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The solidification of CuCr alloys
under various cooling rates
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The paper focuses on the solidification especially on the liquid phase separation of Cu—35 at. % Cr
alloys under various cooling rates. When the solidification temperature is below the liquidus and above
the spinodal temperature, solidification runs normally, with the growth of primary Cr-rich dendrites.
When the solidification temperature is below the spinodal temperature, liquid phase separation should
occur through the solidification process and the primary Cr-rich phase has a special nodular structure
under an appropriate cooling rate. Large Cr-rich particles obtained from liquid phase separation can grow
by absorbing smaller ones via the transfer of matter. Furthermore, some particles collide with each other,
mutually losing surface energy by joining to form a single particle. The size of the Cr-rich particles ob-
tained from liquid phase separation decreases with increasing cooling rate. Using thermodynamic calcula-
tions and referring to literature data, the viewpoints on liquid phase separation are systematized and
applied to the CuCr system. Liquid phase separation in an undercooled liquid is not advantageous in
refining the microstructure of alloys and should be restricted.

Key words: solidification; liquid phase separation; CuCr alloy; melt spinning; microstructure

1. Introduction

Liquid phase separation in the solidification process will occur in some systems
with a stable or metastable miscibility gap, denoted in their diagrams under a large
undercooling. The liquid phase separation of Cu—Co, Cu-Fe, and Cu—Co—Fe alloys
has been described in previous papers [1-10]. The CuCr alloy is also a binary system
having a flat liquidus (20~75 at. % Cr), with a dashed line for the miscibility gap and
a dashed line for the spinodal in its diagram. Its liquid phase separation has been elu-
cidated only in theory on the CuCr diagram [11-13].
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The electromagnetic levitation and fluxing techniques are generally used in re-
search work on liquid phase separation. Since the difference in the melting points of
Cu and Cr is very large and Cr is still in solid state when the Cu liquid starts to drop,
the electromagnetic levitation technique cannot be used to study CuCr alloys. There
are some consuming reactions between CuCr alloys and slag glass, therefore the flux-
ing technique also cannot be used. Melt spinning is a common method for rapid so-
lidification nowadays. By controlling the rotary speed of the cooling roller, various
cooling rates can be produced. Finally, we succeeded in using the melt spinning tech-
nique for studying the liquid phase separation of CuCr alloys. This paper focuses on
the solidification of Cu—35 at. % Cr alloys under various cooling rates.

2. Experimental

Pure (>99.95% ) Cu and Cr were used to prepare the CuCr alloys by arc-melting. Some
of the CuCr alloys were used as specimens with a lower cooling rate (<10° K/s)[14]. Sub-
sequently, about 10g of the CuCr alloys were inserted into quartz tubes. When they
were heated by high frequency induction to the required temperature, a ribbon was
prepared by liquid quenching on a single roller melt spinning under the pressure of
0.5 atm Ar gas. The velocities of the cooling roller were 0.8 m/s and 33 m/s, and the
corresponding calculated ribbon cooling rates were about 10* K/s and 10° K/s, respec-
tively [15]. The dimensions (widthxthickness) of the prepared ribbons were about 5
mmx800 pm and 3 mmx40 pm. The maximum undercooling of the 3 mmx40 pm
ribbons was about 400-450 K [16, 17].

The microstructures of the samples were analyzed with an optical JSM 6460 scan-
ning electron microscope (SEM) equipped with an energy dispersive spectrometer
(EDS), and with a Hitachi H-800 transmission electron microscope (TEM). The foil
specimen for the TEM was prepared by a twin-jet thinning device.

3. Results

3.1. Solidification of Cu-35 at. % Cr ingots
at a cooling rate below 10° K/s

The microstructure of arc-melted Cu-35 at. % Cr ingots observed by SEM is shown
in Fig. 1. The solidification of the ingots runs normally with the growth of primary Cr-
rich dendrites (dark phase). Since the direction of dendritic growth is different, the
dendrite arrowed in Fig. 1 is in the typical dendritic morphology, while some sections
of dendrite look like snatchy structures. The entire sample was filled with this den-
dritic morphology. The Cu-rich phase (bright) was formed through an eutectic reac-
tion.
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Fig. 1. The microstructure of arc-melted Cu
—35 at. % Cr alloys observed by SEM. The arrow
in the figure notes the primary Cr-rich dendrite.
Etched with 5% HNOj; + 95% C,Hs;OH

3.2. Solidification of CuCr ribbons at a cooling rate of about 10* K/s

In this part, ribbons about 5 mm wide and 800 pum thick were used as samples.
There are many nodular particles in zone [ oriented vertically, denoted by the arrow
in Fig. 2a. The microstructure of zone I is shown in Fig. 2b and consists of large and
nodular Cr-rich particles. Some particles are connected. The microstructure of zone Il
near the cooling surface in Fig. 2c consists of very small nodular Cr-rich particles. The
microstructure of zone Il near the free surface in Fig. 2d consists of Cr-rich dendrites.

ace

surf
o

cooling

Fig. 2. The microstructures of melt spun Cu—35 at. % Cr ribbon at a cooling rate of about 10* K/s,
observed by optical microscope: a) the cross section of the ribbon; b) zone | depicted by the arrow
in Fig. 2a; c) zone Il near the cooling surface; d) zone IlI near the free surface. The arrows in the Figure
denote the Cr-rich particles obtained from liquid phase separation, except the arrow in Fig. 3d, which
points to a Cr-rich dendrite. Etched with 80% NH;-H,O + 10% HCI + 10% Fe,O;
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The change in the microstructures in melt spun Cu-35 at. % Cr ribbon is due to
the change in the cooling rate or undercooling along the thickness of the ribbon. The
higher the cooling rate, the smaller is the size of the primary Cr-rich phase. In contrast
to Fig. 1, the microstructure of Cu-35 at. % Cr alloys was refined with increasing
cooling rate. The larger nodular particle exists in zone I with a lower cooling rate.
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Fig. 3. The microstructure formed by liquid phase separation in a melt spun Cu—35 at. % Cr ribbon
at a cooling rate of about 10* K/s, observed by SEM (a); X-ray diffraction diagrams of the gray phase
in the Cr-rich particle (b); X-ray diffraction diagrams of the dark phase in Cr-rich particle (c);
etched with 80% NH;-H,O + 10% HCI + 10% Fe,O5

Using SEM, the Cr-rich particle pointed out by the arrow in Fig. 2b was further
studied and presented in Fig. 3a. Around its surface, there are many smaller Cr-rich
particles that have an amalgamating tendency towards it. The large Cr-rich particle
can grow by absorbing smaller ones via the transfer of matter. Furthermore, some
particles collide with each other, mutually losing surface energy by joining to form a
single particle [3]. Inside the particle, there is another phase (dark) besides the gray
phase. According to EDS analysis (Figs. 3b, c), the gray phase is Cr-rich phase and
the dark phase is Cu-rich. Robinson et al. [3] also observed a Cu-rich phase inside the
Co particle obtained from liquid phase separation probably originating from liquid
phase separation process. The behaviour of liquid phase separation in the CuCr sys-
tem at a high cooling rate was confirmed experimentally.

3.3. Solidification of Cu-35 at. % Cr ribbons at a cooling rate of about 10° K/s

The microstructure of melt spun CuCrss ribbon 3 mm wide and 40 pm thick ob-
served by TEM is shown in Fig. 4a. From their morphologies, one cannot tell whether
these primary Cr-rich particles originate from liquid phase separation or from the
general solidification process. This will be analyzed later in the discussion. The di-
ameters of the primary Cr-rich particles were decreased to below 300 nm by increas-
ing the cooling rate.
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Fig. 4. Microstructure of melt spun Cu—35 at. % Cr ribbon at the cooling rate of about 10° K/s,
observed by TEM (a); the arrow in the Figure points to a Cr-rich particle from liquid phase separation:
electron diffraction pattern of the matrix (b); electron diffraction pattern of Cr-rich particle (c)

Figure 4b shows the electron diffraction pattern of the matrix, and the results of
the analysis are given in Table; R; is the distance between two points, N is the integer
of 3R’/R’, (hkl) is the index of the crystal face, [uvw] is the zone axis, d = K/R is the
calculated interplanar spacing, K is the camera constant, dcy sungara 1 the interplanar
spacing of Cu in a standard, Z R|R, is the angle between (/,k/;) and (k). As a
result, we know that the matrix is FCC Cu. Figure 4¢ shows the electron diffraction
pattern of the primary Cr-rich particle. The results of the analysis are shown in Table
2. Therefore, we know that the primary Cr-rich particle is BCC Cr.

Table 1. The results of the analysis for the electron diffraction pattern of the matrix in Fig. 4b"

Ri (HlHl) 3&2/R12 N hkl uvw d= (A) d(‘,u‘slandard (A)
R =143 3.00 3 210 1.6071 1.6168
R,=16.3 3.90 4 112 171 1.4103 1.4759
R3;=1275 11.05 11 322 0.8375 0.8768
R,=37.0 27.01 27 434 0.5356 0.5646

'K =23.03 mm-A, L R\R, = 57° (standard: 56.79°).

Table 2. The results of the analysis for the electron diffraction pattern of the Cr-rich particle in Fig. 4¢”

R; (mm) SRURY | N | bk | uvw d=KIR (A) de sundara (A)
R =9 2.00 2 110 2.0106 2.0269
R,=9 2.00 2 110 303 2.0106 2.0269

R;=13 4.17 4 200 1.3919 1.4332

R,=20 9.88 10 310 0.9048 0.9064

‘K=18.11 mm-A, L R;R,=90° (standard: 90°).
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4. Discussion

Figure 5 shows the Cu—Cr phase diagram [11-13] and mixing Gibbs energy (G,)
in undercooled CuCr liquid at 1500 K as calculated by us. According to the micro-
structure in Fig. 1 and considering the cooling rate in the solidification process, the
solidification temperature of Cu—35 at. % Cr ingots should be below its liquidus and
above its spinodal in Fig. 5a. The solidification in Fig. 5a can be expressed as:
B (undercooled liquid) — A (liquid) + C (Cr solid), which runs normally. In this case,
liquid phase separation does not occur during solidification.

Before discussing how the microstructures in Figs. 2, 3 were formed, the theory of
liquid phase separation should be analysed. The mixing Gibbs energy of binary alloy
systems can be expressed as:

G,=RT(X;InX,+X,InX )+ QX X, (1)

where X; is the mol fraction of a component i, £2; is the interaction parameter between
components 7 and j, R is the gas constant, and 7' is temperature in Kelvins.

Using the published data in [11], G, of the undercooled liquid of the CuCr system
at 1500 K was calculated from Eq. (1) as an example. The result is shown in Fig. 5b.
Comparing Fig. 5a and Fig. 5b, the dashed line of the miscibility gap was calculated
from the equality

oG

m

X,

The miscibility gap dashed line [18] corresponds to the minimum of the G,, value
of the undercooled liquid. Undercooled liquids with compositions between points K
and P in Fig. 5b tend to demix into a Cu-rich liquid (point K) and a Cr-rich liquid
(point P), thus G,, of system will go down. The dashed line of the spinodal was calcu-
lated from the equality:

2
¥6,
OX¢,

Undercooled liquids with compositions between points M and O in Fig. 5b (inside
the spinodal in Fig. 5a will start to demix spontaneously without nucleation. Under-
cooled liquids with compositions between points K, M, O, and P in Fig. 5b (outside
the spinodal and inside the miscibility gap in Fig. 5a cannot demix at 1500 K, and will
demix at a lower temperature.

After demixing, the solidification of the Cu-rich and Cr-rich liquids is inexplicit in
theory. According to [3], there is a viewpoint that once separated, the two liquids
have different undercoolings with regard to their respective liquidus temperature. | ...
As a result, L1 could solidify first according to the nucleation thermodynamics ...
This implies that we can treat the two separated liquids within the general solidifica-
tion theory after demixing.
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Therefore, the solidification of the Cu-rich and Cr-rich liquids can be expressed as:

I (Cr-rich liquid) — D(liquid) + J(Cr solid)

E (Cu-rich liquid) — D(liquid) + J(Cr solid)

205

as seen in Fig. 5a. Robinson et al. [3], however, pointed out that the former transition

is easier than the latter.

Fig. 5. Cu—Cr phase diagram [11] (a), mixing
Gibbs energy of CuCr liquid at 1500 K (b),
Cu—Cr phase diagram at the Cu-rich side (c)

a) CuCry

2000 ¢

| Miscibility gap

Temperature, K

Spinodal
{in liquid

800 L .4

1 1 1 1 1 1
02 03 04 05 06 07
Mole fraction Cr

0.1

0.8

F b)

Cu-rich

G,k Jimd

40 60
mole percent Cr

13804
liquid

13604

liquid+Cr

0.82 1.81

13404

Temperature, K

Cu
Cul+ICr

13204

1300

1.5 2.0
Mole percent Cr

0.0 05 1.0

Cu

25
Cr

3.0



206 Y. WANG et al.

Although the undercooling of the separated Cr-rich liquid is larger than that of the
homogeneous CuCr;s liquid at temperature 75 in Fig. Sa, the size of the Cr solid phase
in the Cr-rich liquid zone cannot be decreased by this factor because the growth of the
Cr solid phase occurs in an undercooled liquid of about Cu—84% Cr, in which there
are many Cr atoms. Therefore, the liquid phase separation in the undercooled liquid is
not advantageous in refining the microstructure of alloys and should be restricted.

Considering the microstructures in Figs. 2, 3 and the cooling rate of the solidifica-
tion process, the solidification temperature of zone Il near the cooling surface and
zone | pointed to by the arrow in Fig. 2a should be below its spinodal temperature. In
the solidification processes of these two zones, liquid phase separation should occur.
The solidification temperature of zone III near the free surface, however, should be
above its spinodal temperature, as its solidification still runs normally.

Because undercooling increases as the cooling rate is increased, the solidification
temperature at a cooling rate of about 10° K/s should be between the spinodal and the
eutectic temperatures. According to the liquid phase separation theory presented
above, the primary Cr-rich particles in Fig. 4a should originate from liquid phase
separation.

5. Conclusions

When the solidification temperature is below its liquidus and above its spinodal,
the solidification of Cu-35 at. % Cr alloys runs normally, with a growth of primary
Cr-rich dendrites and the primary Cr-rich dendrites larger than 200 um. After increas-
ing the cooling rate to about 10* K/s, the solidification temperature of most of the
cross section of melt spun Cu—35 at. % Cr ribbon, except zone IlI, should be below
its spinodal temperature, and liquid phase separation should occur during the solidifi-
cation process. The diameter of the larger Cr-rich particles is about 20 um. The large
Cr-rich particles can grow by absorbing smaller ones via the transfer of matter. Fur-
thermore, some particles collide with each other, mutually losing surface energy by
joining to form a single particle. After further increasing the cooling rate to about 10°
K/s, the diameter of larger Cr-rich particles obtained from liquid phase separation is
decreased to about 250 nm. The size of the Cr-rich particles obtained from liquid
phase separation will decrease as the cooling rate is increased.

Using thermodynamic calculations and referring to other papers, the viewpoints on
liquid phase separation are systematized and applied to the CuCr system. Liquid
phase separation in undercooled liquid is not advantageous in refining the microstruc-
ture of alloys and should be restricted.
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