had time to completely solidify, and
one may observe CG microstructure, if Aty > Atp). In Karma’s
model the problem of determining the critical undercoolings
AT#* has been reduced to calculating the break-up time Atyy,.
From [7,8] one gets
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Fig. 3. Theoretical predictions “dendrite growth velocity vs. undercooling” in
comparison with present experimental data. Notations Vpg 1 and Vpj o are the
speed for solute diffusion in bulk liquid for the Nigg 9Zr( 1 alloy and the NigoZry,
respectively.
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Fig. 4. Computed dendrite tip radius R vs. undercooling AT using Egs. (1)—(7).
The complete transition from the solutal and thermal dendrite growth to the
thermal dendrite growth occurs with a break-point in curves at AT(Vp).

where R is the dendrite trunk radius and A =meCo(ke — 1)/ke
is the equilibrium solidification interval between liquidus and
solidus in the phase diagram of the alloy. The trunk radius is
correlated to the dendrite tip radius, R(AT), via a proportionality
constant, z=RT(AT)/R(AT). This constant is determined by tak-
ing the ratio of the trunk radius, measured from micrographs of
solidified samples, to the calculated tip radius at the same under-
cooling. This procedure yields an approximately constant value
of z~ 20 which was used in previous calculations [2,7]. Thus,
comparing Aty (AT) with Aty one may predict the appearance
of a certain type of microstructure (CG or GR).

The results of calculation of Ay, (AT) in comparison with
experimental data for At are shown in Fig. 2 (bottom). It can
be seen that the results by Eq. (8), in principle, describe the
critical undercoolings for transitions CG <> GR. A closer look
to Fig. 2 (top) shows that there are two regions of undercooling,
37K<AT<80K and 123K < AT < 130K, for the transitions
between CG and GR microstructures. The reason might be the
forced melt flow in the levitated droplets. The dendrite tip radius
R depends on convection in the melt and, as a consequence, the
radius of the dendrite trunk R, too. A dendrite growth model
with convective flow may lead to elimination of this uncertainty
in comparison with experimental findings [12].

6. Conclusions

(i) New experimental data on solidification kinetics, crystal
microstructure and fragmentation in undercooled Ni—Zr
alloys have been obtained. Solidification and microstruc-
ture were investigated in droplets processed by electromag-
netic levitation technique using capacity proximity sensor
(CPS) and a high-speed camera (HSC) for dendrite growth
velocity measurement.

(i) Experimental evidence and modeling results show that
small controlled amounts of Zr in Ni (on the level of 0.1 at.%

Zr and smaller) give enhancement of the dendrite growth
velocity in comparison with “nominally pure” nickel.

(iii) The complete sequence of solidified dendritic microstruc-
ture is given by CG (AT<35K)— GR (B0OK<AT
<123K)—CG (130K<AT<177K)—GR (AT>
177K). In the transition regions 37K<AT<80K and
123 K< AT< 130K both microstructures (CG and GR)
may occur.

(iv) Thelocal non-equilibrium model predicts the abrupt change
of growth kinetics with the break point in both the “veloc-
ity V—undercooling AT” relationship and the “tip radius
R—undercooling AT relationship. This break point occurs
at critical undercooling AT™ and solidification velocity
V=Vp for the onset of the diffusionless growth of crys-
tals.
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