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Study on the Preperation of Highly Magnetized
Magnetic Nanoparticles and Effect of y-Ray

Irradiation on Permanent Magnet

Young Chul Han
Research Advisor: Prof. Young Soo Kang

Department of Chemistry, The Graduated School, Pukyong National
Univercity

Abstract

In this research, the highly magnetized o-Fe nanoparticle was
synthesized by the solventless thermal decomposition method. And,
the effect of y-ray irradiation on permanent magnet was also
investigated. The solventless thermal decomposition method by
capping agents is useful for the synthesis of pure metal nanoparticles.
However the magnetic nanomaterials by the thermal decomposition
method can not generally exhibit high magnetic properties like that of
bulk magnetic material due to the existence of the surfactant and its
pinning phenomenon. The high magnetic properties can be obtained
by reduction in the high temperature with high vacuum and the NaCl
powder which was used instead of a surfactant can be important
separating media to keep the size and shape of nanoparticles. Other
study is the investigation of the effect of “)Co y-ray irradiation on the

microstructure of Nd-Fe-B permanent magnets at low temperature and



room temperature. Like other strong electromagnetic radiation source,
the y-ray has enough energy to the ionization of molecules, stripping
electrons, and breaking of the chemical chain. When the magnets are
exposed on y-ray irradiation, they showed the reduced magnetism. The

curie temperature, electronic structure, surface morphology of magnet

were also changed.
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Part 1.

Synthesis of Highly Magnetized Iron
Nanoparticle

1. Introduction

Particular inorganic nanoparticles have been extensively studied
during this decade because of their real or expected physical
properties resulting from their nanosize and special application.'” The
interest in the properties of these objects has evidenced the need for
the control of monodispersity, size, shape, organization, and nature of
the chemical species presented at their surface.”® In magnetic
nanomaterials, the development of size-controlled nanoparticles
became a very important issue in their application to permanent
magnets with high performance,”® the targeted delivery of drugs,” and
the ultrahigh density magnetic storage device.® One of the most
representative magnetic materials for the application is metal oxides
such as various ferrites, and these ferrite magnetic materials were
significantly studied by Hyeon . for their chemical stability, uniform
size, and shape.” a-Fe is also of particular interest for the previously
mentioned applications as compared with currently used maghemeite
(y-Fe;O3) and magnetite (Fe;0s) because its higher magnetic
properties can lead to improved magnetic performance in various

fields.'" "2



As a matter of fact, one of many problems for the synthesis of
magnetic nanoparticles is that the particles easily aggregate to each
other owing to their magnetism and van der Waals attraction. The
particle aggregation can be caused by unwanted particle growth
during the synthetic and annealing process. In addition, there are other
problems associated with the oxidation of metallic nanoparticles. In
the case of the thermal decomposition method, the magnetic
nanomaterials cannot generally exhibit high magnetic properties like
those of bulk magnetic material due to the existence of the surfactant
and its pinning phenomenon of the surface spins by surfactants coated
on the surface of the magnetic nanoparticle.”” Moreover, after just
annealing the nanoparticle at a high temperature, it is difficult for the
magnetic decline to be overcome. Rather, it causes a dissatisfied
morphology because of particle growth by the increased thermal
effect.

The solventless thermal decomposition method by capping agents
such as oleate can be used for the synthesis of pure metal
nanoparticles in regulated conditions either spontaneously or in the
presence of a reducing gas. Moreover, it is free of environmental
pollution by the toxic solvent. This is a valuable alternative to solve
these problems for the synthesis of nanosized materials.'*"" If
surfactants coated on the nanoparticles using the separating media are
removed from the surface of the nanoparticles as much as possible,
better magnetic properties and adequate morphology will be obtained
comparable to that of conventional techniques. Elkins et al. reported
excellent work about the transformation of FePt nanoparticles from a

fce crystal structure to a fct structure with mashed salt powder that



was used as a separating media between FePt nanoparticles, and in
this work, the phase of the FePt nanoparticles was successfully
transformed without aggregation.'

In our work, because of the utility factor that is easily soluble in
water with a high stability at high temperatures (melting point is
801 °C) and economical merits, NaCl powder was used as a
separating media or surfactant. The o-Fe nanoparticles having a
saturation magnetization value of 213 emu/g were synthesized by the
reduction of Fe;O4 nanoparticles using NaCl powder under a high
vacuum system at 1.8 x 10° Torr. The solventless thermal
decomposition method with NaCl powder instead of a surfactant on
the surface of the nanoparticles can be a valuable alternative to

suppress the increase of the particle size.

2. Theory

The overall synthetic procedure is depicted in Figure 1.1, and the
detailed experimental procedures are described in the previous section.
First, the Fe* “oleate, complex was synthesized using iron (IT) chloride
tetrahydrate and sodium oleate. Sodium oleate was used as a capping
agent because oleate has a Ciz (oleic) tail with a cis double bond in the
middle, forming a kink. Such kinks have been postulated as necessary
for  effective  stabilization, and indeed, stearic acid
(CH;3(CH,)1-COOH) with no double bond in its Cig tail cannot
stabilize suspensions.” Fe;0, nanoparticles were obtained by
solventless thermal decomposition using the pyrex tube from the

synthesized Fe’*-oleate, complexes. The prepared Fe;O4 nanoparticles



were mixed with NaCl powder by a shaker miller to be as uniform as
possible. Through the NaCl powder as separating media, each Fe;O4
nanoparticle was separated during the course of reduction by H, gas
and annealing under a high vacuum system of 1.8 x 107 torr to obtain
a high saturation magnetization value of o-Fe nanoparticles. If the
ratio between NaCl and Fe;O4 nanoparticles is lower than 1:40, the
effect of keeping the size and shape during the reduction and
annealing of the NaCl powder for the separating media was decreased.
However, when the ratio is higher than 1:40, it is difficult to deal with

the mixture powder for washing and annealing.'®

oleate

/2N
/\/\/\/W\/WCE" -ICAMAMAM
\ \ / / oleate
0

Mixing rate= 1: 40

Reduction

—_—
& Annealing
{1 x 105 torr)

Figure 1.1 Overall scheme for a modified thermal decomposition method of
o-Fe nanoparticle synthesis.

3. Experimental

3.1. Materials



The experiments were carried out by using an Fe*"-oleate, complex
prepared from iron (II) chloride tetrahydrate (FeCl,  4H,0, 99+%),
and sodium oleate (C,7H33COONa, 98%). The compounds were
purchased from Aldrich and used without further purification. High
purity Ar gas (99.999+%) was used for purging the distilled water (18

M&) and to prevent the oxidation of the prepared nanoparticles. To

refine the as annealed Fe;04 and a-Fe, chloroform (99.5%), methanol
(99.75%), and acetone (99.5%) from Junsei Chemical Co. were used.
An Ar mixture gas (+4% H;) and sodium chloride powder (99.5%,
Shinyo Pure Chemical Co.) were used to reduce the Fe;O4

nanoparticles.

3.2. Synthesis of Fe;O4 Nanoparticles

The Fe**-oleate, complex was prepared from iron (II) chloride
tetrahydrate and sodium oleate. A total of 2.0 g of iron (II) chloride
tetrahydrate (10 mmol) and 6.09 g of sodium oleate (20 mmol) were
dissolved in deoxygenated water of 100 mL and 200 mL each using a
magnetic stirrer. The resulting iron salt solution was slowly added into
the sodium oleate solution at a dropping rate of 0.5 mL/s. When the
white Fe*'-oleate, complexes were precipitated enough, they were
separated by filtering and washed with deoxygenated water to be free
of sodium and chloride ions. Then, the as-filtrated Fe®'-oleate,
complexes were dried in a glovebox with Ar gas. Dried complexes
were transferred to pyrex tube and sealed at 2.4 x 107 torr. The tube

was heated from room temperature to 400 °C at 1 °C/min.” The
dried Fe*"-oleate, complexes in the pyrex tube were kept at 400 °C

for 2 hrs and then is was cooled to room temperature. The thermally



decomposed oleates during nucleation and growth of Fe;04
nanoparticles by the pyrex tube at 400 °C were washed by
centrifuging with ethanol and chloroform in a volume ratio of 5:1
(ethanol/chloroform). In this course, most of the decomposed oleates
except partial oleates on the surface of Fe;O, nanoparticles were

removed.

3.3. Synthesis of a-Fe Nanoparticles

As-made Fe;O4 nanoparticles were mixed with NaCl powders that
were then dried in the furnace and mashed by ball milling for more
than 24 hrs. Then, the mixtures were ball-milled for 24 hrs in a ratio of
1:40 (wt of Fe;04/wt of NaCl)." The ball-milled powder was reduced
at 700 °C for 30 min under Ar + 4% H, gas, and it was re-annealed
under the vacuum system at 1.8 x 10 torr at 700 °C for 3 hrs.'>*'
As-annealed powder was washed with deoxygenated water and
acetone to remove the used NaCl powder and deoxygenated water.
The Ar-dried o-Fe nanoparticles were stored in cyclohexane to keep
from oxidizing. The process was performed in a glovebox under a
high purity Ar atmosphere. Figure 1.2 shows the synthetic process of

o-Fe nanoparticles.



6.09 g of sodium oleate (20 mmol)»Deoxygenated water (200 mL)

2.0 g of iron (II) chloride (FeCl,*4H,0, 10 mmol)
<+ \ 4

Deoxygenated water (100 mL)

Fe**-oleate, complex

Filtration and Washing (30 ml distilled water)

Drying (in pyrex tube, 2 day)

Annealing (400 C for 2 hrs, sealed at 10~ torr)

Centrifugation (ethanol/chloroform)

\ 4
Fe;0,4 nanoparticle

l Mixing (width dried NaCl at rate of 1 : 40)

Reduction (Ar+H, mixture gas, 700C, 2 hrs)

v
Annealing (10 torr, 700°C, 2 hrs)

* Washing (methanol & cyclohexane)

a-Fe nanoparticle

Figure 1.2 The synthetic process of o-Fe nanoparticle.

3.4. Characterization

To identify the structure and properties of the prepared o-Fe
nanoparticles, we performed various experiments. The thermal
property of the as-synthesized Fe*'- oleate, complexes and prepared
nanoparticles was analyzed by thermogravimetric analysis (TGA),
which was collected at a heating rate of 10 °C/min with the sample
kept under a high purity argon atmosphere. The crystal structure and
mean size of the prepared nanoparticles were investigated using X-ray

powder diffraction (XRD) with a Philips X pert-MPD System using a



monochromated Cu-K,, radiation source (A=0.154056 mm). Moreover,
elemental analyses were conducted using an electron probe X-ray
micro-analyzer (EPMA-1600, Shimadzu), and energy dispersive
X-ray microanalysis (EDX) with a JEOL JEM2010 TEM system was
operated under an acceleration voltage of 200 kV. To confirm the
morphology of prepared nanoparticles, a transmission electron
microscope (Hitachi-7500 TEM) was used. The size distribution of the
nanoparticles was measured from enlarged photographs of TEM
images. The magnetic properties such as saturation magnetization and
coercivity were measured by a Lake Shore 7300 vibrating sample
magnetometer (VSM) with an applied field up to 15 kOe after the
powder sample was set with wax to prevent physical rotation of the

particles.

4. Results and Discussion

4.1 Thermal properties of nanoparticles

Figure 1.3 shows TGA curves of Fe™ -oleate, complexes (spectrum
a) and the obtained Fe;Os nanoparticles (spectrum b). In the
thermograms of the Fe’"-oleate, complexes, strong endothermic peaks
were observed at 215.24, 344.26, and 448.64 °C. The actual mass loss
amounted to 88.54 wt % during the interval. This indicates that the Fe
ion is bound with oleate at a ratio of 1:2 and that it agrees with the
configuration of the Fe*"-oleate, complex in Figure 1.1 When the
Fe’*-oleate, complexes were heated at about 200 °C, weakly

absorbed oleate dissociated in the complex, and the remaining oleate



directly absorbed on the surface of the Fe;O, nanoparticles dissociated
at about 300 °C and decomposed by a CO, elimination pathway.’
During this course, oxygen in CO, as well as H, were also eliminated
from oleate.”” The formation of Fe;O4 nanoparticles was caused by the
oxidation of Fe by decomposition of oleate during a heating process at
400 °C in the pyrex tube. The TGA curve of Fe;O, nanoparticles
shown in Figure 1.3 b indicates that the 60.26 wt % oleate coated on
the surface of the Fe;O, nanoparticles was removed at a temperature
of 776.01 °C. These results indicate that most of the mass loss occurs
around 450 and 750 °C and that the thermal decomposition of oleate
occurred at these temperatures. The o-Fe nanoparticle was easily
prepared by the reduction of Fe;O4 nanoparticles with annealing by H,
gas over 600 °C, and the relative chemical equation can be written

according to eq 1%

Fe;O4+ 4H, — 3Fe + 4H,O (D

The thermal reduction by the equation is useful to our work. At
temperatures over 600 °C, H, is a strong reducer with a high chemical

activity, and it could react with the O ion easily.
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Figure 1.3. TGA curves of prepared Fe’"-oleate, complexes (a) and Fe;04
nanoparticles (b).

4.2. Crystal structure of nanoparticles

By the formation of a molecule such as H,O, the O% ion in the
Fe;04 particles is adequately removed, and Fe;O, nanoparticles are
successfully transformed to o-Fe nanoparticles as the XRD pattern of
the prepared Fe;O4 and o-Fe nanoparticles is shown in Figure 1.4.
Discernible peaks of the XRD pattern are clearly seen in the Figure (a,
and this corresponds to cubic Fe;O04 nanoparticles (JCPDS Card No.
03-0862), and peaks in Figure 1.4 b can be indexed to (110), (200),
and (211) planes of the cubic unit cell. This corresponds to that of an
o-Fe structure (JCPDS Card No. 06-0696). Diffraction peaks
associated with NaCl or any other phases such as metal oxides were
not found in the XRD patterns. This indicates a minimal

contamination of the product by the salt during annealing. The

10



average diameter (D) of the particles can be calculated from the
broadening of the respective high intensity XRD peak using the

Scherrer equation®

D = kA/B cosinO

where k is the Scherrer factor (0.89), A is the X-ray wavelength (here,
L =1.54178 A), B s the line broadening of a diffraction peak at angle

6, and f is measured using the following equation:

B=(B~b)">

where B is the measured FWHM of the experimental profile in
degrees and b, is the instrumental broadening, which was obtained
from the scans of standard silicon powder. The average diameter
increased from 22.15 nm (spectrum a) to 35.57 nm (spectrum b) of the
Fe;0, nanoparticles, and a-Fe nanoparticles were calculated. The

angle (6 ) and FWHM of these XRD patterns are shown in Table 1.1.

11
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Figure 1.4. XRD diffraction patterns of prepared Fe;O4 (a) and o-Fe
nanoparticles (b).

Table 1.1: Angle (0) and FWHM of XRD spectra for Fe;O, and o-Fe

nanoparticles
0 FWHM | Av diameter
Fe;04 nanoparticles (Figure 3a) 35.46 0.37 22.15 mm
o-Fe nanoparticles (Figure 3b) 44.48 0.23 35.57 mm

4.3. Size and shape of nanoparticles

Figure 1.5 shows the TEM image (panel a), the histogram of the
size distribution (panel b) of Fe;0, nanoparticles that were annealed in
a pyrex tube at 400 °C for 2 hrs. As can be seen in the TEM images,
the size of the Fe;O0, nanoparticles was determined to be around 18 ~
24 nm (panel b), and it shows a comparatively uniform shape. These
values are close to the particle sizes that were calculated by the

Debye-Scherrer equation with XRD data in Figure 1.4. Figure 1.6

12



shows the TEM image (panel a), the histogram of size distribution
(panel b) of a-Fe nanoparticles annealed with NaCl powder under a
high vacuum system. When the prepared Fe;O4 nanoparticles were
reduced and annealed under a high vacuum at 700 °C for 3 hrs with
NaCl powder, it was found that the annealed particles were easier to
aggregate because of the magnetic attraction force between the a-Fe
nanoparticles, and this aggregation can be re-dispersed in ethanol by
ultrasonic vibration. The particle size of prepared a-Fe nanoparticles
ranges from 18 to 42 nm with a mean diameter of about 36 nm. The
morphology of the obtained a-Fe nanoparticles was not perfectly
controlled, but it was confirmed that the annealing with NaCl powder
under high vacuum can control the morphology. This is a good result
as compared with the o-Fe nanoparticles prepared by reduction under
an Ar + H, gas atmosphere at 800 °C for 3 hrs without NaCl. This
also indicates that the NaCl powder can be used to suppress the
deteriorating magnetic property and to maintain the same size and
shape of the a-Fe particles as those prepared using a surfactant. Figure
1.7 shows the HR-TEM images of a-Fe nanoparticles annealed with
NaCl powder under a high vacuum system. The lattice spacing (panels
a and b) of the o-Fe nanocrystallite is 2.02 A, which is consistent with
the lattice spacing of the (110) plane of the a-Fe crystal structure
(JCPDS Card No. 06-0696).

13



Figure 1.5. TEM image (a), histogram of the size distribution (b) of Fe;0,4
nanoparticles.

/2

Figure 1.6. TEM image (a) and histogram of size distribution (b) of a-Fe
nanoparticles.



Figure 1.7. HR-TEM image (a and b) of a-Fe nanoparticles annealed with
NaCl powder under high vacuum system.

4.4. Decomposition of oleate

The EDX spectrum of Figure 1.8 shows that the atomic ratio of
Fe/O is 38.34:61.66 in the obtained F§304 nanoparticles. By the ratio
of Fe and O in Fe;04, about 10.54% O on the Fe;O, nanoparticles
existed as an organic complex after thermal decomposition in the
pyrex tube. Figure 1.9 and Figure 1.10 shows the TGA curve and
EPMA spectrum of washed a-Fe ngnoﬁé;'ticles. The TGA curve of the
annealed a-Fe nanoparticles shows a small weight loss of 0.08% at
250 °C. The further increase at 400 °C shows an increasing weight
percentage of 0.6% because of the oxidation of the a-Fe nanoparticles.
This indicates that all removable organic materials on the o-Fe
nanoparticles were removed at temperatures under 900 °C. This result
was in good agreement with that of the EPMA data (Figure 1.10). The
EPMA analysis shows that the mol ratio of Fe/O is 90.39:9.60 in the

15



washed o-Fe nanoparticles and no other elements were found. This

means that coated oleate and used NaCl were removed completely.

Fe
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Figure 1.8. EDX spectrum of Fe;O, nanoparticles.
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Figure 1.9. TGA curve of a-Fe nanoparticles annealed with NaCl powder
under high vacuum system.
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Figure 1.10. EPMA data of a-Fe nanoparticles annealed with NaCl powder
under high vacuum system.

4.5. Magnetic property of nanoparticles

Figure 1.11 and Table 1.2 displays the hysteresis loop of obtained
o-Fe and Fe;04 nanocrystals by VSM at room temperature. As can be
seen in Figure 1.11, when the external magnetic field is applied at 15
kOe, these Fe;0O4and a-Fe nanoparticles were not saturated. But, from
this measured data, the behavior of the magnetic properties can be
confirmed. The saturation magnetization value (M) of synthesized
Fe;0,4 nanoparticles is 71.01 emu/g (Figure 1.11, a). When prepared
Fe;0, nanoparticles were reduced under a high vacuum of 1.8 x 107
torr with NaCl powder, the transformed a-Fe nanoparticles show a
saturation magnetization value of 213.00 emu/g (Figure 1.11, b) by
removing oleates. This is a higher M, value than the M; value of

191.16 emu/g of a-Fe obtained by just the reduction with Ar + H, gas
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at 800 °C for 3 hrs. The M; value of the annealed o-Fe nanoparticles
is almost equivalent to that of bulk Fe. When the metal nanoparticles
were produced by thermal decomposition from the metal-organic
complexes, the a-Fe nanoparticles generally show a low magnetic
property by the behavior of spin pinning by interactions between the
organic surfactant and the surface spins of nanoparticles.”> However,
after annealing over 800 °C, the particle size and magnetic property
were increased due to the particle growth and removal of oleate by the
decomposition of organic surfactant.”® When the prepared
nanoparticles were annealed under low pressure with NaCl, the
magnetic property was increased more. This means that the removal
rate of the surfactant coated on the a-Fe nanoparticles is affected more

by the magnetic property than the particle size.
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Figure 1.11. VSM curves of prepared nanoparticles: (a) prepared Fe;O4
nanoparticles and (b) o-Fe nanoparticles annealed with NaCl
powder under high vacuum.
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Table 1.2: Magnetic properties of prepared Fe;O, and o-Fe nanoparticles

M; (emu/g) M, (emu/g) H. (Oe)
Fe;04 () 71.01 5.71 51.64
o-Fe (b) 213.00 4.18 57.20

5. Conclusion

In this experiment, we reported a solventless thermal
decomposition method of Fe;O4 nanoparticles with NaCl. When the
o-Fe nanoparticle was prepared, NaCl powder and a high vacuum
system at 10” torr were used. This process is available for the control
of morphology and for magnetic properties that were almost

equivalent to the M; values of bulk Fe power.”’
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Part I1.

Effect of y-Ray Irradiation on the
Permanent Magnets

1. Introduction

Nowadays, radiation techniques are widely applied to processing
and studying advanced materials in industrial facilities and medical
instruments, such as generating facilities, nuclear fusion reactors,
magnetic resonance imaging scanners and computerized tomography.
Many research groups have studied the radiation-induced effects on
such materials and facilities with ion beams,” protons,’ high-energy
neutrons® and y-rays™*. These studies show that irradiation with y-rays
provides wanted as well as unwanted results and the adverse effects
have to be removed. y-Ray irradiation can cause severe changes to the
material properties and is usually unavoidable because of its high
permeability. The prediction and control of these changes can be
determined by studying the effects of the radiation on materials and
facilities.

Permanent magnets are essential for radiation facilities. Many
kinds of permanent magnets have been wused in industry,
communications, transportation and medicine. Some of these
applications are in aggressive radiation environments such as

high-energy particle accelerators, spectrometers and synchrotron
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technology. Nd-Fe-B magnets have a wide field of applications’
compared with other permanent magnets such as Al-Ni-Co and Sm-Co.
The use of Nd-Fe-B magnets is more practical in radiation-intensive
environments, which can cause severe changes in the material
properties.*’

After the first report on the effects of 500 MeV proton irradiation
on Nd-Fe-B and Sm-Co magnets in 1985,"" the decrease of
magnetization due to the irradiation has attracted great scientific and
technological interest. Results cited in Luna et al."' and Boockmann et
al.'”> have been reported the reduction of magnetism on the “Co
irradiation using a hand-held hall probe gauss meter and other analytic
device. And Ito et al" confirmed that the mechanism of
demagnetization under the ion beam irradiation is similar to the effects
of thermal heating. Moreover, ion-beam-induced flux loss might be
attributable to local heating in the magnet, resulting from inelastic
collision with the incoming ion beam. However, there have been
relatively few studies on the decrease in magnetic properties due to
y-ray irradiation of the rare earth permanent magnets, and the most of
these investigations on y-ray induced damage have been focused on
the decreased magnetism of bulk permanent magnets.”'* In this study,
the effect of y-ray irradiation as a condition such as different doses,
temperature during the irradiation, surface and size of Nd,Fe4B

magnet was investigated.

2. Theory

Like other strong electromagnetic radiation source, the y-ray has
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enough energy to the ionization of molecules, stripping electrons, and
breaking the chemical chain. In case of the magnets, if they are
exposed on the y-ray irradiation, their nature like the magnetism, curie
temperature, electronic structure and morphology of surface is also
affected. And these properties are significantly depended on the state
of magnets and irradiative condition.

1214 if the reason for

As the previously presented studies,
demagnetization of magnet exposed to the radiation is caused by local
heating by y-ray irradiation, degree of demagnetization is obviously
affected by temperature during irradiation time and size of magnets.
So, y-ray irradiation to different sized Nd,Fe;sB magnet was done at
low temperature of -78.5 °C to confirm the effect of low temperature
during the irradiation time to overcome the demagnetization by y-ray
irradiation. Additionally, y-ray was also irradiated to the fine Nd-Fe-B
and Sr-Ferrite magnet powder to confirm changed properties at the
fine powder because increased surface area to volume ratio, surface
morphology and surface chemistry than their bulk counterparts could
be the reasons for advantages in these materials to use the
special-purpose such as the high-density magnetic recording media

and compacts for high-frequency devices.'>'

3. Experimental

3.1. Materials

The sintered Nd,Fe 4B permanent magnet used for the experiment

about the effect of temperature and size on the y-ray irradiation was a
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commercially available magnet referenced N30H purchased from
Earth Magnet & Technology and the characteristics are listed in Table
2.1. The size of Nd,Fe,;,B samples were approximately 10dx15 mm’,
100x10 mm’, 100x5 mm’, 300x100x5 mm’, 10dx5dx1 mm’, and
5x5x1 mm’. The direction of magnetization was parallel to the
cylinder axis and all samples were kept at room temperature for one
month to stabilize their magnetic properties.

The SrFe;,09 powders for y-ray irradiation were purchased from
Earth Magnet & Technology referenced PO7- H13-SA with an average
grain size of 5 um and used without further treatment. And the fine
Nd-Fe-B magnet powder was prepared by ball billing process because
the mechanochemical ball milling processing provides a good control
over the particle size and produce samples in relatively short times.
18 Pure Nd (99.9%), Fe (99.99%), and B (99.5%) metal to make
Nd;sFes;Bg ingot was purchased from Japan Pure Chemical. Co. and
used without further purification. And high purity Ar gas (99.999+%)
was used for purging a furnace. To protect from the oxidation,

cyclohexane (99.75%) from Junsei Chemical Co. were used.

Table 2.1: Magnetic values of Nd,Fej4,B based magnet(N30H) used in this

study.
Materials Nd,Fe4,B (0 Mrad)
Br (kGs) 10.8
Hcj (kOe) 17.0
bHc (kOe) 10.5
(BH)max (MGOe) 30

3.2. Preparing the Nd-Fe-B powder

The starting material is the alloy of Nd;sFe;;Bg ingot. Nd;sFe;/Bg
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alloy ingots were prepared by arc melting Nd, Fe, and B under an
argon atmosphere. The prepared ingots wrapped with tantalum foils
were homogenized under an argon atmosphere at a temperature of
1070 °C K for 72 hrs. The ingots were crashed to be particle sizes less
than 200 mm in diameter by a stamp mill in cyclohexane. And then,
the powders were contained in a cylindrical steel port together with 10
mm steel balls and then sealed in an argon-filled glove box. The
container was mechanically grinded for 14 hrs by using a high-energy
ball mill with a ball to powder weight ratio of 40:1. In order to
crystallize the ball milled powders, heat treatment of the powders was
done at temperatures of 650 °C for 20 min in furnace at 1.8x10™ torr
of vacuum system. The prepared Nd;sFe;;B powders were stored in
cyclohexane to keep from oxidizing. Figure 2.1 shows the process of

Nd-Fe-B particles.

Nd(3.30 g), Fe(6.57 g), B(0.13 g)

l Arc melting

Nd]sFe77Bg ingot

Homogenization (1069.5 °C, 72 hrs)

Stamp milling

Shaker milling (14 hrs)

Nd;sFe;;Bg particles (Amorphous)

l Annealing (649.5 °C, 1.8x10” torr 20 min)

Nd;sFe;;Bg particles

Figure 2.1 The preparing process of Nd-Fe-B particle.
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3.3. y-Ray irradiation

The y-ray irradiation to the prepared Nd,Fe;sB permanent magnets
and ball milled Nd;sFe;;Bg and SrFe ;0,9 fine powder was carried out
in the “Co y-ray irradiation room. The irradiation was performed in
Nd,sFes;Bg powders stored in cyclohexane to keep from oxidizing and
Nd,Fe 4B and SrFe ;0,9 permanent magnet at ambient using the 0Co
(1.173 MeV) y-ray irradiation source facility of the Korea Atomic
Energy Research Institute (KAERI). The samples were irradiated with
y-ray at room temperature of 26.5 °C and low temperature of -78.5 °C
using dry ice. And the irradiation doses were varied from 0 to 100

Mrad and time averaged radiation was 58 hrs.

3.4. Characterization

The magnetic field distributions of the Nd,Fe ;4B magnets having
the different size as mentioned were measured with a hall-probe'’. The
magnetic field of magnets was measured to the same areas before and
after y-ray irradiation. The hall-probe placed in a plastic VSM holder
as Figure 2.2 was set to measure the vertical magnetic field of the
samples. It was fixed at same position by holder of VSM above the
top surface of the magnet. The repeatability of this measuring system
was within £0.01%. And the magnetic properties such as saturation
magnetization (M;), coercivity (;H.), remanence (M,) and maximum
energy product (BHmax) of Nd;sFe;sBg and SrFe;,0,9 magnets powder
were measured at room temperature with a demagnetization curve by
Lake Shore 7300 vibrating sample magnetometer (VSM) with applied
field up to 15 kOe. After the powder sample was set with wax to

prevent physical rotation of the particles, the magnets were
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magnetized with a pulse-magnetizer having a magnetic field of around
10 T. The Curie temperature of magnetic phases were determined by a
thermal gravimetric analyzer (TGA) with an applied external magnetic
field by magnetic accessory for TMA mode of TGA, which was
collected at a heating rate of 10 C/min with the sample kept under a
high purity nitrogen (99.99+%) atmosphere. The weight of whittled
Nd,Fe 4B for TMA measurement was 7.2 mg and installed sample was
weighted as about 30.4 mg. ESR measurements were carried out using
Fourier Transform Electron Spin Resonance Spectrometer (JEOL, JES
PX2300JEOL). All of the ESR spectra were recorded at the X-band
(9.45 GHz). For careful detection of all the peaks in the ESR spectra
of Nd,Fe4B permanent magnets, the field sweep was employed in the
magnetic field of 50-850 mT. ESR measurements in the present study
were performed at room temperature (25 °C) and ambient condition.
The crystal structure of the prepared powders were investigated using
an X-ray powder diffraction (XRD) with a Philips X’ pert-MPD
System using monochromated a Cu-K,, radiation source (A = 0.154056
mm). Scanning electron microscopy (SEM) was also performed to
observe the changed surface image of Nd;sFe;sBg and SrFe;Oy9
powders by using S-2400 (SEM system HITACHI, Japan) operated at

an acceleration voltage of 20 kV.
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Hall probe

Permansnt
maagnet

VEM holder
Figure 2.2. Scheme for a Hall probe to measure the magnetic field of

samples.

4. Results and Discussion

4.1 Magnetic properties

The dependence of the magnetic field change of sintered Nd,Fe 4B
magnets versus irradiation dose of ®°Co y-ray radiation at room
temperature and low temperature of -78.5 °C was shown in Figure 2.3.
As shown in Figure 2.3, sintered Nd,Fe;;B magnets exhibited the
different reduction of magnetism by y-ray irradiation on samples with
different sizes of magnets and temperatures. The range of magnetic
field change of Nd,Fe;sB magnets exposed to y-ray irradiation is in
the range from +0.03 to - 2.10%. Their magnetic field change with
accumulated dose of 60 Mrad was less than 0.5% except thin
Nd,Fe 4B magnets (Figure 2.3 g, h). And, when Nd,Fe 4B magnet was
exposed to y-ray irradiation of 100 Mrad, reduction of magnetic field
of most of magnet were gradually occurred. The magnet having thin
thickness (Figure 2.3 g, h) has weaker resistance to y-ray irradiation,

and suffers more magnetic field change than other type of magnet. It
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notices that the magnetic damage caused by y-ray irradiation was
affected by shape and thickness of magnets. However, when Nd,Fe;,B
magnets exposed to y-ray irradiation at low temperature of -78.5 °C,
these magnets show slightly lower loss of magnetism than that
exposed at room temperature. And this resistant phenomenon on the
y-ray irradiation can also confirm for most of magnets having different
size.

Room temperature demagnetization curve of the samples of
unirradiated and irradiated for heat treated Nd;sFe;;Bg powder and
SrFe,019 powder after y-irradiation from 25 Mrad to 100 Mrad are
shown in Figure 2.4 and 2.5. As you can see in these figures, both the
powder showed no signs of saturation at 15 kOe and exhibit very
small value of magnetization loss. This present result for low
magnetization loss, this is consistent with the previous studies about
the y-ray irradiation to bulk Nd-Fe-B magnet, which bulk Nd-Fe-B
permanent magnet at the maximum dose under 100 Mrad showed the
low magnetic flux loss of +0.5%.”" Although a gab between each
curve is very small, and the observed result about the magnetization
for both the powder are less compared to their bulk sample, we
confirmed that the irradiated samples show even lesser value of
magnetization than that of unirradiated sample as a result of the y-ray
irradiation. Therefore, the both powders irradiated at the temperature
of -78.5 K showed less magnetization loss than that at room

temperature.
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Figure 2.3. The magnetic field change of sintered Nd,Fe,4B magnets having
different sizes 10dx15 mm’ (a,b), 100x10 mm’ (c,d), 10Dx5
mm’® (e,f), and 5x5x1 mm’ (gh) versus doses of *°Co y-ray
irradiation and temperature.
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Figure 2.4. VSM curves of ball milled Nd,sFe;;Bg powders: as-heat treated

and after y-ray irradiated from 25 Mrad to 100 Mrad at room
temperature of 26.5 °C and low temperature of -78.5 °C.
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Figure 2.5. VSM curves of SrFe;,019 powders: as-heat treated and after y-ray
irradiated from 25 Mrad to 100 Mrad at room temperature of
26.5 °C and low temperature of -78.5 °C.

4.2 Ordering energy of domain

Figure 2.6 shows TMA curves for the pristine and y-ray irradiated
Ndy,Fe 4B magnets. Figure 2.6 (a) is clear that the value of
magnetization decreases with increasing temperature and becomes
minimum magnetization at a certain temperature known as T, of
NdyFesB at 315.21 °C. However, the measured result of y-ray
irradiated Nd,Fe;sB magnets at 100 Mrad shows the decreased
magnetization value with the increased temperature. And that
temperature as the value of T, is taken at 305.72 °C (Figure 2.6, c).
And when Nd,Fe 4B magnets were exposed to y-ray irradiation at low
temperature of -78.5 °C, T. was measured at 306.43 °C (Figure 2.6, b).

The T, is the magnetic ordering energy of which interactions are
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between the local magnetic moments of ions. It can cause the local
moments to be ordered or aligned so that there is a net spontaneous
magnetization. However, at the high temperature above the T, thermal
energy suppresses these interactions and thin make the disordered
state. The decreased T, for Nd,Fe ;4B could be deduced from the fact
that the interactions between the local magnetic moments of ions were
reduced by y-ray irradiation. However, as you can see the Figure 2.6
(d), decreasing of T. value was suppressed about 0.7 °C when the
y-irradiation was performed at the low temperature. It is the evidence
that thermal factor related to the temperature affect to reduction of

magnetism by y-ray irradiation.

40
(a) Nd, Fe, B before irradiation
35 — (b) Nd Fe B after irradiation (100 Mrad, -78.5 C)
(c) Nd _Fe, B after irradiation (100 Mrad, 26.5C )
30 -R
B 254
£ 25
=
D 204
]
=
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f04 N 0 T NN R - o7
' “s06 43T ]
5 i - i . ' .
100 200 300 400

Temperature (C)

Figure 2.6. The TMA curves of Nd,Fe;4sB magnet before (a) and after 100
Mrad of ®°Co y-ray irradiation at low temperature (-78.5 °C, b) and
room temperature (26.5 °C, c).

4.2 Change of electronic structure

Figure 2.7 shows ESR signals of the Nd,Fe;4B permanent magnets

before irradiation and after irradiation at different doses. In ESR
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spectra, strong broad singlet peak appears mainly around g=2.134 in a
fairly constant proportion to the increased doses. It was confirmed that
ESR signal at 2.134 is Fe (III) species in a highly symmetric

octahedrally coordinated environment”'*?

. This broad singlet peak
causes many chemically similar Fe sites. In neither case the broadness
can be due to a single compound such as a macromolecule, with many
parts of it clustering round a central Fe atom, because the broadness
would require hundreds of parts, which would be impossible because
of complicated mixture. Potentially this large peak could also be due
to Mn™ (as manganese dioxide) which can have a g-value as high as
2.134 and a similarly broad peak, but the g-value at 2.134 was quite
unusual, and we conclude that this identification is quite unlikely.
Because the correlation of peaks at g=4.326 and g=2.134 argues for an
identification as Fe. In the result of EDX measurement for Nd,Fe 4B
magnet in Figure 2.8, the element of Mn™ was not found. When the
dose of y-ray irradiation of Nd,Fe;4sB magnets was increased from 0
Mrad to 100 Mrad, one less broad singlet ESR signal at g =4.326 was
observed additionally in the spectra of NdoFe; 4B magnets. This signal
was assigned to Fe (III) in distorted tetrahedral coordination. The ESR
intensities of the samples were clearly increased with increasing y-ray
irradiation dose. These results suggest that the amount of Fe (III) ion
in Nd-Fe-B magnets increases at Nd,Fe;sB sample with increasing
dose of y-ray irradiation. Figure 2.9 and 2.10 is ESR spectra of the
Nd,Fe 4B magnet before and after y-ray irradiation at 100 Mrad with
different microwave power from 0.1 to 140 mW. Figure 2.11 show the
variation of the signal intensities of position as P1 peaks in Figure 2.9

and 2.10 at each microwave magnetic field strength, respectively. The
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intensity of y-ray irradiated Nd,Fe;4sB (b) leveled off more quickly

than the signal of unirradiated one (a). The y-ray irradiated Nd,Fe,4B

signal reflects the shorter relaxation time to present a system relaxes

under certain changes in external conditions than the signal of

unirradiated one.
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Figure 2.7. The ESR spectra of Nd,FejsB magnets before *Co y-ray
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Figure 2.8. The EDX spectrum of Nd,Fe 4B magnets.
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irradiation (a) and after y-ray irradiation at 25 Mrad (b), 50 Mrad
(c), 75 Mrad (d), and 100 Mrad (e).

Weight | Atomic
Element %) %)
B 5.24 24.62
(0] 4.98 15.79
Fe 50.30 45.71
Nd 39.48 13.89
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Figure 2.9. ESR spectra of the Nd,Fe;4B magnet before y-ray irradiation with
different microwave power.
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Figure 2.10. ESR spectra with different microwave power of the Nd,Fe 4B
magnet after y-ray irradiation at 100 Mrad.
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Figure 2.11. Progressive saturation of the Nd,Fe 4B magnet before (a) and
after y-ray irradiation at 100 Mrad (b) by ESR spectra with
different microwave powers.

4.4 Crystal structure of Nd-Fe-B and Sr-Ferrite powder

The crystal structure of ball milled NdisFe;7Bg and SrFe;;Oy9
powder was analyzed by XRD diffraction. And it is shown in Figure
2.12 and 2.13. Figure 2.12 (a) is the XRD pattern of prepared
Nd;sFe7;Bg alloy powders which were not exposed to y-ray irradiation.
The XRD pattern of the powders annealed at 1069.5 °C shows peaks
from a-Fe and Nd,Fe4B, it indicates that the powder consists of their
mixture. Although the diffraction peaks of a-Fe are existed in the
XRD pattern of the prepared Nd-Fe-B powder, another main peaks are
corresponding to tetragonal Nd,Fe;4sB (JCPDS card No.86-0273), and
these peaks can be indexed to (410), (214), (314), (313), (411), and
(619) planes of tetragonal unit cell. The XRD patterns of the
Nd;sFe;Bg alloy powders which were exposed to y-ray irradiation at

25 Mrad and 100 Mrad at room temperature and low temperature were
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shown in Figure 2.12 (b) to (e). The peak position in XRD patterns
irradiated and unirradiated Nd;sFe;;Bg magnets were not remarkably
changed at the main peaks after magnets were exposed on y-ray at 25
Mrad under room temperature and low temperature of -78.5 °C. But
the reduced peak intensity of Nd;sFe;;Bg exposed at 100 Mrad at room
temperature compared to unirradiated one can be observed and this
intensity diminution was reduced when the magnet powder was
exposed to the y-ray irradiation at temperature of -78.5 °C compared
with the result of room temperature. It means that y-ray effect at low
temperature (-78.5 °C) to magnetic materials is reduced than at room
temperature. Figure 2.13 shows the crystal structure of prepared
SrFe; 20,9 powders which were exposed to y-ray irradiation from 0 and
100 Mrad at room temperature and low temperature. All of the peaks
were clearly identified with crystal structure of SrFe;,0,9 (JCPDS card
No.84-1531). In contrast with Nd,Fe;4B, XRD pattern of SrFe;;O
powders does not show the conspicuous change due to y-ray

irradiation.
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Figure 2.12. XRD pattern of ball milled Nd,sFe;,Bg powders: as-heat treated
(a), after y-ray irradiated of 25 Mrad at 26.5 °C (b), 25 Mrad at
-78.5 °C (c), 100 Mrad at 26.5 °C (d), 100 Mrad at -78.5 °C (e).
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Figure 2.13. XRD pattern of SrFe,,O9 powder: before y-ray irradiated (a),
after y-ray irradiated of 25 Mrad at 26.5 °C (b), 25 Mrad at
-78.5 °C (c), 100 Mrad at 26.5 °C (d), 100 Mrad at -78.5 °C (e).
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4.5 Morphology of Nd-Fe-B and Sr-Ferrite powder

Figure 2.14 shows SEM image of ball milled Nd;sFe;7Bs powder
which was not irradiated with y-ray (a) and irradiated at 25 Mrad at
room temperature (26.5 °C) (b) and low temperature (-78.5 °C) (c),
and (d) and (e) are Nd,sFe;;Bg powders irradiated at 100 Mrad at room
temperature (26.5 °C) and low temperature (-78.5 °C). As you can see
in Figure 2.14 (a), the mean size of as-prepared Nd,sFe;;Bs powders is
5 um. Moreover, it shows that the shape of the particles under 1 um
was a spherical and needle shape and over 10 pm was small lump.
When y-ray of 100 Mrad was induced to the prepared Nd;sFe;;Bs
powder, we confirmed that particles of needle shape were disappeared
and most of the edge of small particles was worn down by y-ray
irradiation. The effect of temperature during the y-ray irradiation has
been found between the Figure 2.14 (b) and (c). In case of
y-irradiation at 25 Mrad, the changed surface image and morphology
were observed to be lesser compared with case of 100 Mrad but the
sensible change of morphology is displayed at 26.5 °C compared with
-78.5 °C The same trend is shown in the case of SrFe;,0,9 powders in
Figure 2.15. Figure 2.15 shows the SEM images of SrFe;,019 powders
as prepared and after irradiated at 25 Mrad and 100 Mrad. After it was
exposed to y-ray irradiation at 100 Mrad, the changed particle shape of
SrFe;20,9 powders as the Nd;sFe;;Bs powder was observed between

the Figure 2.15 (a) and (d).
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Figure 2.14. SEM images of ball milled Nd,sFe;,Bg powders: as-heat treated
(a), after y-ray irradiated of 25 Mrad at 26.5 °C (b), 25 Mrad at
-78.5 °C (c), 100 Mrad at 26.5 °C (d), 100 Mrad at -78.5 °C
(e).
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Figure 2.15. SEM images of SrFe|,0,q: before y-ray irradiated (a), after y-ray
irradiated of 25 Mrad at 26.5 °C (b), 25 Mrad at -78.5 °C (c), 100
Mrad at 26.5 °C (d), 100 Mrad at -78.5 °C (e).
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5. Conclusion

Conclusions from the several previous studies were mostly
empirical, and the mechanisms of interaction of radiation with
magnetic materials are not fully understood but it is clear that
irradiation with neutrons, ionizing radiation or even with y-rays is able
to produce defects and matrix rearrangements to most materials™.
From this study, two major effect of the y-ray irradiation on the
permanent magnet can be confirmed. One effect is the regional
thermal heating in the permanent magnet by y-ray irradiation. And
other effect is electronic defect.

In the experiment about effect of y-ray at the condition of magnet
kept lower temperature of -78.5 °C, we can know that the increasing
of temperature in local area by exposure to the y-ray was suppressed
and the temperature at the irradiation time is affected to the reduction
of magnetism and it can be evidence that regional thermal heating by
y-ray is reason of reduced magnetism as result of Ito et al. and Talvitie
et al."*** Like the neutron beam, y-ray irradiation also has the enough
energy for thermal heating. If the high y-ray are irradiated into
magnetic materials, atoms and electrons can be excited or ionized by
inelastic interactions with the y-ray and, high energy are generated due
to secondary electrons and the Compton effect by collisions of y-ray.
Some part of this energy affects to the domain of magnetic material,
which may lead to regional temperature increase in a lattice above the
Curie point and reduce the magnetism.

Okuda et al. have shown that the reason for the magnetic loss is not
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the crystal structural change of the bulk permanent magnets due to

irradiation damage®™.

However, our results about the crystal
structure of Nd;sFe;;Bg powder y-ray irradiated at 100 Mrad did not
agree with that of the previous studies as XRD pattern and SEM
image even if the value of magnetization loss is very low. In contrast
with bulk permanent magnet, the observed surface of Nd,Fe;4B and
SrFe;,049 powder was worn down because of increased surface area to
volume ratio, but the XRD spectrum of SrFe;,O,9 powders appear the
unchanged pattern contrary to that of Nd;sFe;;Bs powders and this
difference could be due to the accelerated corrosion of NdyFesB by
y-irradiation. The nature of y-ray is the electron sources and it
accelerates corrosion on surface of alloy powders by the oxidation
processes. Unlike the stable SrFe;;0;9 against oxidation, Nd,Fe 4B
magnet alloys show a very low resistance against corrosion by the fast
oxidation of the Nd- and B-rich phase located around the grains of the
Nd,Fe ;4B in various environments>®, Moreover, we confirmed that this
corrosion by y-irradiation was suppressed at low temperature of
-78.5 °C as the study of C. H. Chen et al.” about a neutron irradiation
on Nd-Fe-B and Sm;Co,; magnet at temperature of 285.5 °C, that the
magnetic flux loss is increased at' environment of high temperature.
And we could deduce that the effect of y-ray on the magnetism,
micro-crystalline structure and electronic structure of Nd,Fe;4,B
permanent magnet was critically changed. When Nd,Fe;4B permanent
magnet was exposed to y-ray, their magnetic properties like magnetic
field intensity and T, were changed and their micro-crystal structure
and electronic structure were also undergone a change. This result

indicates that the electronic defect in Nd,Fe;4B magnets was formed
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by y-ray irradiation, and the effect of formed defect was increased
with the dose of y-ray irradiation. These phenomenon was observed in
other influenced environment and other materials.**’

The Nd-Fe-B permanent magnet is composed with multiple phases
such as Nd,Fe 4B (matrix phase), Nd,-.Fe;Bs; (boron-rich phase),
Nd,Fe (neodymium-rich phase), and other phases in the
microstructure generally. These phases allow the high performance of
Nd-Fe-B based permanent such as high saturation magnetization and
coercivity. Among these phases, Nd;;FesB4 and NdsFe phases located
around the grain of the Nd,Fe;;B phase to occur at the grain
boundaries of matrix phase or at grain junctions are easily collapsed
and oxidized by insecure environment. When these phases were
placed in unstable environment such as y-ray, these phases were
collapsed and whole grains of Nd,Fe 4B phase were broken off from
the structure. As this phenomenon, the y-ray having high energy and
permeability also affected to the susceptive Nd,..Fe,B, and NdsFe
phases in Nd-Fe-B magnet. In other words, at these week phase,
defect was made by increasing secondary electron and compton effect
which will be elastic collision between ejected y-ray photon and

electron in outer shell of B and Nd atom nuclei.
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