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Abstract Fabrication of bulk nanocomposite materials,

which contain a magnetically hard phase and a magneti-

cally soft phase with desired nanoscale morphology and

composition distribution has proven to be challenging.

Here we demonstrate that SmCo/Fe(Co) hard/soft nano-

composite materials can be produced by distributing the

soft magnetic a-Fe(Co) phase particles homogenously in a

hard magnetic SmCo phase matrix through a combination

of high-energy ball milling and a warm compaction. Severe

plastic deformation during the ball milling results in

nanoscaling of the soft phase with size reduction from

micrometers to *15 nm. Up to 35% of the soft phase can

be incorporated into the composites without coarsening.

This process produces fully dense bulk isotropic nano-

composite materials with remarkable energy-product

enhancement (up to 300%) owing to effective inter-phase

exchange coupling.

Introduction

Despite tremendous efforts dedicated to searching for new

permanent magnetic materials, no single compound or

alloy has yet been discovered which possesses all the

properties of an ideal permanent magnet. These properties

include high magnetization, high Curie temperature, and

high anisotropy. It is also desirable that these excellent

properties are achieved at a low cost. Sm–Co intermetallic

compounds (including SmCo5, Sm2Co17, and Sm2Co7)

have the highest magnetocrystalline anisotropy (*107 erg/

cc) and the highest Curie temperatures (up to 1190 K)

among all the permanent magnets discovered to date [1].

For these reasons, Sm–Co based magnets are the perma-

nent magnets of choice for high temperature applications.

One outstanding challenge of the currently available

Sm–Co based magnets is their relatively low saturation

magnetization, Ms, as compared to Nd–Fe–B based mag-

nets. Consequently utilizaton of Sm–Co has been restricted

in high power density applications, such as wind power

turbines and electric motors in hybrid vehicles. Since

Nd–Fe–B based magnets have a relatively low Curie

temperature (*580 K), utilization of these materials in

high power density applications requires cooling, which in

turn reduces the overall system efficiency. In order to take

advantage of the considerably higher operating temperature

attainable with Sm–Co magnets, the Ms value of this

composite needs to be raised to boost the energy product,

(BH)max, the figure of merit of a permanent magnet. To

reduce the materials costs, it is desirable to lower the

concentration of Sm and Co in the magnetic material since

the elements are expensive.

One solution to both the Ms and the material cost

problems is to fabricate nanocomposite magnets that con-

tain a magnetically hard phase (e.g., Sm–Co) and a
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magnetically soft phase (e.g., Fe) with desired nanoscale

morphology and composition distribution [2–4]. If the two

phases have a strong exchange coupling, the hard magnetic

phase will provide high coercivity and the soft magnetic

phase will provide high magnetization to the composite.

This type of nanocomposite magnets can therefore achieve

simultaneously an increase in Ms (and therefore also

(BH)max) and a reduction in the materials cost (through

addition of Fe). The energy product of such composite

magnets depends not only on the intrinsic properties of the

magnetic phases, but also on their morphology (e.g.,

dimensions of the soft phase, a relative fraction of the two

phases and their distribution). Theoretical calculations have

predicted that the energy product of an ideal nanocom-

posite system can be up to 100% higher than that of the

currently available Nd–Fe–B magnets [5, 6]. The concept

of exchange-coupled nanocomposite magnets has opened

an avenue to the design of new materials with superior

magnetic properties. Experimental efforts in the past two

decades have demonstrated that energy product enhance-

ment can be achieved in low dimensional hard/soft mag-

netic systems including physically deposited thin films

[7–9], rapidly quenched ribbons [10–12], mechanically

milled powders [13–15], and self-assembled and core–shell

nanoparticle systems [16–18]. However, scaling these

processes up to bulk materials remains an outstanding

challenge. Traditional processing techniques such as cast-

ing and sintering are ill-suited for producing nanostruc-

tured bulk materials since long anneals at high

temperatures inevitably lead to excessive grain growth.

Stable grain size in fully dense nanocomposite magnets

have been achieved by non-traditional approaches, which

include spark plasma sintering of NdFeB [19, 20] and FePt

[21], shock compaction of nanoscale granular Nd–Fe–B

granular ribbons [22], and warm compaction of FePt–

Fe3O4 nanoparticles (particle size of 4–6 nm) [23]. In

particular, we have recently demonstrated that bulk SmCo/

Fe(Co) nanocomposite magnets can be fabricated with

greatly enhanced energy products compared to single-

phase counterparts by high-energy ball milling and warm

compaction processing [24, 25]. In this report, we extend

the investigation to the evolution of the micron- and nano-

scale morphology during the deformation and the heat

treatments, in order to understand both the mechanisms that

underlie nanoscaling of the soft phase, and correlation

between the morphology and the magnetic properties of the

nanocomposite.

Experimental approach

The raw materials used in our study were commercially

available powders of a-Fe (Sigma-Aldrich Co., \10 lm),

and SmCo5 (Alfa Aesar, *45 lm), or Sm2Co7 (Sigma-

Aldrich Co., *45 lm), or Sm2Co17 (Electron Energy

Corp., *45 lm). The Sm–Co compounds and a-Fe metal

were used as magnetically hard and soft phases, respec-

tively. The nanocomposite powders were prepared by high

energy ball milling of the hard and soft magnetic phase

particles in a hardened steel grinding vial using a SPEX

8000M Mixer/Mill. The balls are made of 440C hardened

steel and have a diameter around 9 mm (McMaster-Carr).

The weight ratio of soft phase to hard phase was varied

from 0 to 50%. The weight ratio of sample to ball was

around 1:20–30. The milling time was varied from 0.5 to

10 h. The ball milling process has two purposes: to mix the

two phases and to reduce the particle sizes via severe

plastic deformation. Consolidation was achieved by warm

compaction of the milled mixtures at different temperatures

(from room temperature to 700 �C) under a nominally

hydrostatic pressure of *2.5 GPa. Fully dense bulk sam-

ples were obtained at temperatures around 500 �C. The

final bulk samples were pellet-shaped with a diameter of

6 mm and a pellet height of 1.5 mm. The geometric density

was calculated by assuming a regular shape of the com-

pacted sample.

The morphology and crystalline structure were charac-

terized by electron microscopies and X-ray diffraction

(XRD). Here scanning electron microscopy (SEM) and

backscattered electron (BSE) images were collected using

JEOL JSM-5910LV SEM. Transmission electron micros-

copy (TEM) observation was performed on 200 kV FEI

Tecnai G2 F20 scanning transmission electron microscopy

(STEM) equipped with a post column Gatan Imaging Filter

(GIF) and High Angle Annual Dark Field (HAADF)

detector. TEM samples were made by mechanical polish-

ing, dimpling, and ion milling, and liquid nitrogen was used

during ion milling to protect the sample. Energy-filtered

transmission electron microscopy (EFTEM) mappings with

nanometer resolution and higher energy resolution provide

reliable maps of the soft-phase distribution. Using charac-

teristic ionization edges of l3 708 eV for Fe and l3 779 eV

for Co and M5 1080 eV for Sm, quantitative two-dimen-

sional elemental distribution maps can be obtained in a fast

parallel fashion with nanometer resolution and high chem-

ical accuracy. Three-window method is used when col-

lecting EFTEM mapping, at each image pixel a background

is fitted to the two pre edge images and subtracted from the

post edge image, to obtain the elemental distribution image.

XRD patterns were collected on a Rigaku Ultima IV using

Cu Ka radiation. Magnetic properties were measured with a

superconducting quantum interference device (SQUID)

magnetometer (Quantum Design Inc.) with a maximum

applied field of 70 kOe.

Since the field inside a specimen is always different

from the applied field because of the inside magnetization,
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we need to correct the measured demagnetization curves

using a demagnetization factor to obtain the correct energy-

product values (BH)max of the bulk samples. However,

theoretical demagnetization factors can be calculated only

for homogeneous media with regular shapes. Therefore, we

determined the demagnetization factor experimentally by

the following processes: The demagnetization curves for

the disk-shaped sample were measured along directions

parallel and perpendicular to the cylindrical axis of the disk

using the SQUID magnetometer. The measured demagne-

tization curves along different directions are usually not

same due to the geometry of the bulk samples. The slope of

the demagnetization curve along the direction parallel to

the cylindrical axis of the disk is smaller than that of other

directions due to the large demagnetization factor. In

principle, the demagnetization curves should be the same

along different directions of the sample after demagneti-

zation corrections for the isotropic magnets. Assuming

Nc ? 2Na = 1 [26], the demagnetization factor parallel

(Nc) and perpendicular (Na) to the axis of the disk can be

obtained by fitting the two modified demagnetization

curves measured along different directions using different

demagnetization factors. For the best fitting, when the two

corrected demagnetization curves match each other, the

used demagnetization factor is the right one for the bulk

sample. Therefore, the true energy product of the bulks can

be calculated.

Results and discussion

Self-nanoscaling of the soft phase through severe

plastic deformation

The effect of milling time on the microstructure of the two-

phase systems was monitored by the BSE technique and

EFTEM (Fig. 1). For milling time of 30 min or less, the

BSE images (see Fig. 1a–c) show a moderate particle size

commutation. For longer milling times, imaging of the

microstructure required the higher magnification of the

TEM. In particular, EFTEM can rapidly produce compo-

sition maps with nanometer resolution showing distinct

two-phase regions. As shown in Fig. 1d, the EFTEM

analysis revealed an unusual morphology that developed

after *30 min of milling. With increasing milling time,

the soft magnetic phase, which started off as equiaxed

micrometer-sized a-Fe particles, became narrow and

elongated (Fig. 1e). With further milling, the nanoscale

a-Fe strips began to break up into isolated equiaxed

nanoscale particles. After *4 h of milling, the result was a

homogenously distributed magnetically soft particulate

phase embedded in the hard-phase matrix with sizes as

small as 5 nm (Fig. 1f). The milling process not only

induces the elongation and eventual break-down of the Fe

phase into nanoparticles, but furthermore amorphization of

the Sm–Co matrix phase.

A schematic representation of the microstructural evo-

lution is shown in Fig. 1g–j. This ‘‘self-nanoscaling’’

phenomenon of the soft-phase particles, accompanied by a

size reduction from micrometers to nanometers, can be

attributed to large strain deformation and plastic instabili-

ties in the Fe phase. The large strain deformation of two-

phase systems has been studied mainly with wire-drawing

[27–30], ball-milling [31], and repeated cold rolling and

folding [32–36]. The break-up of layers during large strain

composite deformation is not limited to metallic materials,

but was also observed for ceramic layers in a ceramic

composite by Chen et al. [35]. Different microstructural

responses of two-phase materials to large strain deforma-

tion have been observed. One morphology change involves

a continuous decrease in one dimension of the individual

phases while their contiguity is not disrupted. This mor-

phology evolution has been referred to as ‘‘codeforma-

tion’’. Quite an opposite situation is observed when one of

the phases ruptures into fragments that are embedded in the

second—typically softer—phase [37]. The rupture process

follows plastic instability [38]. Flow stress or hardness

differences between the phases induce tensile stresses for

the harder phase that induces necking [38–41]. A com-

parison between tensile yield strengths of bcc iron and

SmCo5 or Sm2Co17 samples shows that the strength of

the Sm–Co phases of approximately 350–400 MPa exceeds

the yield strength of iron of about 250 MPa, but that the

strength ratio of the iron and Sm–Co phases is less than

two. Based on an empirical rule that co-deformation is

favored if the strength ratio of the phases is less than

approximately three [42] the mixture of Fe and Sm–Co

phases should reveal a two-phase morphology evolution

that is closer to a co-deformation behavior than a fracture–

rupture behavior. Figure 1a and b indeed agrees with the

prediction of co-deformation. Figure 2 additionally shows

a bright-field TEM image of the powder mixture after

30 min of milling. The layers having mix of bright–dark

contrast owing to their crystalline nature is the soft mag-

netic Fe phase which is continuous over the viewing area;

one layer clearly reveals multiple necking as indicated with

arrows in the figure. The necking at this stage of the

deformation, when the layers have already undergone

significant reduction in thickness to less than 50 nm, sug-

gests that the flow stress ratio is changing at this extended

deformation stage. Several factors could contribute to

changes in mechanical properties of the two phases rela-

tive to each other: the ball-milling process induces mix-

ing between the iron and Sm–Co phases. Moreover, the

Sm–Co phase transforms to an amorphous phase yet the Fe

remains crystalline. Ball-milling induced amorphization of
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intermetallic phases has been observed, for example, for

Y–Co powder mixtures [43]. The Fe layers show a lot of

contrast, indicating that they may be strain hardening. Both

mixing and solid-state amorphization are expected to

change the mechanical properties of the two phases and of

the interface significantly, but the impact of driven mixing

at the interfaces during ball-milling and amorphization on

the necking behavior requires further in-depth studies.

Milling of the powder mixture leads to formation of an

amorphous matrix that contains bcc (Fe,Co) nanoparticles.

Figure 3 shows the selected area electron diffraction

(SAED) and XRD patterns of the SmCo5 ? 20 wt% Fe

powders milled for 4 h. As one can see that the electron

and X-ray diffractions only shows the (110), (200), and

(211) rings/peaks for the bcc a-(Fe,Co) phase. The very

broad and weak peak near 25�–55� should belong to the

Sm–Co phase, which suggests that the Sm–Co phase is in

amorphous structure after the milling. Annealing of the

as-milled powder can then transform the amorphous Sm–

Co matrix into a crystalline matrix. The annealing condi-

tions must be controlled to crystallize the desired hard

magnetic phase, while minimizing grain growth or coars-

ening of the magnetic soft phase. Fortunately, the size of

the magnetic soft-phase particles remains below 10–15 nm

after the optimized annealing for the 4 h milled samples.

Figure 4 indeed demonstrates that the size of the soft

magnetic particles increases only slightly with annealing at

550 �C and remains at about 12 nm. Here the grain size

was estimated from the XRD patterns using Williamson–

Hall plot [44]. It should be mentioned that the grain size

determined by XRD patterns and TEM images has been

compared and good agreement is obtained (the difference

Fig. 1 Morphology evolution during the deformation. BSE images of

a a mixture of SmCo5 ? 20 wt% Fe, and the mixture after milling for

b 10 and c 30 min. Fe strips (dark contrast) can be observed in

samples milled for more than 30 min; EFTEM showing Fe maps of

the samples milled for d 30 min, e 1 h, and f 4 h, respectively. High

Fe regions have bright contrast. The Fe strips become thinner with

increasing milling time; Schematic show of the microstructure

evolution during the deformation: g mixed micron size powder

particles, h formation of elongated Fe strips upon deformation, i strips

with reduced size upon further deformation, j thinned strips broken

into equiaxed grains
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is only about 1–2 nm). The size of the soft magnetic phase

is below the critical dimension (*15 nm), above which the

exchange coupling becomes less effective. This critical

dimension was estimated by considering the hard-phase

domain wall thickness and soft-phase magnetic properties

[3, 5, 45–48]. Without the grain size reduction through ball

milling, the BCC particle size is too large for effective

exchange coupling. Figure 5 shows the demagnetization

curves of the optimally annealed SmCo5 ? 20 wt% Fe

samples whose starting powders were milled for different

periods of times. For samples milled for less than 2 h there

is a noticeable kink in the demagnetization loops, indicat-

ing a de-coupled two-phase demagnetization behavior due

to the too large soft-phase grains. Samples milled longer

than 2 h exhibit smooth demagnetization curves, which

confirms the uniform nanoscale morphology. Additional

milling (for up to 10 h) did not lead to any improvement in

the energy product because of the reduced hard-phase

thermal stability. It should be mentioned that the saturation

magnetization increases with increasing milling time. This

is consistent with the measured interdiffusion of Co into

the Fe and the fact that the solid-solution does have a

higher Ms [24].

Effect of the soft-phase fraction and composition

Increasing magnetization through exchange coupling

requires a substantial fraction of a soft magnetic phase.

However, it is experimentally challenging to distribute a

large volume fraction of a soft phase in the matrix while

maintaining the particle size below the critical size for

exchange coupling. In practice, any increase in the soft-

phase fraction is accompanied by a reduction in coercivity

of the composite magnets. To measure the trade-off

between the magnetization and coercivity, we investigated

the soft-phase fraction dependence of magnetic properties

of the SmCo5/Fe system.

Figure 6 shows the EFTEM Fe maps obtained for

samples with a varying a-Fe content in the SmCo5/Fe

nanocomposites. We were able to demonstrate a homoge-

neous distribution of the soft phase for a-Fe content of up

to about 30 wt%. The XRD analysis shown in Fig. 7

confirms that the soft-phase portion in the optimally

annealed samples increases with increasing weight fraction

of Fe based on the increase of the relative intensity of the

diffraction peak of a-Fe phase. Increasing the weight

fraction beyond 30% impeded the nanoscaling process,

Fig. 2 The bright-field TEM image of the soft-phase trips formed

after 30 min milling of the SmCo5/Fe composite system

Fig. 3 SAED and XRD patterns of the SmCo5 ? 20 wt% Fe

powders milled for 4 h
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leaving large soft-phase strips that cause a significant

reduction of the coercivity and therefore of the energy

product. This reduction in coercivity is demonstrated in

Fig. 8, which shows demagnetization curves of the nano-

composite magnets with different amount of the soft phase.

As expected that while an increase in soft-phase content

reduces the coercivity, it leads to an increase in saturation

magnetization. Figure 9 summarizes the effects of the soft-

phase fraction on the magnetization and coercivity. The

opposite trends in the magnetization and the coercivity

leads to a peak in the energy product value of 18.3 MGOe

at *20 wt% Fe (Fig. 10). It should be noted that the gain

in saturation magnetization upon soft-phase addition in a

hard/soft nanocomposite should follow a simple linear

relationship if there is no interdiffusion between the mag-

netically hard and soft phases [3].

Mcom ¼ xMsoft þ 1� xð ÞMhard ð1Þ

where Mcom, Msoft, and Mhard are saturation magnetization

for the composite, the soft phase and the hard phase,

respectively, and x is the soft-phase fraction. This linear

correlation was plotted as the dashed line in Fig. 9 for the

SmCo5/Fe system. The experimental data, which also fol-

lows a linear with x, is plotted as a dotted line. A significant

deviation was observed between the measured magnetiza-

tion and the values given by Eq. 1, with the measured

values being consistently higher. This deviation should be

caused by the interdiffusion of Co and Fe in the nano-

composite. To confirm the interdiffusion of Co–Fe during

the warm compaction, we performed the 3DAP analysis for

the compacted SmCo/Fe bulks as reported in Ref. [24] and

the parallel electron energy loss spectroscopy (PEELS) line

scans as reported in Ref. [25]. After the pre-compaction

annealing and the warm compaction, the pure a-Fe phase

became a FeCo alloy with higher magnetization, as we will

discuss in ‘‘Effect of compaction and interface conditions’’

section. It should be noted that the wavelike compositional

profile of the soft phase forms the graded interface between

the hard/soft interface, which could result in better

exchange coupling between the two phases of nanocom-

posite magnets [49, 50].

Effect of the hard-phase composition

In addition to the effects of the soft-phase content on

magnetic properties, we have also carried out investiga-

tions of the role the hard phase plays in the Sm2Co7 and

Sm2Co17-based nanocomposite systems. Figure 10 shows

the dependence of the energy product on soft-phase content

in three nanocomposite systems that contain different hard

phases. A more favorable situation has been found in the

Sm2Co7-based system. The energy product peaks at

17 MGOe when 35 wt% Fe was added, which represents a

*300% enhancement compared to the single-phase

counterpart (*4 MGOe). This remarkable energy product

enhancement can be attributed to the fact that Sm2Co7 has

a relatively low magnetocrystalline anisotropy as compared

to SmCo5 [1]. Therefore, the Sm2Co7-based composites

have a larger critical soft-phase dimension according to the

anti-correlation between the hard-phase anisotropy con-

stant and the critical soft-phase dimension [3] and these

composites are expected to tolerate more soft-phase and

soft-phase agglomeration. Our TEM observations have

confirmed this phenomenon [25]. Figure 11 shows the

energy product enhancement achieved in this work for the

optimized SmCo5/FeCo and Sm2Co7/Fe systems. Data for

the Sm2Co17-based systems is not shown because the

Fig. 4 The dependence of average a-Fe grain size of the as-milled

and 550 �C annealed SmCo5 ? 20 wt% Fe powders on milling time

where the grain size was estimated from the XRD patterns using

Williamson–Hall plot

Fig. 5 Demagnetization curves of the composite samples milled for

different time after annealing at 550 �C for 30 min. Since the

magnetization loops are symmetrical in shape, only the demagneti-

zation halves are plotted
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energy product of these materials degrades with even a

small addition of the soft phase. We speculate that this

degradation is caused by the complete solid-solution

between Sm2Co17 and Sm2Fe17 phases. The pure Fe may

have been completely consumed while Sm2Fe17 will not

provide either high magnetization or coercivity to the

composites because of its very low Curie temperature and

anisotropy.

Effect of compaction and interface conditions

The compaction process is another factor that plays an

important role in defining magnetic performance of the

nanocomposite magnet, since compacting time and tem-

perature can both affect grain size and thus magnetic

properties. Warm compaction of the nanocomposite mag-

nets was performed at temperatures ranging from 20 to

Fig. 6 Morphology and magnetic properties upon increased soft-phase fraction. EFTEM Fe maps of the SmCo5/Fe samples with different Fe

content: a 0 wt% Fe, b 10 wt% Fe, c 20 wt% Fe, d 25 wt% Fe, e 30 wt% Fe, f 40 wt% Fe

Fig. 7 XRD patterns of the samples with different Fe content

Fig. 8 Demagnetization curves of the SmCo/Fe nanocomposite with

different Fe addition. Since the magnetization loops are symmetrical

in shape, only the demagnetization halves are plotted
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700 �C, with the processing details described in our pre-

vious report [23]. Figure 12 shows the density and Vickers

hardness dependence on the compaction temperature for

the SmCo5-based nanocomposite system. Both the density

and hardness increase monotonically with increasing

compaction temperature. When the compaction tempera-

ture is higher than 450–500 �C, the density and hardness

change only slightly, which indicates that full densification

of bulk magnets was achieved. However, the demagneti-

zation curve shows a de-coupling behavior (signified as a

kink) for compaction at temperatures above 600 �C (as

given in Fig. 13) which is attributed to grain growth.

Compaction at temperatures below 600 �C allows for a

complete densification without excessive grain growth and

therefore it produces nanostructured bulk materials with a

controllable morphology. Figure 14 shows the dependence

of the energy product on compaction temperature. The

highest energy product can be achieved at temperatures

around 400 �C, obviously based on the limited grain size

and the high density. For comparison, in Fig. 14 we also

report the energy products of the single-phase SmCo5

magnets produced under the same conditions. It can be

seen that the energy product of the nanocomposite magnets

is almost twice as high as that of the single-phase magnets.

Even when nanocomposites are compacted at a tem-

perature at which grain growth is not observed, the

Fig. 9 Saturation magnetization and coercivity versus soft-phase

content. The dashed line shows the magnetization according to Eq. 1

where no Co inter-diffusion is taken into consideration

Fig. 10 Dependence of (BH)max on soft-phase content of the

nanocomposite systems with different hard phases

Fig. 11 The B–H curves of the SmCo5/Fe65Co35 and Sm2Co7/Fe

nanocomposite magnets with optimal energy products in comparison

to their single-phase counterparts

Fig. 12 Dependence of density and Vicker hardness of the SmCo5/Fe

bulk nanocomposite magnets on compaction temperature
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magnetic properties are still observed to depend on the

pressure-holding times during the compaction. Figure 15

shows demagnetization curves of samples compressed at

500 �C for different pressure-holding times. A longer

holding time increases the energy product by improving the

coercivity and the squareness of the loops. The reason for

this improvement can be attributed to the recent finding

that inter-phase exchange coupling favors interdiffused

interface (graded interface) [49, 50]. In other words,

compositionally sharp interfaces should be avoided and a

graded composition profile is desirable. We suspect that an

extended pressure-holding at a modest temperature in

our compaction processing facilitates the interdifussion of

Co–Fe while avoiding a significant grain growth [25]. This

interdiffusion is consistent with the wavelike composition

profile of the soft phase in the bulk nanocomposite magnets

observed using 3D atom probe and PEELS analyses, as

reported in Refs [24, 25]. Atom probe analysis also

revealed that Fe-rich regions with dimensions smaller than

15 nm are distributed homogenously in the matrix of the

hard phase.

Recognizing that Co diffusion into a-Fe resulted in a

higher overall magnetization of the nanocomposites as

compared to the case of the pure Fe soft phase, we adopted

a second approach to compaction. Specifically, a pre-

alloyed FeCo soft phase with a controlled composition

(rather than pure Fe) was incorporated into the composite

so that the final composition of the soft phase can reach

*Fe65Co35, which has the highest magnetization among

all the soft magnetic alloys. On the other hand, we found

that adding Co into the soft phase can also reduce the Co

loss from the hard phase. These new approaches allowed

for further enhancements in the energy product. The

(BH)max value for a SmCo5 ? 25 wt% Fe65Co35 nano-

composite is 19.2 MGOe, which represents a 115%

enhancement as compared to the single-phase SmCo5

magnet produced under the same conditions (*9 MGOe as

shown in Fig. 11), and is also 7% higher than the nano-

composite with pure Fe addition (18.3 MGOe).

Conclusions

In conclusion, bulk SmCo/FeCo hard/soft nanocomposite

magnets have been fabricated by means of intensive

plastic deformation coupled with warm compaction. The

mechanism of ‘‘self-nanoscaling’’, which is induced by

plastic deformation, has been discovered in the magneti-

cally and mechanically hard/soft composite systems. This

mechanism can be used to produce nanocomposites with

Fig. 13 Demagnetization curves of the bulk nanocomposite magnets

prepared by compacting at different temperatures

Fig. 14 Dependence of (BH)max of bulk single phase and nanocom-

posite magnets on compaction temperature

Fig. 15 Demagnetization curves of the bulk nanocomposite magnets

prepared by holding the pressure for different time at 500 �C. Since

the magnetization loops are symmetrical in shape, only the demag-

netization halves are plotted
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the soft-phase inclusions that have a controllable size and

are distributed homogenously. A giant energy product

enhancement over the base single-phase materials (up to

300% for Sm2Co7 and up to 115% for SmCo5) has been

achieved in the isotropic nanocomposite systems. Up to

30% of a-Fe can be incorporated into the composites

while keeping a-Fe particle size under 15 nm, which

is below the critical length for effective inter-phase

exchange coupling. By controlling the warm compaction

process, it is possible to control interdiffusion between

the phases. The refined hard–soft phase composite mor-

phology is consistent with that predicted for ideal

nanocomposite magnets: the soft phase is distributed

homogenously in a hard-phase matrix in a wavelike

composition profile.

Though challenges still remain in processing anisotropic

bulk nanocomposite magnets with superior high energy

products, our results have demonstrated the potential for

producing high energy product bulk nanocomposite mag-

nets in large scale that can be used at high temperatures. In

addition, this type of Sm–Co–Fe based bulk permanent

magnets will also lead to a significant reduction of cost due

to the reduced Sm and Co contents in the materials as

compared to traditional Sm–Co magnets. The processing

technology used for preparing the materials can be applied

to fabricate other bulk nanocomposite materials and can be

readily scaled up for industrial productions.
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