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SmCo5 is well known for its high coercivity. However, still room is available to increase the coercive power of

SmCo5, since the theoretical values of the compound is far higher than the achieved values. Different attempts,

in this regard, have been made either by controlling the microstructure or the chemical composition. However,

it is noted that no or very few literature is available regarding the control of microstructure through solidifica-

tion. Three types of SmCo5 compound were prepared through induction melting technique so that final solidi-

fication be manipulated by controlling the mold temperature. Fractrographic analysis revealed a unique

peritectic structure in SmCo5 compound. It was observed that the peritectic plates, having nano-size thickness,

remain present even after high temperature sintering operation. The nano-scale peritectic plates may affect the

final magnetic properties, especially the coercivity of the subject compound. 
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1. Introduction

The first part of this work is about the observation of

banded structure obtained after peritectic reaction. It can

be observed in Sm-Co phase diagram that for the chemical

composition range where SmCo5 exist, a peritectic reac-

tion isotherm is present at 1300 ⁰C [1-4]. Further, it can

be depicted from the phase diagram that this compound is

not a stoichiometric compound. Different types of

peritectic growth were reported by Hideyuki Yasuda et al.

[5] for metallic alloys. In this regard, a banded structure

growth is noted for lead-bismuth system. However, this

type of growth was not reported before, in open literature,

for SmCo5 system, which is presented here. 

The second part of this work is the reporting of ultra-

high coercivity for SmCo5, for sintered samples. Ultra

high coercivity in SmCo5 is the desire which was per-

suaded for the last many years. In this regard, chemical

composition and microstructure control are the popular

choice to manipulate the magnetic properties. Koppoju et

al. [6] added 6.5 % copper in SmCo5 and then melt spun

the same at high velocity i.e. 50 m/s, achieving 52.7 kOe

coercivity values, the measurements were made directly

on the ribbons. Similarly, Fukuzaki et al. [7] made copper

and iron additions and then melt spun the same obtaining

33 kOe coercivity. Fukuzaki et al. [7] also added tantalum

along with iron and copper achieving 24.5 kOe intrinsic

coercivity. The combination of iron and copper was also

tried by Suresh et al. [8] and the achieved coercivity

values were 32.7 kOe. Titanium addition is another option

to enhance the coercivity of SmCo5 and therefore, Yao et

al. [9] tried and achieved upto 22.3 kOe coercivity.

Huang et al. [10] added niobium, zirconium and copper

in SmCo5 and achieve the coercivity values upto 9 kOe.

Addition of tin is made by Kundig et al. [11], Zaigham et

al. [12] and Yao et al. [9] achieving coercivity 32 kOe,

1.0 kOe and 22.3 kOe respectively. Addition of chromium

along with carbon was made by Li et al. [13], it was

noted that the coercivity approached to 40.3 kOe.

Similarly, nickel addition was made by Strzeszewski et al.

[14] obtaining 16 kOe coercivity. Bian et al. [15] added

AlNiCo alloy, a combination of Ni, Co, Al, Ti, Cu and

Nb, in SmCo5 achieving 19.6 kOe coercivity values. 

Most of the microstructural control was made through
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strip or ribbon casting. For-example: Ding et al. [16]

made ribbons of SmCo5 and noted 30.5 kOe coercivity.

Rong et al. [17] produced nano-powder achieving 26 kOe

coercivity. Similarly, Yan et al. [18] melt spun the SmCo5

and coercivity measured on the ribbons were 16.2 kOe.

Chen et al. [19] produced the ribbons at 40 m/s achieving

16.2 kOe. However, strip and ribbon casting route is

relatively expensive and need dedicated equipment.

Further, Shen et al. [20] mentioned that sintering at high

temperature lower the bulk coercivity by 2-3 times than

that of the powder due to grain growth and structure and

stress relaxation. It is worth to mention that the values of

coercivity mentioned in the above cited work are mostly

measured before sintering operation. 

2. Experimental

Three induction melting has been done to produce

SmCo5 compound. For this purpose pure metals have

been utilized. Addition of 5 % (by weight) extra samarium

was made to compensate the samarium losses during the

melting operation. During melting, the frequency (2.6

kHz) of induction coils also serves as a stirring agent and

thus good homogeneity can be achieved. Pouring temper-

ature for all the three castings was ensured to be the same

by using the Fluke pyrometer. The molten pool was

casted into an indigenously made water cooled copper

plates mold. During casting the temperature of the cool-

ing water, flowing through the mold, was controlled to

achieve three relatively different types of castings. There-

fore, the first casting was made at water inlet temperature

of 4 ⁰C (from here on called “fast cooling”). The second

casting was made at 18 ⁰C (from here on called “medium

cooling”) and the third casting was made at the inlet

temperature of 30 ⁰C (from here on called “slow cooling”).

Water mass flow rate i.e. 0.53 kg/s remain constant for all

three castings. 

The cooling rates for the three castings were calculated

by using the Ansys-Fluid software. The properties taken

for calculation are: density = 8300 kg/m3, thermal con-

ductivity = 12.78 W/m·K, specific heat = 334.9 J/kg·K.

After casting the ingots were crushed and ball milled to

a final powder size: 3-6 micro-meters. During ball milling,

the rotatory speed was kept at 150 rpm, while the ball to

powder ratio was 6:1. No surfactant was used during the

milling operation however, petroleum ether was utilized

as a cooling agent. After 90 minutes ball milling, the final

powder was first slightly pressed under 2 telsa magnetic

field and then in cold iso-static chamber having 200 MPa

pressure. The obtained brick like compacts were sintered

at 1125 ⁰C in vacuum furnace for 80 minutes following

the aging cycle at 900 ⁰C. 

For material characterization the samples were taken

both from as-cast and sintered samples. Fractrographic

study was made on fresh fracture surfaces utilizing Scann-

ing Electron Microscope (SEM). Further, the magnetic

properties of all the sintered samples were observed on

Pulse Field Magnetometer (PFM).

3. Results and Discussion

3.1. Finite element analysis for cooling rate

Three dimensional transient analysis has been perform-

ed on ANSYS-Fluent to investigate the cooling rate and

solidification time of SmCo5 in water cooled copper

mold. The computational model consists of four domains

i.e. copper plates that act as heat sink, molten SmCo5,

water that cools down the SmCo5 metal and steel frame

that encapsulates the whole setup. The computational cost

has been reduced by modeling only half of the computa-

tional domain employing symmetry boundary condition.

Whole computational domain has been discretized into

structured hexahedral grid using ICEM-CFD. 

Solidification model has been employed to simulate the

phase change (solidification) of liquid SmCo5 metal.

Mass flow boundary condition has been enforced on the

water inlet face and pressure outlet boundary condition

has been used for water outlet face. Additionally, no-slip

boundary condition has been utilized against all domain

walls.

The time step size of 0.001 has been used to avoid

divergence of the solution and the simulation has been

run for 50,000 time steps. The computational results

indicate that the cooling rate for 4 × 104 m3 of liquid

Fig. 1. (Color online) Dissipation of heat flux in water cooled

copper mold with time. 
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metal is 90 K/s. No significant difference in cooling rate

was observed whether the water inlet temperature of the

mold was kept at 4 ⁰C or 30 ⁰C, Fig. 1. 

3.2. Microscopic Evaluation 

Fracture surface of the as-cast melts revealed brittle

nature of fracture, mostly consists of cleavage surfaces.

However, some regions preserve the original structure and

demonstrated the banded structure. Figure 2-4, compare

the formation of banded structure in three different as-cast

samples. Colonies of the banded structure observed in the

samples referred to the fact that these are not artifacts.

The same was observed close and away from the surface

of the casting. This shows that the cooling rate was

enough to promote the banded structure in the whole

thickness of the casting. The formation of the banded

structure can be referred to the peritectic reaction. Thus

when the temperature drops from 1300 ⁰C, the peritectic

reaction occurred. Five types of peritectic solidification

growth has been reported in the literature [5] including: 1)

peritectic transformation, 2) peritectic reaction, 3) growth

of phases in which secondary phase does not grow along

the primary phase, 4) growth in banded structure, 5)

growth in which fluctuated structure is obtained. In the

banded structure the two constituent solid phases grow

alternately. Energy Dispersive spectrometric (EDS) analysis

revealed the variation of samarium contents in the range

of 0.5 to 1.0 atomic percentage. This variation is noted on

the crest and the adjacent trough of the banded structure.

During solidification process, the melt rejects the ex-

cessive samarium to the interface region. Therefore,

ample time is required to assimilate the rejected samarium

in the melt pool by diffusion method but by the virtue of

high cooling rates the variations in samarium contents are

arrested within the structure. 

The banded structure obtained after solidification of

SmCo5 compound along with columnar grains. The direc-

tion of the columnar or cellular structure depends upon

the heat extraction from the molten pool. In the subject

mold the solidification of the melt is unidirectional which

generates cells that grow in the opposite direction of the
Fig. 2. Fracture surface revealing in as-cast sample. The peri-

tectic banded structure revealed in fast cooled sample. 

Fig. 3. Fracture surface revealing in as-cast sample. The peri-

tectic banded structure revealed in medium cooled sample. 

Fig. 4. Fracture surface revealing in as-cast sample. The peri-

tectic banded structure revealed in slow cooled sample. 
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heat flow in a non-crystallographic manner [21]. The size

and shape obtained during or after the solidification

process depends upon the nucleation and growth rate, for

example, if the nucleation rate is high enough then the

grain size will be fine. In directionally grown peritectics,

as in our case where the heat dissipation is high, the

microstructure pattern is determined by the dendrites or

cells of the high-temperature phase. Thus the final micro-

structure can control the properties of the material [22].

After sintering the peritectic reaction product still exist

in the samples but certainly grain growth was observed

due to high temperature processing. Fracture surfaces

observed after sintering demonstrated fine banded struc-

ture, Fig. 5-7. It was observed that the thickness of the

peritectic banded structure remain same however, the

frequency of observation was decreased. Table 1 demon-

strates some data of the size of the banded structure i.e.

thickness taken in as-cast condition and after sintering.

3.3. Magnetic Properties

The magnetic properties achieved for the three types of

alloys are shown in M-H curves presented in Fig. 8. It can

be seen that the samples having the finest peritectic

structure demonstrated the highest coercivity values as

compared to the other samples. When magnetic field

applied to the magnetic sample, the moment of domain

walls started and continuous to move till the saturation of

the magnetization achieved. At saturation point, ideally,

there is only one domain in the sample. Thus the domains

annihilated during the magnetization. The pinning of the

domain walls movement during the applied magnetic

Fig. 5. Fracture surface revealing in sintered sample. The peri-

tectic banded structure revealed in fast cooled sample.

Fig. 6. Fracture surface revealing in sintered sample. The peri-

tectic banded structure revealed in medium cooled sample. 

Fig. 7. Fracture surface revealing in sintered sample. The peri-

tectic banded structure revealed in slow cooled sample.

Table 1. Diameter of peritectic banded structure observed in

three conditions.

S.No.

Size, nm

Cooling Temp, 

⁰C

As-cast, 

nm

Sintered sample, 

nm

1 Fast cooled 30-50 30-40

2 Medium cooled 20-130 28-55

3 Slow cooled 50-100 65-250
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field (H) cause to increase the coercivity of the sample.

Since SmCo5 domain wall thickness is around 2.6 nm

[23] i.e. few atoms thickness therefore, domain walls will

not expect to strongly interact with point defects like

interstitial atoms observed at the boundaries of peritectic

rods. 

Grain boundaries are also act like domain boundary if

for example; the adjacent grains have different orientations.

These domain boundaries are though not similar to the

regular domain boundaries because these do not move or

reorient. In general, the increasing grain size allows the

domain walls to move extensively than in smaller grains.

Thus the increase in coercivity is attributed to the pinning

of domain walls at the boundaries of the peritectic rods.

These grain boundaries or peritectic rod boundaries hinder

the growth of domain walls from grain to grain [24].

The remanance ratio i.e. Mr/Ms [25] for all the three

types of sample is good. The high cooling sample demon-

strated 0.923, medium cooled sample showed 0.973 while

the low cooled sample having 0.996 value. Similarly, the

squareness of the curve which is defined by the ratio Hk/

Hc [10] is 0.95 for all the three samples. The magneti-

zation stability (Hk/4πMr) [6] is revealed maximum for

high cooling sample i.e. 0.386 and for medium and low

cooled sample it was 0.259 and 0.068 respectively. 

4. Conclusion

Three inlet water temperatures are used to control the

microstructure of the final cast product. It is noted

through Ansys calculations that no significant difference

is in the cooling rate of the three melts. Fractographic

study revealed peritectic banded structure which apparent-

ly affect the coercivity of the sintered SmCo5 magnets.

High coercivity along with relatively better magnetic

stability was noted for the samples having relatively finer

peritectic banded structure. 
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