J MATER SCI 41 (2006)2749-2759

Review

Effects of supercooling and cooling rate on the
microstructure of Cu-Co-Fe alloys

A. MUNITZ*

Nuclear Research Center-Negev, PO.Box 9001, Beer-Sheva, Israel

A. M. BAMBERGER

Materials Science and Engineering, Technion, Technion City, Haifa, Israel

S. WANNAPARHUN

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida

32611, USA
R. ABBASCHIAN

College of Engineering, University of California, Riverside, CA 92521

Published online: 21 April 2006

The effects of supercooling and cooling rate on the microstructure of ternary Cu-Fe-Co alloys
were investigated. Electromagnetic levitation was used to supercool the liquids down by 180 K.
Alloys with 11 at.% Cu and less than 19 at.% Fe contained fcc (Fe, Co) and fcc Cu phases; those
with 19 to 23 at.% Fe contained bcc (Fe, Co), fcc (Fe, Co) and fcc Cu; those with more than

23 at.% Fe contained bcc (Fe, Co) and fcc Cu. The primary dendrites contained 10 to 20 at.% Cu,
with Fe and Co contents depending on the alloy composition. Supercooling the melt below a
certain temperature resulted in metastable separation of the melt into two liquids, one (Co +
Fe)-rich, the other Cu-rich. The metastable phase separation temperatures and the two liquid
compositions were determined experimentaly, and compared with calculated ones. Isothermal
cross-sections at various temperatures were constructed for stable and metastable cases based
on thermodynamic and experimental data of the Cu—Co, Cu—Fe, and Co—Fe systems. A peritectic
reaction for the ternary alloys was found at approximately 1100°C.

© 2006 Springer Science + Business Media, Inc.

1. Introduction
Since the last decade, there is an increased interest in
materials exhibiting giant magneto resistance (GMR) [1,
2], where a relatively large drop in the electrical re-
sistance is observed under a magnetic field. Cu—Co al-
loys exhibit such GMR [1, 2]. For example, a super-
saturated CugyCoj( solid solution exhibited a magneto-
resistance ratio of 11% at room temperature after
annealing at 440°C. It has been suggested, that enhance-
ment of the GMR ratio in that material is related to fine Co
precipitates resulting from solid-state spinodal decompo-
sion of the supersaturated alloy [1, 2].

Previous studies revealed that supercooling of Cu—Fe,
Cu—Co, and Cu-Fe—Co alloys beyond a certain limit
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resulted in metastable liquid phase separation, where
the supercooled liquid was separated into two liquids,
Cu-rich (L2), and Co or Fe-rich (L1) [3, 4-10]. The
separation boundaries for Cu—Co and Cu-Fe systems
were consistent with theoretical thermodynamic calcula-
tions [11-15]. Isothermal sections for ternary Cu—Co—Fe
alloys were constructed [16] based on the Fe—Cu [11,
12] and Co—Cu [12, 15] phase diagrams, and some
thermodynamic data such as melting temperatures [17].
The solidus and liquidus temperatures as well as the
metastable miscibility gap for Cu—Co—Fe were calculated
according to a modified database [18]" There is, however,
no information on stable and metastable Cu—Co—Fe
ternary diagrams at room temperature. This work is
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aimed at investigating the effects of supercooling and
cooling rate on the formation of stable and metastable
phases in Cu—Fe—Co ternary alloys.

2. Experimental procedures

2.1. Specimen preparation

High purity copper (99.98%), cobalt (99.99%), and
iron (99.99%) were used to prepare Cu—Co—Fe alloys
containing up to 85 at.% Cu. The raw materials were
weighed with an accuracy of +0.01 g to prepare samples
with compositions ranging from 5 to 96 at.% Cu, 2 to
80 at.% Co and 2 to 85 at.% Fe. Three combinations of
specimen melting and solidifying techniques were used:
arc melting, induction melting, and levitation melting.
They are described below.

For arc melting, specimens approximately 25-g each
were melted using a non-consumable tungsten electrode.
Several remelting cycles were performed, and the spec-
imens were turned over before each remelting to ensure
homogeneity. The cooling rates entailing this technique
are approximately 10 K/s. The designations of the arc
melted samples and their compositions are given in Ta-
ble I. The solidified specimens were used for microstruc-
tural characterization. The induction melted samples,
approximately 15-g each, were melted in an alumina cru-
cible placed inside a graphite susceptor. The temperature
was raised above 1600°C for approximately 30 min. to
homogenize the melt. The liquid was then cooled down
to 1000°C at a rate of approximately 3 x 1072 K/s, then
allowed to cool rapidly to room temperature in the furnace
ambient. These samples were used for X-ray analysis. Fi-
nally, for electromagnetic levitation, the specimens listed
in Table II, weighing approximately 1.5 g each, were arc
melted and then levitated using an electromagnetic (EM)
levitation apparatus described elsewhere [19, 20]. The
temperature of the levitated specimens was continuously
monitored using a two-color optical pyrometer equipped
with a data acquisition system. A typical thermal
cycle during levitation consisted of repeated melting,
superheating by about 200 K, than cooling. In general,
an adjustable flow of a He/Ar gas mixture passed the lev-
itated samples controlled the heating and cooling cycles.
Some samples solidified while levitated, at cooling rates
of around 100 to 200 K/s. Other samples were quenched
on a copper chill, from the drop temperature Tgrop,
starting with the following initial states: (i) superheated
liquid (ii) solid/liquid mixture (iii) supercooled liquid.

2.2. Microstructural characterization

The specimens were cross-sectioned, polished, and sub-
sequently etched for 5-12 s using a solution of 10 g am-
monium cupric chloride and and ammonium hydroxide
sufficient for dissolving all the ammonium chloride crys-
tals in 120-ml of distilled water. For EDS analysis, the
specimens were etched lightly to reveal the microstruc-
ture while keeping the surface roughness to a minimum.
The composition data were corrected using energy disper-
sive spectroscopy equipped with a standard ZAF program
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[21]. The accuracy of the EDS was confirmed by compar-
ing the results to those measured using wavelength disper-
sive spectroscopy (WDS), using pure Cu, Co, and Fe as
standards. The two methods agree by better than 0.3 at.%
X-ray diffraction characterization of the polished but
unetched specimens was done using 40-kV, 40-mA
Cu—Ke radiation. The scan speed was 0.5 degrees per
minute, and Silicon calibration was carried out for Si with
EXECAL [22]. The cell parameters of each phase were
then calculated using a 26 least square program [23].

2.3. Thermodynamic calculations

Initial thermodynamic calculations of the ternary alloys
were performed using the database reported in [18]. It was
found, however, that contrary to experiment, the calcula-
tions resulted in a stable liquid phase separation region for
some compositions. Therefore, the database was modified
so as to eliminate the stable liquid phase separation region
while having no effect on the calculated phase boundaries
of the binary-edge diagrams. This was accomplished by
adding a small ternary correction term to both the fcc and
liquid phases given by the following equation [18]

EGt (ternary) = XcoXCuXFe

((5000x¢, — 80000xcy, + 10000xk.),

whereEGl (ternary) is the excess Gibbs energy Xco, Xcu
and xg. are the mol fractions of Co, Cu and Fe, respec-
tively. This modified free energy equation was then used to
calculate the metastable liquid immiscibility phase bound-
aries during melt supercooling. The isothermal cross-
section at 25°C of the stable Cu—Co—Fe phase diagram
was also calculated, together with the composition and
fraction of the liquid and the peritectic temperatures us-
ing Scheil’s segregation model.

3. Results

3.1. Microstructures

Secondary electron (SE) images of the arc melted ternary
of Cu—Co—Fe alloys with different Co+Fe contents are
shown in Fig. 1. In general, the microstructures consisted
of primary (Fe, Co) rich dendrites surrounded by a Cu-rich
matrix. As will be shown in Section 3.4, up to three phases;
bee (Fe, Co), fce (Fe, Co), and fcc Cu were present, de-
pending on the alloy composition. The primary dendrite
exhibited the normal structure, with prepedicular branch-
ing. However, in some locations, such as the one shown
in Fig. 1a, the dendrite branches appeared to be 60° apart.
Usually, such behavior indicates the presence of an hcp
structure. On the other hand, X-ray analysis of the cooled
samples showed no presence of any hcp phase. It is thus
likely that these dendrites grow in (110) directions; this
point has not been studied further.

The detailed microstructure of the matrix, shown
in Fig. 2, was similar to the peritectic microstructure
observed in binary Cu—Co and Cu—Fe systems. At low
Co + Fe contents (below 20 at.%), the matrix consisted of



TABLE 1
specimens used for microstructural examinations.

Summary of the microprobe analysis of average alloy composition, dendrite composition, and interdendritic composition for arc-melted

Average alloy composition

Average dendrite composition

Average interdendrite composition

Alloy No. Cu (at.%) Co (at.%) Fe (at.%) Cu (at.%) Co (at.%) Fe (at.%) Cu (at.%) Co (at.%) Fe (at.%)
1 5.5 10.4 84.1 Grained structure Grained structure
2 9.4 12.0 78.6 9.3 12.1 78.6 90.7 1.5 7.8
3 10.2 78.7 11.1 14.7 74.7 10.5 90.4 7.6 2.0
4 10.7 68.5 20.7 10.3 68.7 21.0 90.1 7.9 2.0
5 12.4 71.9 15.7 13.9 70.3 15.8 90.5 7.8 1.7
6 20.4 29.6 50 11.9 32.9 55.1 92.4 33 44
7 36.6 314 32 12.1 43.7 44.7 93.0 3.6 34
8 36.2 11.0 52.8 11.2 15.7 73.1 88.0 2.7 9.3
9 54 22 24 15.5 40.6 439 92.1 3.8 4.1
10 56 14 30 20.0 25.3 54.7 95.5 32 5.5
11 63 26 11 17.8 56.9 25.2 92.0 5.1 2.9
12 68.5 23.3 8.2 16.9 53.8 29.3 95.5 2.7 1.8
13 74 18 8 19.6 54.6 25.8 89.7 7.6 2.7
14 77 11 12 16.7 39.3 44.0 91.4 4.4 4.2
15 80.4 5.8 13.8 14.6 27.2 58.2 91.5 2.6 5.9
16 89 6 5 17.0 43.0 40.0 93.2 39 2.9

Cu-rich dendrites, with a bright region near the primary
Co + Fe dendrites, and a dark region away from them
as shown in Figs la and b, respectively. In addition,
a morphological change of the interdendritic phase
for alloys containing more than 30 at.% Co + Fe was
observed from the peritectic (Figs 1a and b) to the one
shown in Fig. 1d. Specimens prepared in the induction
furnace had a similar microstructure, yet coarser than
that of the arc-melted ones.

The EDS analysis showed that the dendrites contained
approximately 10-20 at.% Cu, with the balance Co-+Fe
content, as summarized in Table I. Moreover, the Fe and
Co contents in the dendrites were proportional to the nom-
inal composition of the original melt. The same tendency
was also observed for the average interdendritic composi-
tion. The elemental analysis of the Cu phase surrounding
the (Fe, Co) dendrites (Figs 1a and b and 2) indicated that

the color contrast was due to a compositional gradient.
A summary of the average composition of the Cu-phase,
the center, and the periphery of the Cu dendrite for two
Cu—Co—Fe alloys are given In Table III.

3.2. Supercooling effects on the
microstructure

A typical microstructure of Cu—Co—Fe alloys solidified
with only small supercooling is shown in Fig. 3. Similar
to Cu—Co—Fe alloys solidified at slow cooling rates, the
appearance of Co + Fe denrites (bright areas in the figure)
is followed by the peritectic reaction of the Cu-phase.
Since cooling rates obtained by this technique were larger
than those obtained by arc-melting, the microstructure
is finer. The change in the dendritic composition as a
function of the original melt composition was similar to
that of the dendritic composition under slow cooling rates.

TABLE II Summary of Cu—Co—Fe EM levitation specimen compositions, melting temperatures, and two melt separation temperatures.
Composition (at.%) MeltingTemperature (°C) Separation Temperature—Tsgp (°C)
Alloy No Cu Co Fe Measured Calculated Measured Calculated
1 95.6 2.1 2.3 1090 1090
2 89.0 54 5.6 1143 1210%,%%
3 81.6 8.4 10.0 1230 1245 <1140 1110
4 78.3 10.6 11.1 1240 12505
5 78.1 53 16.6 1300 1310
6 72.9 10.5 16.6 1280 1270 1195 1200
7 69.5 5.2 25.3 1315 1350 1270 1250
8 62.9 26.1 11.0 1290 1280 1265 1150
9 57.8 31.2 11.0 1280 1295
10 57.5 20.7 21.8 1300 1290 1220 1140
11 52.7 31.0 16.3 1330 1360 1270
12 52.1 10.2 37.7 1355 1360 1315 1180
13 46.7 16.4 36.9 1340 1360 1260
14 44.7 36.9 18.4 1325 1330 1270 1130

*Large discrpency between the calculate and measured
**alloy used for measuring melting temperature only.
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TABLE III The composition of the different regions in the £-Cu dendrite
arm for two Cu—Co-Fe alloys. The numbers in brackets are the calculated
peritec composition.

Composition measured

Zone Cu (at.%) Co (at.%) Fe (at.%)
Cu-13.8 at.% Fe-5.8 at.% Co

Average 95.8 (95.5) 2.8 (3.0) 1.4 (2.5)
Center 94.1 4.1 1.8
Circumference 97.5 1.6 0.9
Cu-8.2 at.% Fe-23.3 Co

Average 94.4 (93.0) 1.6 (1.0) 4.0 (6.0)
Center 93.6 1.4 5.0
Circumference 97.2 0.8 2.0

For larger Cu—Co—Fe alloy supercooling, the liquids
entered a metastable liquid miscibility gap, and separated
into two liquids; (Fe+Co) -rich (L1) and Cu-rich (L2).
Scanning electron (SE) images of a 50-K supercooled Cu-

16 at.% Co-34 at.% Fe in Fig. 4 revealed the microstruc-
ture at various locations relative to the chill. Close to the
chill (up to 50 um distance), the microstructure consisted
of very fine spherulites embedded in a Cu-matrix (Fig. 4a),
turning coarser as the distance increased (Fig. 4b). At
200 pum distance from the chill, a mixed microstructure
of spherulites with dendrites was observed (Fig. 4c), with
the amount of the dendrites increasing with distance from
the chill. At 800 pm distance from the chill, no spherulite,
only dendrites were observed (Fig. 4d).

Secondary electron (SE) images of a Cu-16 at.% Co-
34 at.% Fe supercooled 140-K and then dropped on a cop-
per chill are shown in Fig. 5. Unlike the specimen shown
in Fig. 4, this specimen underwent phase separation before
contacting the copper chill. The microstructure consists
of dark Co+Fe rich (L1) regions, and bright Cu-rich (L2)
ones. The microstructure of the L1 and L2 is shown in
Figs 5c and d at larger magnification. The Cu-rich (L2)
microstructure is similar to that of Fig. 3. In contrast, the

(e)

M

Figure 1 Secondary electron images illustrating the microstructure of arc-melted ternary Cu—Co-Fo alloys. (a) Cu-6 at.% Co-5 at.% Fe. (b) Cu-6 at.%
Co-14 at.% Fe. (c, d) Cu-26 at.% Co-11.0 at.% Fe. (e) Cu-14 at.% Co-30 at.% Fe. (f) Cu-31.4 at.% Co-32 at.% Fe.

2752



Figure 2 Secondary electron images illustrating the microstructure of peri-
tectic solidification in Cu-13.8 at.% Fe-5.8 at.% Co alloys.

b _ " I."I A d

Figure 3 The microstructure of Cu-8 at.% Co-30 at.% Fe Alloy solidified
with small supercooling while levitated at a cooling rate of about 100°C/s.

Co+Fe (L1) had a unique non-dendritic morphology, as
shown in Fig. Sc. In several cases, the L1 region contained
small L2 spheres as shown in Figs 5a and b. As will be
discussed later, these spheres represented secondary phase
separation within the L1 phase. The overall composition
of L1 and L2 were Cu-20 at.% Co -63 at.% Fe and Cu-
3 at.% Co-7 at.% Fe, respectively. The compositions of
L1 and L2 for the levitated samples measured in the same
manner, with the corresponding liquid phase separation
temperature, Tep, and actual dropping temperature, Terop,
are summarized in Table I'V.

The influence of strong electromagnetic stiring on the
phase separeted liquids can be seen by comparing the
microstructure of two Cu-16 at.% Co-34 at.% Fe spec-
imens shown in Fig. 6. Both samples were dropped on
the chill after 180-K supercooling. The sample in Fig. 6b
showed recalescence while levitated. The microstructure
of the first specimen is similar to that given in Fig. 5. The
other sample, however, shows strong swirling flow pat-
terns with a much more complicated microstructure, as
shown in Fig. 6b, and in Fig. 7 at a higher magnification.

3.3. X-ray diffraction data

X-ray diffractograms of the alloys solidified under slow
cooling rates revealed the presence of three different
phases, as shown in Fig. 8. These phases were fcc (Fe,
Co), fcc (Cu), and bee (Fe, Co). The results, summarized
in Table V, indicate that for a Cu alloy containing about
11 at.% Cu and less than 19 at.% Fe, the primary dendrites
were fcc (Fe,Co) embedded in an fcc Cu phase. For Cu

Figure4 Secondary electron images illustrating the microstructure of Cu-16 at.% Co-34 at.% Fe dropped on a copper chill after reaching 50 K supercooling
at: (a) 10 pum; (b) 50 pum; (c) 200 pm; (d) 800 pwm distance from the copper chill.
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alloys with the same amount of Cu but containing more
than 23 at.% Fe, the dendrites consisted of bcc (Fe, Co),
and the matrix was fcc Cu. Alloys that contained Fe be-
tween 19 and 23 at.% Fe, on the other hand, contained 3
phases; bee (Fe, Co), fce (Fe, Co), and fcc Cu.

3.4. Thermodynamic calculations

Three types of calculations were made to determine (i)
the isothermal cross section of the stable phase diagram at
25°C, (ii) metastable phase boundaries, and (iii) peritectic
reaction in Cu—Co—Fe alloys. The calculated Isothermal
cross-section at 25°C, as shown in Fig. 9, revealed the
existence two-phase and three-phase regions, as indicated
in Table V. However, the calculated three-phase region

was predicted to be much larger than that found exper-
imentally. We will consider this difference in section 4
(Discussion).

In order to calculate the metastable phase diagram, the
solid phases were excluded, allowing the melt to super-
cool below its solidus temperature. Then, the temperature
in which the supercooled and supersaturated melt decom-
posed into two liquids was determind. The calculated lig-
uid phase separation temperatures, and the composition
of each of the two melts, are summarized in Tables II
and IV, respectively. The tables also show the experimen-
tal values obtained for the levitated specimens. The two
sets of data agree fairly well, the deviation between cal-
culated and measured temperatures being less than 10%.
The maximum discrepancy between the calculated and

secondary L,

Figure 5 Secondary electron images illustrating the microstructure of Cu-16 at.% Co-34 at.% Fe dropped on a copper chill after 140 K supercooling with
recalescnce. (a) an overall view; (b) enlargement of a sphere in (a); (c) microstructure of the Co+Fe rich liquid-L1; (d) microstructure of the Cu rich liquid

L2.

Figure 6 Secondary electron images illustrating the microstructure of Cu-16 at.% Co-34 at.% Fe supercooled to 180 and than quenched onto copper. (a)

Dropped prior to recalescence; (b) dropped after recalescence.
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TABLE V  Summary of the phases found by X-ray diffraction technique.

Coposition Microstructure found by X-ray

Alloy no Cu (at.%) Co (at.%) Fe (at.%) deffraction technique

1 11.2 77.2 11.6 fce (Fe, Co) + fcc Cu

2 11.1 72.0 16.9 fce (Fe,Co) + fcc Cu

3 11.1 69.9 19.0 fce (Fe, Co) + fcc Cu

4 11.1 66.8 22.1 bece (Fe, Co) + fec (Fe, Co) + fcc Cu

5 11.1 65.8 23.1 bece (Fe, Co) + fec Cu

6 11.1 63.7 25.2 bece (Fe, Co) + fec Cu

7 11.0 57.5 314 bece (Fe, Co) + fec Cu

8 11.0 474 41.6 bece (Fe, Co) + fec Cu

9 11.0 42.3 46.7 bece (Fe, Co) + fcec Cu
10 10.9 37.3 51.8 bee (Fe,Co) + fecc Cu

Figure 7 Secondary electron images illustrating the microstructure of Cu-
16 at.% Co-34 at.% Fe supercooled 180 K and then quenched onto copper
dropped after recalescence.

measured compositions of the major consituent in each
liquid is 20%. This point will be discussed later.

The phase formation during normal (non-equilibrium)
cooling was calculated using Thermo-Calc. An example

of the calculations for Cu-13.8 at.% Fe-5.8 at.% Co alloy
is given in Fig. 10. According to it, the first fcc solid forms
at 1280°C, with its fraction increasing with a decrease of
temperature. At approximately 1100°C, the second fcc
solid forms, and and the material consists then of three
phases (liquid, fcc(Co, Fe), and fcc-Cu). As temperature
drops below 1100°C, the Fe-rich fcc disappears, while
the liquid transform into Cu-rich fcc untill solidification
terminates. The variation in the calculated melt composi-
tion during solidification is shown in Fig. 11. The liquid
became Cu-enriched, as the Fe and Co contents decrease
due to formation of Co and the Fe-rich fcc phases. The
composition of the residual (peritectic) melt at 1100°C
was Cu-3 at.% Fe-2.5 at.% Co. The latter value is in good
agreement with the experimental results summarized in
Table 111, the differences between calculations and exper-
iment being less than 1 at.%.

4. Discussion

The microstructures of Cu—Co—Fe alloys solidified with-
out supercooling were similar to that of binary Fe—Cu [5]
and Cu—Co [10] alloys. This emerges when one describes

10000
bee(Co-Fe) bee (Co-Fe)+fecc-Cu
1 (100)
bce(Co-Fe)
80001 ¢, Cu (110) bee(Co-Fe)
(111) tzﬂ\l:l (200)
a
-l "

."? sooof;c(Co-Fe} fee(Co-Fe) '
(7}] J / (200) fcc (Co-Fe)+fee-Cu
3

4000
e
= | b

;"‘(‘f;f‘: bee (Co-Fel+fee (Go-Fe)+ee-Cu
20001 U fee(Co-Fe)
\ (200) (200) bee(Co-Fe)
1 X / (200)
G_Fl_l‘llllllllllllIIII]lIIII llilllfl'llflllllll llllll“l-_lllllll
40 45 50 55 60 65 70

2 Theta []

Figure 8 Diffractograms of Cu—Co—Fe alloy exhibited three regions: (a) region of 3 phases: bce (Co, Fe), fcc (Co, Fe) and fce-Cu, (b), region of 2 phases:

fce(Co, Fe) and fec-Cu, and (c) region of 2 phases: bee (Co, Fe) and fce-Cu.
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Figure 9 TIsothermal cross-section of the Cu—Co—Fe phase diagram at 25°C (a). The Cu rich corner (b).

1230 Liquid
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Figure 10 Calculated weight Fraction of solid during solidification of Cu-
13.8 at.% Fe-5.8 at.% Co.

the ternary boundary of Cu—Co—Fe as a quasi-binary phase
diagram, where one axis represents pure copper, the other
representes the Fe+Co binary composition [17]. For ex-

10 Cu . I I I
0.9 Cu -
0.8 Cu~ |
0.7 o
0.6 B
0.5+ -
0.4 -
0.3 -

0.2 Fe [

0.1 L__Qo L
0.0 T T T T
1050 1100 1150 1200 1250 1300
Temperature [°C]

(a)

L=

Melt Composition [at.%]

ample, a liquid with a Co+-Fe content of Cy, the primary
phase to solidify is expected to be a (Fe, Co) dendrite.
The dendritic and liquid compositions then follow the
solidus and liquidus lines, respectively, as temperature is
lowered. When the temperature decreases further, a peri-
tectic reaction takes place. The latter has also deduced
by the thermodynamic calculations (Table III) suggesting
the peritectic reaction to be at 1100°C. In addition, the
existence of a peritectic reaction was evidenced from the
microstructures observed in Figs 2 and 3. The primary
dendritic phase lead to the formation of a copper phase
via the peritectic reaction. As the reaction continued, the
¢-Cu phase grew around the dendrite until the latter was
completely surrounded. At this point, the ternary peritec-
tic reaction significantly slowed down, and the remaining
liquid solidified dendritically as e-Cu dendrites according
to the solidus and liquidus of the ¢-Cu phase. Because
of the reverse slope of the solidus and liquidus lines (i.e.
partitioning coefficient larger than 1), the center of the
¢-Cu dendrite was rich in Co and Fe, while the periphery
contained only small amounts of Co or Fe (Table III).

0.15 L 1 1 L
Fe
'%
= 0101 I
S
2
=3 Co
F
£ 0.05- g g
3
5
= 0

0.00 T T T T
1050 1100 1150 1200 4250 1300
Temperature [°C]
(b)

Figure 11 Calculated melt composition as a function of temperature Cu-13.8 at.% Fe-5.8 at.% Co alloy. (a) Overall view. (b) Lower portion of the graph

in with more details.
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This solidification sequence was obvious in alloys so-
lidified under moderate cooling rates (Fig. 2). The dark
region in the center the £-Cu dendrite element was rich
in Fe4+Co as compared to the periphery. Similar to the
case of the (Fe+Co) dendrite, the e-Cu dendritic compo-
sition also depended on the melt composition (Table III).
Moreover, it was found that if the Fe and Co contents
in the original melt were equal, the Fe and Co contents
in the dendrite were also similar (Table I). It was also
possible for Cu-rich dendrites to nucleate and grow in
the remaining liquid, especially when the Fe+Co content
was less then 10 at.%. For alloys containing more than
20 at.% Fe+Co, the imaging contrast of the ¢-Cu den-
drites was poor, and a different morphology was observed
similar to that in Fig. 1d. It could be suggested, that this
type of microstructure was due to a solid-state trasforma-
tion resulting in fine (Fe, Co) precipitates. The same type
of microstructure was found in the space between e-Cu
dendrites (Figs 1a and b and 2).

As indicated in the perivious section, the ternary bound-
ary of Cu—Co—Fe could be described by a quasi-binary
phase diagram, in which one axis represents pure cop-
per and the other represents a pure Fe+Co composition.
This simplifies the presentation of the ternary boundaries,
as the metastable phase separation surface reduces into
a line as in the Cu—Co or Cu-Fe binary systems. The
data points for the ternary Cu—Co—Fe liquid phase sep-
aration are composed with the phase separation in the
binary Cu—Co alloys in Fig. 12. As indicted earlier, the
compositions of L1 and L2 were measured using EDS
and the Tgop was obtained from the thermal history of the
levitated samples. In addtion, the metastable liquid phase
separation temperatures of the supercooled samples, Tsgp,
was determind by dropping a series of specimens imme-
diately after recalescence at different supercooling levels.
If the microstructure contained spheres, it indicated that
the liquid entered the immiscibility gap.

4.1. Impact of supercooling on the
microstructure

It should be noted that the solidification path of a phase
separated liquid is considerably different and more com-
plicated than that of a supercooled single phase one. This
is because each liquid phase not only experiences its own
supercooling, which could be considerably different from
that of the bulk, but also follows a solidification path that
differs considerably from the bulk composition. More-
over, the composition and fraction of each liquid changes
as the sample is being continuousely cooled. In general,
the composition of each liquid is expected to follow the
miscibility phase boundary if adequate time is allowed for
the complete transfer of atoms between the two phases. In
the absence of such complete diffusion, secondary phase
separation of one liquid within the other might occur. An
example of this was shown in Fig. 5a.

For the present alloys, nucleation depended on the su-
percooling. The L1 liquid, which is rich in Co and Fe is
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Figure 12 Quasi-binary phase diagram Cu—Co—-Fe showing the Liquidus
temperature and Tsgp, measured by microstructural analysis, as well as
EDS composition of L1 and L2 superimposed on the Cu—Co stable phase
diagram with Liquid phase separation in Cu—Co melts.

expected to nucleate and solidify first [9]. However, the
heat released by the L1 liquid could raise the temperature
above the metastable boundaries, and cause a remix of
the separated liquids, if heat removal is not fast enough.
As such, the microstructure of the specimen depends not
only on the nucleation temperature, but also on the addi-
tional supercooling during the free fall, as well as on the
cooling rates during solidification. For example, when a
Cu—Co—Fe alloy of less than 50 at.% Co-+Fe was super-
cooled into the miscibility gap, melt separation occured.
In such a case, the L1 liquid being the minority phase
would exhibit spherical shapes embedded in the L2 lig-
uid. There were three possible solidification routes; (i)
nucleation prior to dropping, (ii) nucleation during the
time interval between dropping and impact on the cop-
per chill (iii) nucleation after impact. In the first case,
the latent heat of fusion raised the temperature above the
separation temperature, Tsgp, resulting in remelting of the
first solid, and remixing. The significant convection due
to electromagnetic stirring resulted in a swirling pattern
of the liquid as shown in Fig. 6b. On the othere hand,
when nucleation occurred after releasing from the levi-
tator, large spherical or semi-spherical L1 droplets were
obtained, as in Fig. 6a. When nucleation took place af-
ter impacting the copper chill, a thin circular specimen
with thickness increasing towards the circumference was
usually obtained. The high cooling rates during solidifi-
cation increased the bulk supercooling and also resulted
in fine microstructural feathers. Close to the Cu chill, the
high cooling rates causes dynamic supercooling, which
in turn results in fine spherulites (Fig. 4). Away from the
Cu chill, the cooling rate, hence supercooling decreased,
and the temperature increased above Tsgp, and a regular
microstructure was obtained.

As shown in Table II, the measured liquidus and liquid
phase separation temperatures and the calculated ones
exhibit fair agreement, the largest difference being less
than 10%. The measured and calculated composition



showed fairly good agreement, particularly with respect
to the major component. However, the diagram showed
a relatively larger three-phase region than that of the
experimental results.

X-ray diffraction measurements showed that for
Cu—Co-Fe alloys containing around 11 at.% Cu, and Fe
and Co with less than 19 at.% Fe, consisted of a region
where two fcc phases, (Fe, Co) and Cu, coexisted. For al-
loys contained more than 23 at.%, Fe, two-phase bcc (Fe,
Co) + fcc Cu were observed. Between 19 and 23 at.% Fe,
three-phase bec (Fe, Co) + fcc (Fe, Co) + fcc Cu were
observed. Theoretical calculations indicated (Fig. 11) that
the 3-phase region existed between 1 and 20 at.% Fe. The
reason for this discrepancy is not clear, and is yet to be
investigated. We suspect that the cooling rates used, ~3
x 1072 K/s, are too high for obtaining the stable phase
compositions.

5. Summary

The microstructure of Cu—Co—Fe alloys solidified under
various supercooling conditions were investigated, yield-
ing the following results:

1. Bulk supercooling of liquids containing 44—80 at.%
Cu below a certain temperature, Tsgp, resulted in
metastable melt separation into two liquids, a Co-rich L1,
and a Cu- rich L2. The microstructures of the phase sepa-
rated specimens consisted of spherulites of one liquid em-
bedded in the other. For alloys containing less than 40 at.%
Co+-Fe, the spherulites solidified from the L1; those con-
taining more than 50 at.% Co+-Fe, the spherulites solidi-
fied from the L2.

2. The microstructure of Cu—Co—Fe exhibited a peri-
tectic microstructure, in good agreement with theoretical
calculations.

3. Alloys cotaining 11 at.% Cu and more than 72 at.%
Co exhibited fcc (Fe, Co) and fcc Cu phases. For less than
65 at.% Co, two-phase bec (Fe, Co) and fcc Cu coexisted.
Between these two regions, a three-phase mixture of bcc
(Fe, Co), fcc (Fe, Co) and fcc Cu was observed.

4. The metastable phase boundaries were thermody-
namicaly calculated using using the database reported in
[18]. The deviation between the calculated values and
experimental results was good with the larger discrepen-
cies was less than 10%.
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