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Abstract In this study, Electromagnetic Levitation

(EML) technique was utilized to explore the effect of bulk

supercooling and rapid solidification in alloys with

Co46Ni27Ga27 and Co48Ni22Ga30 (at.%) compositions. The

effects of c ? b on the martensitic and austenitic trans-

formation temperatures and magnetic properties were

investigated. The presence of c phase was found to sup-

press the martensitic and austenitic transformations to

below room temperature. Bulk supercooling and rapid

solidification led to the formation of homogeneous mar-

tensitic phase from the hyperperitectic Co46Ni27Ga27 alloy.

In contrast with pure martensite phase in Co48Ni22Ga30, the

hyperperitectic martensite in supercooled Co46Ni27Ga27

sample showed no grain boundaries microsegregation and

embrittlement that caused deep cracks along grain bound-

aries. The sample had a high Curie temperature about

400 K and good directional magnetic properties.

Introduction

A new class of smart materials called Ferromagnetic Shape

Memory Alloy (FSMA) in a Ni–Mn–Ga ternary system

was discovered in 1996 [1]. Since then, it has been

observed that FSMA materials with a Heusler-type struc-

ture possess both ferromagnetic and shape memory

behavior, with a large reversible strain up to 6% in a

particular crystallographic direction under an applied

magnetic field [2]. These properties make the materials

promising candidates for Micro-Electro-Mechanical-

Systems (MEMS) and aerospace applications, such as

sensing and actuating devices [3]. Alloy systems exhibiting

such Ferromagnetic Shape Memory (FSM) behavior cover

variety of alloys including Fe–Pd [4], Fe–Pt [5], Ni–Mn–

Ga [1, 6–8], Co–Ni–Al [9–12], and Co–Ni–Ga [9, 13–16].

The Co–Ni–Al and Co–Ni–Ga FSMAs were recently

found to exhibit better ductility compared to other FSMAs

because of the dispersion of ductile phase (c) in b0 (mar-

tensite form of b) matrix at certain compositions [9, 16–18].

The improvement in ductility of FSMAs is a desirable

characteristic for subsequent processing steps and ultimate

device fabrication. In addition, the Co–Ni–Ga FSMAs also

possess relatively high Curie and martensitic transforma-

tion temperatures [9, 16].

The FSM behavior in Co–Ni–Ga alloy is reported to be

restricted to those compositions which have a single

b-phase with B2 structure (bcc-ordered structure) [9, 16]

since b can undergo a martensitic transformation, con-

tributing to shape memory behavior [9, 14, 17]. b-Phase in

the binary Co-Ga and Ni–Ga systems have compositions

ranging from 30 to 66.7 and 31.3 to 60 at.% Ga, respec-

tively (Fig. 1a) [19]. In contrast, the Co–Ni alloys form a

solid–solution (aCo,Ni) with A1 structure (fcc-disordered

structure) and exhibit ferromagnetic behavior at all com-

positions, and their magnetic transformation temperatures

decrease with increasing nickel content [20]. The magnetic

transformation temperature of the ternary alloy also

decreases as nickel content increases. This has been

reported by Oikawa [9, 16] who showed that the magnetic

and martensitic transformations of ternary Co–Ni–Ga

alloys can be adjusted by varying Cobalt–Nickel ratio.

Craciunescu et al. [14] also showed an increasing
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martensitic transformations (Ms) temperature with

increasing average valence electron concentration (elec-

tron/atom ratio or e/a). Similar observations have been

made by other researchers for Ni2MnGa alloys [21, 22].

Conventional processing of the alloys frequently leads

to microsegregation and grain boundary embrittlement.

This is mostly because b phase has a narrow composition

range which decreases with decreasing temperature. The

single-phase b region projected from the binary diagrams is

shown in Fig. 1a [19, 23]. The region represents the dual

phase c ? b composition in the vicinity of Co50Ni25Ga25

(at.%) (Co2NiGa), known as Heusler-type, L21 structure

above its martensitic transformation temperature. This

crystal structure would transform to a tetragonal and/or

orthorhombic martensitic structure [15, 16].

In general, the solidification route of a ternary alloy

could be predicted if the liquidus surface contour of the

ternary phase diagram is known. The liquidus surface

contour of a Co–Ni–Ga alloy (Fig. 1b) can be visualized

using the binary diagrams. There are three possible paths

for conventional solidification depending on the curva-

ture of the surface contour and composition, as sche-

matically shown in the figure. One path, although less

likely, would lead directly to the formation of a Ga-rich

liquid at the end of solidification, while the two others

lead toward Ni or Co-rich regions first then toward the

Ga-rich liquid. Because of one or the other of these

solidification paths, conventional solidification techniques

of the alloy cannot only lead to severe chemical segre-

gation but also grain boundary embrittlement. Such

microsegregation and nonhomogeneity strongly influence

the martensitic transformation. As such, it is generally

necessary to homogenize the alloy, which requires long

time and high temperatures.

It has been recognized that bulk supercooling before

solidification can lead to rapid solidification process (RSP)

which in turn to partitionless (massive) solidification [24].

Such a large bulk supercooling can be achieved using

various techniques such as glass fluxing, emulsification, or

levitation [25]. Electromagnetic levitation (EML) melting

is more conducive for achieving high supercooling in high

temperature alloys because of its containerless nature. The

technique also allows direct observation and measurement

the specimen’s temperature. Furthermore, as described

elsewhere, the EML can be complemented with a copper

chilling device, to rapidly solidify the supercooled liquid.

In this research, the solidification of Co46Ni27Ga27

(at.%), centered around Heusler-type composition, and a

non-stoichiometric Co–Ni–Ga alloy with Co48Ni22Ga30

(at.%) composition was investigated using EML.

Experimental procedure

Co–Ni–Ga specimens of approximately 1.5 ± 0.05 g each

with compositions of Co46Ni27Ga27 and Co48Ni22Ga30

(at.%) were prepared from high purity Co (99.99%),

Ni (99.99%), and Ga (99.999%) by arc-melting in Ar

(99.99%) environment. To achieve homogeneity, each

sample was molten twice with the specimen being turned

over before the second melting. The arc-melted samples

were then levitated in the EML apparatus, as per the pro-

cedure reported in [24–26]. The levitation system consisted

of a double wound in opposite directions coil [27] which

was powered by a 20-kW high-frequency (8 MHz) gener-

ator, an inert gas delivery system connected to a gas

purifier, and a temperature-measuring device equipped

with a data-acquisition system. A quartz tube with 16-mm

Fig. 1 a A b-phase region and

two-phase area in Co–Ni–Ga

ternary system at room

temperature projected from

binary diagrams [19, 23], and

b three possible solidification

routes; toward (1) Ga-rich, (2)

Ni-rich, and or (3) Co-rich

regimes for Co–Ni–Ga alloys

with compositions in the

b-phase region
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diameter and 0.5-mm thickness was inserted inside the coil

to provide a protective Argon gas environment for the

levitated sample. To control the temperature of the levi-

tated sample, helium was added to gas stream to increase

the heat removal and cooling when needed. Both argon and

helium gases were purified using a gas purifier with a

titanium getter at 800 �C.

A two-color pyrometer was employed to measure the

temperature of the sample continuously. The accuracy of

the pyrometer readings was checked by measuring the

melting temperature of pure nickel and pure copper, as well

as selected binary Ni–C and Fe–C binary alloys. It was

found that for these samples the measured temperatures

were within ±10 �C of the expected values with small

oscillations due to sample rotation and vibration, as well as

liquid circulation. Based on computed velocity and tem-

perature fields for a 6-mm-levitated iron droplet proposed

by El-Kaddah et al. [28], a severe circulation is expected

within the sample as well. The fluid flow field in levitated

metal droplets only can be driven by two forces, i.e.,

electromagnetic force and the buoyancy force fields. This

topic is far beyond the scope of this article, but the com-

putational analysis of the temperature and flow fields in the

levitated droplet can be found in [28]. This vigorous cir-

culation causes a uniform temperature distribution with a

maximum 7 �C difference from surface to core of droplet.

The as-solidified specimens were etched using a solution

consisting of HCl, CH3COOH (Glacial), HNO3, and water.

The microstructures were observed using an optical and

scanning electron microscopy. The chemical composition

of c and b phases were determined by energy dispersive

spectroscopy (EDS) system at 20 kV using a standard

‘‘ZAF’’ (Z-atomic number, A-absorption, and F-fluores-

cence, plus background and dead time corrections) tech-

nique. The Curie temperature TC and the magnetization

M were measured using a vibrating sample magnetometer

(VSM). The martensitic and austenitic transformation

temperatures were determined by a differential scanning

calorimeter (DSC) at cooling and heating rates of 1 and

10 �C/min, respectively.

Results and discussion

Microstructures

To investigate the effects of rapid solidification on micro-

structure and phase evolution, two different compositions

Co46Ni27Ga27 (at.%) and Co48Ni22Ga30 (at.%) were solid-

ified under different conditions. For the first alloy, speci-

mens of approximately 7-mm diameter were levitated and

solidified with three different conditions: (i) rapid

quenching of superheated melt against a copper chill, (ii)

superheating and slow cooling in the levitation state using

helium gas, and (iii) bulk supercooling and rapid quenching

against the copper. The Co48Ni22Ga30 (at.%) specimen was

also levitated and solidified with superheating and rapid

solidification. The processing conditions and nominal

composition of the alloys are given in Table 1. The table

also shows the liquidus temperature and the temperature at

which the levitated samples were dropped.

The cross-sectional microstructures of a sample with

Co48Ni22Ga30 (at.%) composition at a location near the

copper chill are shown in Fig. 2a. The figure shows mar-

tensite laths within the grains whose boundaries are deco-

rated with a Co-rich phase. The SEM examination of the

sample, Fig. 2b, showed deep cracks along grain bound-

aries of martensitic matrix phase. The spot EDS analysis on

the wall of a removed grain revealed high amounts of Ni

and Co at the boundary. Although exact compositional

determination could not be made because of the relatively

large beam diameter of EDS, the approximate chemical

composition at the boundary surface was determined as

52%Co–36%Ni–12%Ga. The b0 martensite phase had an

average composition close to the nominal composition of

the alloy (parental phase).

Table 1 Nominal composition and condition of alloys in this study

Sample Composition

(at.%)

Melting temperature

(8C)

Dropping temperature

(8C)

Quenching Observed

microstructure

D1 Co48Ni22Ga30 Tliquidus = 1210

Superheating at TS.H = 1326

Tdrop = 1326 Dropped on Cu-chill

(brittle)

Single phase

C2 Co46Ni27Ga27 Tliquidus = 1254

Superheating at TS.H = 1400

Tdrop = 1400 Dropped on Cu-chill Dual phases

C6 Co46Ni27Ga27 Tliquidus = 1240 Tdrop & 1000 (solid) Cooled during levitation Dual phases

C11 Co46Ni27Ga27 Tliquidus = 1265

Supercooled at TS.C = 1122

(DT = 143)

Tdrop = 1122 Dropped on Cu-chill Single ?Dual phases

(two zones)
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The microstructure of the superheated and quenched

Co46Ni27Ga27 (at.%) sample, Fig. 3a, consisted of primary

c dendrites embedded in b matrix. It can be seen that some

of the defragmented c dendrites form curved bands because

melt shearing flow by electromagnetic stirring. The core of

the dendrites had composition of 53%Co–26%Ni–21%Ga

whereas the b phase just surrounding the dendrite tip (dark

area in Fig. 3b) had a composition of 42%Co–28.5%Ni–

29.5%Ga. The microstructure and measurements are

indicative of the peritectic transformation for the alloy,

similar to the one shown in the quasi-binary diagram in

Fig. 4. Away from this peritectic interface, the martensite

matrix had an average composition of 43%Co–28%Ni–

29%Ga. Other studies have also shown that Co–Ni–Ga

alloys with composition near to Heusler-alloy solidify

through a peritectic reaction, L ? c ? b [29, 30]. In

Fig. 4, a pseudo binary diagram for Co & 47 at.% in terms

of Ga content has been used for showing the peritectic

reaction [31]. The microstructure of another Co46Ni27Ga27

sample with the same composition as the previous sample

(sample C6), but cooled slowly, was also found to consist

of primary c dendrite embedded in martensite matrix, as

shown in Fig. 5. The dendritic c phase had a core com-

position of 55%Co–24%Ni–21%Ga with the martensitic

matrix with average composition of 44%Co–27%Ni–

29%Ga.

Figure 6 shows the microstructure of a Co46Ni27Ga27

alloy which was supercooled by 143 �C before being

quenched against the copper chill. This sample, which had

a disk shape, consisted of two distinct microstructures as

shown in the figure. The region next to the chill consisted

of 100% martensitic structure. The second region, away

from the chilled surface, consisted of c dendrites sur-

rounded by martensite. The martensite in the first region

(zone I), designated as ‘‘off-composition martensite,’’ has

formed from metastable b phase. It had a composition of

46%Co–27%Ni–27%Ga, similar to the parent alloy. The

two-phase area far from the quenched surface(zone II), on

the other hand, contained c dendrite of 54%Co–25%Ni–

21%Ga and martensite with 43%Co–29%Ni–28%Ga

composition. In contrast with sample D1 shown in Fig. 2a,

no cracks or intergranular precipitations were observed in

Fig. 2 a Microstructures of a Co48Ni22Ga30 (at.%) sample quenched

from superheated melt. The grain boundaries contain cobalt-rich

phase. b SEM micrograph (sample D1) shows severe grain boundaries

embrittlement that caused detached grains and one fallen-off grain

Fig. 3 a Dendritic microstructure of primary c phase of Co46Ni27Ga27

(at.%) sample quenched from the superheated melt. b BSE micrograph

(sample C2); martensite matrix is shown
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zone I. The zone II microstructure was similar to those in

Figs. 3 and 5, but at a much finer scale.

The off-composition martensitic phase formation in the

zone I indicates the influence of supercooling and rapid

solidification on the microstructure. This can be surmised

with the aid of metastable extension of the liquidus and

solidus line for b and T0 curve, as shown in Fig. 4. When

the supercooled contacts copper chill, the first solid

nucleates and forms at a temperature designated by Tdrop.

Since this temperature is below the T0 for b, it will form

without partitioning, and will have the same composition as

the parent phase. As recalescence raises the temperature

above Peritectic and b–L T0, partitioning then takes place

with the liquid solidified, the same way as those in Figs. 3

and 5.

It should be noted that, beside the formation of meta-

stable composition, the supercooling also strongly

increases the interface velocity. It has been shown that as

the interface velocity increases, the partitioning coefficient

(kv) becomes large and approaches unity with complete

solute entrapment [32–36].The influence of supercooling

on the interface velocity can be described considering the

thermal condition at a moving solid–liquid (S/L) as given

by the Stefan’s equation:

mi ¼
KS;iGS;i � KL;iGL;i

qSHf

ð1Þ

where KS;i and KL;i are the thermal conductivities on the

solid and liquid sides at the interface, qS is the density of

solid, Hf is the heat of fusion of solids and GS;i and GL;i are

the temperature gradients at the interface on the solid and

liquid side, respectively. For the supercooled liquid, the

GL;i term is negative, and it enhances the interface velocity.

However, as solidification proceeds, the heat of recales-

cence alters the magnitude of the temperature gradients on

both sides of the interface and consequently reduces the

interface velocity. In addition, the recalescence could raise

the liquid temperature above T0, where partitioning (seg-

regation) takes place. To prevent the recalescence above T0

for a supercooled melt, the supercooling needed is

approximately DT = Hf

CP;L
; where CP,L is the heat capacity of

Fig. 4 A pseudo binary diagram for Co–Ni–Ga alloys containing

47 at.% Co [28]. The metastable extension of the liquidus and solidus

lines and T0 line for the b phase are also shown. The dashed arrow
shows the composition of the supercooled sample as described in the

text

Fig. 5 Microstructure of Co46Ni27Ga27 (at.%) sample slowly cooled

during levitation (sample C6), consisting of fragmented dendrites and

interdendritic martensite matrix

Fig. 6 Microstructure of Co46Ni27Ga27 (at.%) sample solidified with

DT = 143 �C supercooling (sample C11). a The lower portion (zone

I), solidified near the chill surface, consists of non-equilibrium, off-

composition martensite. The upper portion (zone II) contains primary

c dendrite and interdendritic b0 (martensitic b). b A higher magni-

fication of interface between two different zones
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the liquid. Another approach would be to combine super-

cooling with rapid heat removal by quenching against a

conductive substrate, which is the case for this study.

It is believed that solute entrapment or partitionless

solidification of the supercooled sample shown in Fig. 6

has led to the formation of the single b phase from the

hyperperitectic alloy. Subsequently, the b(BCC) has

transformed to the off-composition b0(BCT)). As such, the

composition of martensitic phase (b0) is the same as that of

the parent liquid.

Martensitic transformation

The DSC curves for sample D1 are shown in Fig. 7a and b,

respectively, for two different heating/cooling rates of 10

and 1 �C/min. Exothermic and endothermic peaks are

observed during cooling and heating cycles, respectively,

in Fig. 7a. These peaks correspond to the martensitic and

reverse transformations for the alloy at 10 �C/min cooling/

heating rate. The austenite and martensite phase transfor-

mation temperatures (As for austenite starting transforma-

tion, Af for austenite finishing, Ms for martensite starting,

and Mf for martensite finishing), were determined by the

point of intersection of the tangent line of the peak’s

inclination and baseline in the DSC curves. The values

were 60, 95, 37.5, and 6 �C, respectively for the first

heating/cooling cycle. A small downward shifts of the

martensitic transformation temperatures (Ms and Mf), about

5 �C for each cycle, were observed during subsequent

cooling cycles. The reverse transformation to austenite (As

and Af) also shifted downward but with a much larger

degree. For example, As changed from 60 to 50, 42, and

eventually to 30.5 �C between the first and fourth cycles.

The DSC curves of the same sample as above but at a

slower heating/cooling rate of 1 �C/min are shown in

Fig. 7b. During the first heating cycle, the reverse mar-

tensite transformation peak was observed near the same

temperatures as in the first cycle of the curves shown in

Fig. 7a. However, no martensitic transformation was

observed during the cooling cycle even though the sample

was cooled to -15 �C. The subsequent cycles were also

devoid of martensitic or austenitic transformations. The

comparison of the two DSC curves may indicate decom-

position and/or change of austenite composition during the

slow heating process (1 �C/min). Such compositional and

phase change could conceivably suppress the martensite

transformation temperature to well below -15 �C. A

similar influence of heat treatment on the martensitic

transformation temperature has been reported by other

investigators for both heat-treated single-phase b (B2-type)

and a single crystal of Co48Ni22Ga30 alloy [16, 29]. It

should be noted that two other peaks are also observed in

Fig. 7b around 180 �C during heating and cooling of this

sample. These peaks are believed to indicate the Curie

temperature (TC) of the sample.

The typical DSC curve for sample C2 is shown in

Fig. 8a. In contrast with the sample shown in Fig. 7a,

pronounced exothermic martensitic and endothermic aus-

tenite transformation peaks around 30–60 �C are not

observed in this sample. However, there are small peaks in

cooling and heating cycles that, respectively, show Ms and

Af to be around -21 and -4 �C. It should be noted that

these transformation temperatures are below those reported

in Ref. [31] for the same alloy composition. The difference

in these two observations is believed to be because the

sample in this study consisted of two phases, where as

those of the previous studies were for the heat-treated

single phase.

Similarly, Fig. 8b shows the DSC curve for sample C6,

which consisted of two phases, c and b. The Ms and Af

temperatures during the first cycle were around -20 and

-2 �C, respectively. However, for the latter sample, the

peaks are more pronounced since the martensite matrix has

higher percentage in comparison with sample C2.

The DSC curves for sample C11 are shown in Fig. 8c,

where both endothermic and exothermic peaks in the first

cycle can be seen. Martensitic starting and reverse finishing

transformation temperatures, Ms and Af, are -15 and

-6 �C, respectively. Although the Ms temperature has

increased by about 6 �C, the martensitic and reverse

transformations temperatures are still suppressed to tem-

peratures quite below room temperature due to the presence

of c(dendrite) ? b0 phases in this sample (zone II) along

with pure martensite microstructure, b0 (zone I). As the

heating and cooling cycles continued to higher temperature

ranges, these two peaks become weak and finally disappear.

The other broad peak around 150 �C in the second heating

cycle that may indicate some form of solid-state transfor-

mation. It is conceivable that this correlates with the

decomposition of the off-composition phase in zone I.

Magnetization

The magnetization hysteresis loops (M vs. H) at different

temperatures for the Co48Ni22Ga30 (at.%) b single-phase

alloy, sample D1, is shown in Fig. 9. The ‘‘in-plane’’

magnetization ðh ¼ 0�Þ in the figure refers to the plane of

the sample which was parallel to the quenched surface, and

the ‘‘out-of-plane’’ magnetization ðh ¼ 90�Þ refers to the

direction perpendicular to the chill surface. The magnetic

saturation for both in-plane and out-of-plane magnetization

directions decreased from about 45 to 40 emu/g with

increasing temperature from 65 to 150 K, and then fell to

32.6 emu/g at room temperature (295 K). Similarly, the

coercive forces (inserted graphs in Fig. 9) decreased with

increasing temperature from 50 Oe at 65 K to 10 Oe at
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room temperature for both in-plane and out-of-plane

magnetization directions. The in-plane magnetization

curves were found to be more easily saturated (at 5 kOe)

than out-of-plane magnetization curves (at 10 kOe) at all

temperatures.

For sample C2, the magnetic saturation for both in-plane

and out-of-plane magnetization directions decreased from

52 to 48 emu/g with increasing temperature from 65 to

150 K, and dropped to 38 emu/g at room temperature. The

coercive force for this sample also decreased with

increasing temperature from 100 Oe at 100 K to 10 Oe at

room temperature for in-plane magnetization direction, and

from 75 Oe at 100 K to 10 Oe at room temperature for out-

of-plane magnetization direction. Similarly, the magnetic

saturation for both in-plane and out-of-plane magnetization

directions of sample C6 decreased from 52 to near 48 emu/g

with increasing temperature from 65 to 150 K, and then

to 38.2 emu/g at room temperature. The coercive forces

also decreased with increasing temperature from 25 Oe at

65 K to 5 Oe at room temperature for both in-plane and

out-of-plane magnetization directions. For sample C11,

which was supercooled and quenched, the magnetic satu-

ration for both in-plane and out-of-plane magnetization

directions decreased from 52 to 48 emu/g with increasing

temperature from 65 to 150 K, and reduced to 38 emu/g at

room temperature. The coercive forces decreased with

increasing temperature from 30 Oe at 65 K to 10 Oe at

room temperature for in-plane magnetization direction and

from 80 emu/g at 65 K to about 30 emu/g at room tem-

perature for out-of-plane magnetization direction.

For comparison, Fig. 10 shows M–H curves for both in-

plane and out-of-plane magnetization directions at room

temperature for Co48Ni22Ga30 and Co46Ni27Ga27 samples

(C2, C6 and C11). In Fig. 10a, the difference in magnetic

moment of both in-plane and out-of-plane directions

reflects the anisotropic texture and directional properties of

purely martensitic phase of sample D1 at room tempera-

ture. It has been shown in Fig. 10b that the magnetic

properties of sample C2 also changed through different

orientations in the same way as mentioned earlier.
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Fig. 7 DSC graphs of four

heating/cooling cycles for

Co48Ni22Ga30 (at.%) sample

quenched from the superheated

melt (sample D1) with cooling/

heating rates: a 10 �C/min and

b 1 �C/min
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Fig. 8 DSC graphs of four

heating/cooling cycles with

10 �C/min heating/cooling rate

of Co46Ni27Ga27 (at.%) samples

a C2, b C6 and c C11 (with

DT = 143 �C supercooling)
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However, the difference between magnetization curves in

two main directions was less than the one in sample D1.

The directional magnetic property decreased because of

martensite matrix and c (b0 ? c) phase forms instead of

purely martensite phase of sample D1. The magnetic

saturation increased from 32.6 emu/g for sample D1 to

38 emu/g at room temperature in this sample owing to its

near-Heusler composition. Magnetic moment of sample C6

(Fig. 10c) had different amounts along both directions.

Nevertheless, the directional magnetic property in this

Fig. 9 Magnetization

(M) curves in different

temperature of Co48Ni22Ga30

(at.%) alloy quenched from the

superheated melt (sample D1):

a in-plane ðh ¼ 0�Þ and b out-

of-plane ðh ¼ 90�Þ

Fig. 10 M–H curves at room

temperature of a Co48Ni22Ga30

(at.%) (sample D1), and

Co46Ni27Ga27 (at.%) samples

b C2, c C6, and d C11
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sample had the lowest amount compared with other sam-

ples due to the formation of martensite matrix and c
(b0 ? c) phases, as well as different sample shapes from

others (not completely flat). The saturation magnetization

at room temperature had the same amount of sample C2

(38 emu/g).

For sample C11 in Fig. 10d, the magnetic properties

also changed through different orientations as discussed

earlier, but the difference is even higher than that of purely

martensite phase in sample D1. The saturation magneti-

zation of this sample at room temperatures also had higher

amount (38 emu/g) than sample D1 (32.6 emu/g) because

of its near-Heusler composition. Moreover, it is approxi-

mately equal to other Co46Ni27Ga27 (at.%) samples

regardless of their different microstructures (see Fig. 10).

To investigate the Curie temperature, the saturation mag-

netization (Msat) at different temperatures for Co48Ni22Ga30

(at.%) (sample D1) and Co46Ni27Ga27 alloys (samples C2, C6,

and C11) have been plotted in Fig. 11. All of Co46Ni27Ga27

samples had well-above room temperature Curie temper-

atures around 400 K as a point of slope change in mag-

netization curves. However, this was not very accurate

due to measurement limitations above 400 K. For

Co48Ni22Ga30 alloy (sample D1) as an off stoichiometric

alloy of Heusler-type composition, the Curie temperature

was about 350 K and was not sensitive to compositional

changes. Figure 12 shows coercive force in different

directions at room temperature for Co48Ni22Ga30 (sample

D1) and Co46Ni27Ga27 samples (C2, C6, and C11). It has

been found that the supercooled and rapidly solidified

Co46Ni27Ga27 alloy (sample C11) had the highest direc-

tional coercivity among these samples. The minimum and

maximum coercive forces were obtained around 14 Oe at

h = 0� and 45 Oe at h & 50�, respectively. The coercive

forces in samples C2, C6, and D1 were not dependent on

the direction.

Conclusion

Electromagnetic Levitation (EML) technique was utilized to

explore the effect of bulk supercooling and rapid solidifi-

cation in alloys with Co46Ni27Ga27 and Co48Ni22Ga30 (at.%)

compositions. Quenching of Co48Ni22Ga30 against copper

led to the formation of b phase with grain boundaries dec-

orated with a brittle Co-rich phase that caused deep cracks

along grain boundaries. DSC experiments conducted at

10 �C/min yielded Ms and As temperatures of the sample at

around 37.5 and 60 �C, during the first heating and cooling

cycles. Slow heating/cooling at 1 �C/min suppressed the

martensitic and austenitic transformation temperatures to

well below room temperature. Quenched microstructure of

Co46Ni27Ga27, on the other hand, consisted of c dendrites

surrounded by b (b0) matrix. The presence of c phase in these

samples was found to suppress Ms and Af to less than -20

and -2 �C temperatures, respectively. The Curie tempera-

ture of Co46Ni27Ga27 samples remained at about 400 K

regardless of the presence c ? b phases. It was shown that

Fig. 11 Saturation

magnetization (Msat) in different

temperatures (dashed and solid
lines are related to cooling and

heating cycles, respectively) of

a Co48Ni22Ga30 (at.%) (sample

D1) and Co46Ni27Ga27 (at.%)

samples b C2, c C6, and d C11
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bulk supercooling and rapid solidification can produce

homogeneous single martensitic phase from the hyperperi-

tectic Co46Ni27Ga27 alloy through partitionless solidifica-

tion and/or solute entrapment. In contrast with pure

martensite phase in Co48Ni22Ga30, the off-composition

martensitic phase in supercooled Co46Ni27Ga27 sample

showed no grain boundaries, microsegregation and embrit-

tlement. The sample also has a good high Curie temperature

of about 400 K and good directional magnetic properties,

such as different coercivity from around 14 Oe for in-plane

direction to about 42 Oe at the 50� angle, and different in-

plane and out-of-plane magnetizations up to saturation

magnetization.
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