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Abstract Both glass fluxing and cyclic superheating techniques were adopted to effectively undercool the Cuyy-
Niy, alloy in vacuum. Withiu the undercooling range of 21 K to 270 K, the microstructure evolution of the alloy was in-
vestigated . When the melt was undercooled to AT > AT, (210 K), the grain refinement took place abruptly. Based on
the observation of the solidified microstructure, the microchemical-analysis and the calculated results with BCT model, it
is found that the secondary grain refinement mechanism cousists of two stages. The dendrite is, firstly, broken into frag-
ments owing to the stress caused by uneven shrinking during rapid solidification, then the fragments, nuder the driving
force of surface and strain energies, merge through the migration of boundaries, 1. e. recrystallization, thus leading to

the formation of secondary granular-crystalline .
Keywords: undercooling, Cu,,Ni,, alloy, dendrite breaking, recrystallization.

(1.2]

The grain refinement phenomenon in undercooled pure metals and single phase alloys was

first found in pure nickel by Walker'®!, in which the grain size abruptly decreased by 2 orders of mag-
nitude when the undercooling prior to nucleation exceeded a critical value AT” . Then the phe-
nomenon of grain size reduction was also observed in Cu-Nit*), Fe-Nit'! and Cu-0'% alloy systems,

which indicated that the grain refinement was a rather common process in the microstructural evolution

]

of the undercooled single phase alloys'¥) . Several mechanisms have been suggested to explain this

(671 the remelting of primary den-

, the primary dendrite recrystallization during recalescence and post-recalescence stagesm ,

phenomenon. For example, the copious homogeneous nucleation
drite!!+#!
the critical growth velocitym and the broken-up model'*! were proposed. Recently two kinds of granu-
larization in the lower and higher undercooling ranges were observed in the solidified microstructure of

the undercooled single-phase alloy melt'®!. The break-up of dendritic remelting had been proposed to

10

explain the grain refinement in the lower undercooling range[" I Though much attention had been

paid to the secondary granularization in the high undercooling range, the refinement mechanism was

[

still an open question 1. In this paper, the secondary granular-crystalline formed in the solidification

process of undercooled CuqyNiy melt is investigated. Based on theoretical thermal dynamic calcula-
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tion, microchemical analysis and the observation of the solidified microstructure, it is found that the
formation of the secondary granular-crystalline is attributed neither to the dendrite remelting, nor to
the recrystallization alone. The grain refinement mechanism consists of two consecutive stages. The
dendrite is, firstly, broken into fragments owing to the stress caused by uneven shrinking during rapid
solidification. And then the fragments, under the driving force of surface and strain energies, merge
through boundary migrations, i. e. recrystallization, leading to the formation of secondary granular-

crystalline .
1 Experimental

The undercooling experiments were performed in a high-frequency induction heater. High purity
nickel and copper ( purer than 99.9 percent) were melted in sifu in a quartz crucible to obtain an al-
loy with a composition of CusyNiyy. To achieve large undercooling, the glass (with granularity of 2—
4 mm) and alloy particles for purification were previously set in a crucible!') . During the undercool-
ing experiment, the melting chamber was evacuated to 1.33 x 10~ Pa and the alloy was heated to 1
173—1 273 K and covered with softening purification glass, then to 1 637 K the alloy was degassed
for 2 min. After the melt was superheated to 1 823—1 837 K and held for 2 min, the melt was cooled
down naturally. When the above heating and cooling process was performed twice, various solidifica-
tion structures could be obtained by triggering the melt surface with a nickel needle under different un-

dercooling condition .

The cooling curves of the melts were measured by an infrared pyrometer with a response time of

1 ms, and relative accuracy of +5 K. The absolute temperature of the pyrometer was calibrated with

a standard PtRh30-PtRh6 thermocouple.

For microstructural analysis, the undercooled samples were sectioned and polished using stan-
dard microscopic techniques. The polished samples were then etched in a ferric nitride solution for
observing grain boundaries and in ferric chloride solution for observing dendrite morphologies. A scan-
ning electron microscope with a TN-5 400 EPMA energy-dispersive spectromeler was used to carry out

the micro-composition analysis.
2  Results

When the CuqyNiyy melts are solidified i the undercooling range of 22—270 K, there exist three
kinds of microstructural transformations, resulting in four kinds of microstructure morphologies ( as
shown in fig. 1). When AT < AT, (120 K), the solidification morphology evolves with the increas-
ing undercoolings into the first granular-crystalline (see fig.1(b)) from the highly branched dendrite
(see fig.1(a)), as a result of dendrite break-up owing to remelting and subsequent recrystallization .
In the undercooling range of AT, < AT < AT; (210 K), the undercooled dendrite is formed step by
step from the first granular-crystalline owing to the restrained dendrite 1'emelting[9](see fig. 1(c)).
When the undercooling exceeds AT; , the second granularization occurs (figs.1(d) and (e)). Here
the eritical undercoolings of AT, and AT; were confirmed by the continuous observation of the mi-

crostructure evolution during solidification .

Figure 2 shows the solidified microstructure at AT = AT, , in which the dendrite-like mi-
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Fig. 1. Solidified microstructures of CuqyNiy, under different undercoolings. (a) AT =22 K; (b) AT =71 K; (¢) AT
=132 K; (d) AT=230K; (e) AT=242 K.
crostructure eradiates into the undercooled melt from the triggered site with weak directional character-
istics. Comparing with the undercooled dendrite, the break-up degree of this microstructure is more

serious, but not enough for the formation of dendritic units!!]

While observing the evolution of this microstructure, it is found that just as the transformation
from the undercooled dendrite to the second granular-crystalline begins, the grain boundaries originat-
ing from the sharp angles of the dendritic microporosity are starting to cut into the dendritic arms (see
fig.2(b)). From the solidified microstructure shown in figs. 1(d) and (e), a large amount of grain
boundaries have cut across the dendritic arms, except a few of them cut through the so-called black
parts (the segregation zone, the lastly solidified part), which are distributed homogeneously in the
substrate microstructure. The result of EDS analysis shows that the composition near the grain bound-
aries is close to that of the non-segregation zones, however, obvious difference exists between the non-

segregation zones and the black parts, as shown in table 1.

With the increase of undercooling, the solidified micrestructure is close to that of the annealed
hexagonal grains, with a great deal of annealed twins, as shown in figures 1 (d), and 1 (e).
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(@) (b

Fig. 2. Microstructure of CuyyNiyy melt solidified under 210 K undercooling. (a) Low magnification, (b) high magnifi-

cation.
Table 1 Compositions at different tested regions solidified at 242 K
Tested points Black parts Grain boundaries Non-segregation zone
Content of Cu,/ % 76.35 70.44 71.36

3 Discussion

According to the BCT dendrite growth model!'?) , the total undercooling at the dendrite tip is giv-
en by

AT = AT, + AT, + AT, + AT, (D

where the thermal undercooling AT, is the difference between the temperature T at the dendrite tip
and the temperature T, of the undercooled liquid far ahead, and the sum AT + AT, + AT, is relat-
ed to the difference between the equilibrium melting temperature 7'} of the alloy and T;, which is due
to the constitutional undercooling AT,, the Gibbs-Thomson effect (curved solid-liquid interface,
AT,) and the kinetic effects at the interface AT, . AT, is given by the steady-state solution of the cor-
responding diffusion equations,

AT,:AC—IZ

(P, (2)
where AH is the latent heat of fusion per unit volume, Cp the heat capacity of the liquid per unit vol-
ume, P, the thermal Peclet number, and fv( P) the Ivantsov function. The constitutional undercool-

ing AT, is given by

m'/m

1-(-k)w(P)I’

AT. = m Gyl 1 - (3)

<

where Cj is the alloy composition, P, the solute Peclet number, m; the equilibrium liquidus slop, £

the effective solute distribution coefficient, and the effective liquidus slope m' is given bym]
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ko - k(1 = (Ink)/ky)
1 - & '

(4)

’
m = m|l+

To take into account the solute trapping effect at high growth velocities, the partition coefficient k&

could be expressed in terms of velocity as suggested by Aziz!'Y

k() + (a()/D)V

k 1+(a()/D)V’ (5)
where kg is the equilibrium solute distribution coefficient and @ the interatomic distance.
The curvature undercooling is given by
2
ar, = 2L, (6)

where I' is the Gibbs-Thomson parameter (equal to 6/AS, in which o is the interfacial energy and
AS the entropy of fusion) .

The kinetic undercooling is given by

AT, = X (7)
;,l
AHV,
= =9 8
# ky Ty, (®)

where k is the Boltzmann constant and V), the sound transmission speed in the melt.

The solution of eq. (1) is obtained by applying the marginal stability criterion to the dendrite

with the tip radius equal to the shortest stable wavelength. The dendrite tip radius is given by[M]
o/{(ASs ™)
r = . (9)
PAH 2m'P.Co(k - 1)
C, T CE S YA G LE
1 2k
§=1-——7, =1+ ) (10)

1 / 1
1 + " 1 -2k - 1+ *Pz
o P} o Fe

and ¢ is the stability constant (equal to ¢ * = 1/4x%).

The solute (copper) concentration of the liquid ( C," ) and solid ( Cg ) at the dendrite tip can
be written as'*!
Co kC()

" . Cl o= . 1
Co 1-(1 = k)Iw(P,) ) 1 - -kNW(P,) an

The solid fraction fy during rapid solidification is given by
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Clx,- - C()

_ (12)
Cy(1-k)

fs=

Assuming that recalescence process is adiabatic, the specific heat of solid and liquid are equal, the
compositions of solid and liquid after recalescence are uniform'"*?, the solid fraction /¥, at the maxi-

mum recalescence temperature Ty, is given by

x Ta— Ty
fs :TH/C‘,' (13)
where Ty is the nucleation temperature. The solute balance can be described as
[3CE+ (L= f3)CE = Cy, (14)
where C} and CF are liquid and solid compositions at Tj. They are given as follows:
Ci = Co+T“m;LT‘w C§ = koCl. (15)
The remelted solid fraction Af, after recalescence can be written as''>)
Afs = fo - fi (16)

According 1o the equilibrium phase diagram, the dendrite composition C¢ and the corresponding
equilibrium solidus in the rapid solidification process could be calculated. Therefore, the superheating

AT, in recalescence can be expressed as
AT, = Ty - Ts. (17)

where Ty is the equilibrium solidus temperature .

During a rapid solidification, dendrite grows radially from the triggered site and a spherical lig-

uid/solid mush-zone is formed. Thus the mush-zone-forming rate @ is given by
4
Q = ?n[VP. (18)
And the volume transformation rate @, from liquid to solid is given by

Q.= Q" fs. (19)

Suppose that the volume transformation rates of pure copper and nickel in melting process are AQ,,
and A Qy; . then the volume transformation rate in the alloy melting process for regular solid solu-

tion will be

AQm = X ° AQ(iu + (1 - ”C) ¢ AQNU (20)
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where x is the mole fraction of copper in alloy.

Based on the conception of the volume transformation rate in alloy melting process

AQ, = QL—Q_S% x 100% , (21)

the volume transformation rate of solidification, ( Q. - Q,), under different undercoolings is

4 C, - Gy AQ,
Q- 09 = 37 ti-plieas ] [V (22)

The calculated results of the above quantities as a function of the bulk undercooling are shown in figs.
3—7 using eqs. (1)—(22). Fig. 3 presents the calculated curves for dendrite tip radius and under-

cooling contributions. Fig. 4 shows the liquid/solid compositions in the dendrite tip. Fig. 5 shows
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Fig. 5. Relationships of f,, f ¥ and Af, with bulk AT, Fig. 6. Relationship of AT} with bulk AT.

the solid fraction f, in the process of rapid solidification, the post-recalescence solid fraction f } and
the remelted solid fraction Af, in the posi-reca lescence process, respectively. Fig. 6 shows the re-
calescence superheating. The volume transformation rate during solidification is shown in fig. 7. The

thermophysical parameters used for the calculation are given in table alis),

In the achieved undercooling range, both the constitutional undercooling and thermal undercool-

ing play the decisive role in the solidification process.
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500 When AT > 90 K, as shown in fig. 3, the
400} thermal undercooling contribution is higher than the
constitutional one, which means there is a progres-
sive transformation from the dendrite growth con-

trolled by constitutional diffusion to that controlled

100 by pure thermal diffusion. The higher the under-
0lee ——s . . cooling and the more the thermal undercooling con-

0 50 100 150 200 . e .
ATIK tribution, the more the dissipation of latent heat in

Fig. 7. Relationship of Q- 0, with bulk AT the tip of dendrite will be. Furthermore, because of

the heat-absorption of the undercooled melt in re-
calescence, the recalescence superheating will decrease (see fig. 6) and the copper content in lig-
uid/solid phase (see fig. 4) will also decrease, resulting in a highly supersaturated crystal. The re-
sult shows the decrease of dendrite remelting fraction during solidification (see fig. 5), and finally,
the ripening of dendrite is restrained. So the fine dendrite structure which is defined as undercooled
dendrite (see fig. 1(c)) is formed when AT > 120 K. For the bulk undercooling beyond AT , al-
though the dendrite radius formed in rapid solidification is less than 0.664 x 10~ "m (as shown in fig.
3), the recalescence superheating is less than 17.9 K (as shown in fig .6). Then, Cg is close to
C,, and the copper content in liquid C; decreases (as shown in fig. 4). So the dendrite-remelting
fraction fs — f & decreases, and the solid fraction f ! is greater than 0.472 (as shown in fig. 5) in
the post-recalescence. All the factors which are favorable for the remelting process of the dendrite are
not better than the condition of AT < ATy . Therefore, it can be inferred that the formation of the
granular-crystalline is not likely attributed to the dendrite break-up owing to remelting. This result is
also proved by the EDS analysis. Otherwise, the high-angled boundaries should appear at the lastly
solidified zone by epitaxial growth of remelted fragments.

Table 2 Values of the material parameters of CuqyNiy, alloy used in the calculations

Parameters Values Parameters Values
AH/Jom™? 2.062 x 10° ACy/Jrm K" 5.126 x 10°
a/mies”! 3.0x10°°¢ D/ms7! 6.0x10°°
¢/Jm™? 0.374 ky 1.381
m/K (at% ) ! 5.373 ay/m 3.0x10°%
Vo/mes™! 2000 T /K 1510
AQcu/ % 4.2 AQp/ % 4.5

From eq. (22), it is known that ( Q,-Qg) oc ¥* and Vec AT?, here b is a constant!'”! inde-
pendent of undercooling. Therefore, when the bulk undercooling exceeds a critical value, the volume
transformation rate from liquid to solid can increase rapidly. Comparing the value of ( Q- Qs), which
is 6.88 x 10 °m’/s at the undercooling of 39 K, with that of 9.95 x 10°m’/s at the undercooling of
ATy , it is really an increase of 8 orders of magnitude (as shown in fig. 7). During rapid solidifica-
tion, the non-homogeneous contraction, which is found to cause a sharp increase of the internal stress
and plastic energy in the solid phase, leads to the complete disintegration of dendrite and the forma-
tion of dendritic fragments as shown in fig. 2(a). Then, the dendrite disintegration will give rise to

an increase in system surface energy, which, combined with the plastic energy, drives the dendritic
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fragments to merge into final granular-crystalline through the crystal boundary migration at high tem-
perature. The higher the undercooling, the faster the boundary migration and growth, and the more
the twins in solidification structure will be. It is well known that any boundary migration at high tem-
perature could be a recrystallization process. Thus the formation of the secondary granular-crystalline

is due to the dendrite disintegration and the subsequent recrystallization .
4 Conclusions

(i) Within the achieved undercooling range, 22—270 K, three transformation stages occur in
the microstructure evolution of single phase CuyyNiy, alloy, and consequently, four kinds of morpholo-
gies appear, which are highly branched dendrites, primary granular crystalline, dendrites, and sec-

ondary granular crystalline.

(ii) The formation of the secondary granular-crystalline is due to the dendrite disintegration ow-
ing to the extremely high stress of the non-homogeneous coniraction during solidification, and the mi-

gration of the boundary at high temperature .
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