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Abstract

With crystallization at 850 °C for 4 h, LiMn, Oy, B-wollastonite ($-CaSiO3), lithium silicate (Li,SiO3), Ca(Ca, Mn)Si, O and Li,Ca4Si4O,3 phases
were found in 25Li, O-8MnO,-20Ca0-2P,05-45Si0, (LMCPS) glass ceramics. The (Li, Mn)ferrite phase was obtained in the iron oxide contained
LMFCPS glass ceramic and Li,FeMn;Og phase was found in that containing 8 at.% Fe, 5. TEM investigations showed that (Li, Mn)ferrite particles
dispersed in the B-wollastonite matrix (Li, Mn)ferrite particles, with an average size of 40 nm, were found in the glass ceramics containing 4 at.%
Fe,Os. The (Li, Mn)ferrite particle sizes in the glass ceramics containing 8 at.% Fe,O; varied from a few pm to 5 nm. The SQUID result showed
that only the glass ceramic containing 4 at.% Fe, O3 exhibited super-paramagnetic behavior at temperature 300 K and ferromagnetic behavior at
4 K. The LMCPS glass ceramic containing 8 at.% Fe,O3 exhibited ferromagnetic behavior at both temperatures.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Glass-ceramics has been developed for use in biological
implants. These materials require strict composition and mor-
phology control and the interpenetration mode of the various
crystalline and glass phases involved. Since Hench et al.! first
discovered Bioglass® in 1970”, various glasses and glass ceram-
ics have been well established including apatite glass ceramics
(Ceravital®)? and Na, O-Ca0-Si0,—P, 03 bioglasses.? Kokubo
et al.* prepared an apatite—wollastonite (A—W) glass ceramic
comparable to natural bone. This glass ceramic exhibits better
mechanical properties than other bioceramics*> and is able to
form strong bonds with bone.* Currently, ferromagnetic phase
content bioceramics have been widely used as bone fillers and
introduced for hyperthermia treatment.>~’ Iron oxide nano-
particles have been applied in biomedical applications.??

A MgO-Ca0O-Al;03-Si0,-P,0s5 glass-ceramic with high
mechanical strength has been reported by Wu and Hon.'? Small
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apatite particles precipitate and anorthite crystals form on the
surface of P>Os rich glassceramics.!! Luderer et al.'> used
lithium ferrite and hematite-containing Al,O3—-Si0,—P,Os glass
ceramics to control tumor growth. A hysteretic heating from
the implanted ferromagnetic glass ceramic raised the tempera-
ture sufficiently to cause significant tumor growth delay in their
investigation. Although the precipitation of magnetic particles
from glasses has also been studied by several investigators, 313
the devitrification behavior and magnetic properties of LMFCPS
glasses have not been elaborated in detail.

The devitrification behavior and magnetic properties of
LMFCPS glasses are discussed in this paper. This research
studied the phase transformation of LMFCPS glass after crys-
tallization and investigated the magnetic properties of this
glass-ceramic system.

2. Experimental procedure

Reagent grade powders of Li;CO3, MnO;, Fe,03, CaCOs3,
Ca3(PO4)2 and SiO, were used for preparing the LMFCPS
glasses. The glass consisting of 25at.% LiyO, 8 at.% MnO»,
20 at.% CaO, 2P,05 and 45 at.% SiO, were doped with differ-
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ent amounts of Fe;O3. They were labeled as F1, F2 and F3 for
0, 4, and 8 at.% Fe, O3 addition, respectively. A 100 g raw pow-
der batch of the specified composition was weighed and mixed.
These mixed raw materials were melted in a platinum crucible
at 1450 °C for 2h and quenched in water to form amorphous
glasses that were subsequently dried and crushed into powder.
To obtain a homogeneous glass, the crushed powder was then
re-melted at 1450 °C for another 2 h. After the second melting
process, the glass was cast onto a 400 °C stainless steel plate and
annealed at this temperature for 2—4 h.

Differential thermal analysis (DTA) was conducted in the
25-1000 °C temperature range using a Perkin-Elmer 7 series
thermal analyzer with Al,O3 powder as the reference material.
The crystalline phases formed in the LMFCPS glass ceramics
were analyzed using an X-ray diffractometer (XRD, Scintag,
XGEN-4000, USA) with Cu Ka radiation and a Ni filter at a
scanning rate (260) of 2°/min. A scanning electron microscope
(SEM, Hitachi S-2700, Tokyo, Japan) was used to observe the
microstructure of the glasses and heat-treated samples. The sam-
ples were polished, etched with diluted acid solution (5 parts HF,
2 parts HCI and 93 parts distilled water) and coated with a thin
conductive film. Thin foils for a scanning transmission electron
microscope (STEM, Hitachi HF-2000, Tokyo, Japan) were pre-
pared via the conventional technique: the sample was sliced to
a thickness of ~200 wm using a diamond-embedded saw, and
then lapped to a thickness of ~30 pum mechanically and ion-
beam thinned to electron transparency. Chemical microanalysis
was conducted using an energy-dispersive X-ray spectrometer
(EDS) (Noran, 432C, USA) attached with STEM. The STEM
accelerating voltage was 200 kV. Magnetic measurements were
carried out using a superconducting quantum interference
device (SQUID) magnetometer with the applied field up to
6T.

3. Results and discussion
3.1. Thermal behavior of the LMFCPS glasses

The DTA curves obtained from the LMFCPS glass powders
at a heating rate of 10 °C/min are shown in Fig. 1(a). The glass
transition temperatures (1) were around 480 °C. The T refers
to the onset of glass transition'® and corresponds to the tem-
perature at which the network acquires mobility and changes
from a rigid into a plastic structure.!” Moreover, Fig. 1(a)
also shows the single glass transition temperature, meaning
the existence of a compositionally homogeneous glass state.
The exothermic peaks (T.) were obtained at 708, 717, and
741°C for F1, F2, and F3 glasses, respectively. High Fe;O3
content in the LMFCPS glass, results in high T.. Fig. 1(b)
also shows the DTA result from the LMFCPS glass bulk at a
heating rate of 10 °C/min. It indicates that the bulk LMFCPS
glasses had exothermic peaks at 825, 827, and 837 °C for F1,
F2, and F3 samples, respectively. The exothermic tempera-
tures of the bulk LMFCPS glasses also slightly increased with
increasing Fe;O3 contents. This result may be caused by the
viscosity increase of the LMFCPS with increasing Fe,O3 con-
tent.

Endothermal @

Endothermal

—

400 500 600 700 800 900

Temperatre ("C)

Endothermal

Endothermal

400 500 600 700 800 900

Temperatre ("C)

Fig. 1. DTA curves of the LMFCPS glasses heated at a rate of 10 °C/min: (a)
powders and (b) bulk.

3.2. Crystallization behavior of the LMFCPS glasses

The difference of the exothermic temperature, AT, between
the bulk and powders of the LMFCPS glasses was due to the
surface nucleation of the samples since the Fe,O3 particle in
the glass acts as a nucleation agent accordingly decreases the
activation energy. After the F3 glass was crystallized at 600 °C
for 4 h and its surface lapped away by 0.1 mm, the XRD pattern
showed an amorphous state, as indicated by pattern (a) in Fig. 2.
Crystallization at 600 °C for 4 h, LiMn,O4 was the main phase
of F3 bulk sample as illustrated by pattern (b) in Fig. 2. When the
surface of the F3 LMFCPS glass was crystallized at 850 °C for
4 h, the Li,FeMn3Og phase was obtained, as shown by pattern
(d) in Fig. 2 and disappeared after lapping by 0.1 mm, pattern (c).
These results indicated the surface nucleation of the LMFCPS
glasses.

According to the XRD result, Table 1 lists the phases
formed on the surfaces of the different LMFCPS glasses crys-
tallized at various temperatures. After crystallization at 600 °C
for 4h, LiMnyO4 was the major phase and [(3-wollastonite
(CaSi03) was the minor phase in the LMFCPS glass ceramic.
The B-wollastonite phase becomes dement when the LMFCPS
glasses are crystallized at 640 °C for 4h, both LiMn;O4 and
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Fig. 2. XRD patterns of the F3 LMFCPS glass crystallized at 600 and 800 °C
for 4 h, respectively: (a) 1 um below the surface of F3 crystallized at 600 °C,
(b) the surface of the sample crystallized at 600 °C, (c) 1 wm below the surface
of the sample crystallized at 850 °C, and (d) surface of the sample crystal-
lized at 850°C. (1) LiMnyO4: JCPDS 35-782; (2) CuSiOs3: JCPDS 42-547;
(3) LipCa4Si4Oy3: JCPDS 37-714; (4) Ca(Ca, Mn)SizOg: JCPDS 44-1455; (5)
Li>SiO3: JCPDS 29-829; (6) (Li, Mn)ferrite; (7) Li,FeMn3Og: JCPDS 40-944.
“The Joint Committee for Powder Diffraction Studies (JCPDS), founded in 1941
and changed name to International Centre for Diffraction Data (ICDD) in 1978,
maintains a database of diffraction patterns. This database designed for use with
a diffractometer is often used to identify substances based on X-ray diffraction
data.

Table 1

B-wollastonite were the major phases in the heat-treated sam-
ple. When the LMFCPS glasses were crystallized at 660 °C for
4h, LiMn04, CaSiO3, LipCasSisO;3 and Ca(Ca, Mn)Si»O¢
appeared in the glass ceramics. (Li, Mn)ferrite was the minor
phase for the F2 and F3 LMFCPS glasses crystallized at 720 °C
for 4h. When the F1 glass was crystallized at 720 °C for
4h, it showed the same phases as the sample crystallized at
660 °C for 4h. (Li, Mn)ferrite became evident in the crystal-
lized F2 and F3 LMFCPS glass ceramics, and Li,FeMn3Og
formed in the F3 sample when crystallized at 850 °C for 4 h.
The crystallized phases in the LMFCPS glass ceramics did not
change with dwelling time. When the LMFCPS glasses were
crystallized at 720 and 850°C for 4 h, respectively, Li»SiO3
phase presented in all LMFCPS glass ceramic samples and
LiMn;O4 became minor phase in the crystallized F1 and
F2 samples. Li;FeMn3Og appeared in the F3 LMFCPS glass
ceramic.

According to the EDS analysis the particles in the LMFCPS
glass ceramic consist of Fe, Mn, and O. When the F2 and F3
LMFCPS glass crystallized at 850 °C for 4 h, the XRD diffrac-
tion angles (26) located at 30.26°, 35.68°, 53.66°, 57.24°, 62.76°
correspond to iron contended phase, such as LiFesOg, MnFe; Oy,
and FeFe;Oq4, etc. The crystallized F3 sample’s diffraction
angles were higher than that for MnFe,O,4 and FeFe,Os3, but
lower than that for LiFesOg. The lattice constant (a) of the iron
contended phase could be calculated using the Nelson—Riley

equation'8:

cos2® cos?o
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where K is an experimental constant and the second term is the
displacement error during the X-ray diffraction measurement.

Phases formed on the surface of different LMFCPS glasses crystallized at various temperatures for 4 h

Crystallization temperature (°C) F1 (OFe,03 added)

F2 (4Fe; 03 added) F3 (8Fe,03 added)

600 Lian 04
620 LiMn,04
CaSiO3(—)
640 Lian 04
CaSiO3
660 LiMny04
CaSiO3

720

850

LizCa4Si40|3
Ca(Ca, Mn)Si;Og

LiMn,Oy4

CaSiO3
LiyCaySizOq3
Ca(Ca, Mn)sizoe

LiMn204(—)
CaSiO3
LizCa4Si4013
Ca(Ca, Mn)Si;Og
Li;SiO3

Lian 04 Lian 04
LiMn;04 LiMn;04
CaSiO3(—) CaSiO3(—)
Lian 04 Lian 04
CaSiO3 CaSiO3
LiMl’lz 04 Lian 04
CaSiO3 CaSiO3

LizCa4Si4013
Ca(Ca, Mn)Si;Og

LiMn,Oy4

CaSiO3
LipCaySizOq3
Ca(Ca, Mn)SizOf,
(Li,Mn)Ferrite (-)

LiMn204(—)
CaSiO3
LiZCa4Si4013
Ca(Ca, Mn)Si;Og
Li;SiO3

(Li, Mn)ferrite

LizCa4Si4013
Ca(Ca, Mn)Si;Og

LiMn,Oy4
CaSiO3
LipCaySizOq3
Ca(Ca, Mn)SizOf,
(Li,Mn)Ferrite (-)

LizFCMn3 03
CaSiO3
LizCa4Si4013
Ca(Ca, Mn)Si;Og
Li;SiO3

(Li, Mn)ferrite
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Fig. 3. Nelson—Riley plot of the (Li, Mn)ferrite formed in the LMFCPS glass
ceramics.

The lattice constant error (a) is nearly zero when 6 approaches
90°.

Using a proper extrapolation function, the lattice constant of
the iron-bearing phase in the crystallized LMFCPS glass ceramic
had a value of about 8.38 A as illustrated in Fig. 3. This value
was smaller than those for FeFe,O4 (8.396 A) and MnMn, 04
(8.499 A) and was higher than that for LiFesOg (8.337 A). There-
fore, the iron-bearing phase in the crystallized LMFCPS glass
ceramic was a solid solution labeled as (Li, Mn)ferrite.

3.3. Microstructure of the LMFPCS glass ceramics

Fig. 4(a) is the SEM micrograph of the F1 LMFCPS glass
crystallized at 850 °C for 4 h, indicating that the grey Ca-rich
phase and dark Si-rich phase were obtained by phase separa-
tion. The Si-rich phase was compatible with the Li>;SiO3 phase
in the F1 glass ceramic. According to the XRD heat-treated sam-
ple results listed on Table 1, the Ca-rich phases in the dark area
are CaSiO3, LipCaySizO13 and Ca(Ca, Mn)Si»Og. The Ca-rich
phase became columnar and well crystallized with the Fe,O3
addition to the LMFCPS glass. The white particles dispersed
around the boundaries of the Ca-rich phases in the F2 and F3
crystallized at 850 °C shown in Fig. 4(b) and (c). The white
particles had high iron (Fe) content, they determined as (Li,
Mn)ferrites and LioFeMn3Og. The higher the iron oxide con-
tent in the glass, the more (Li, Mn)ferrites and LioFeMn3Og it
presented. The microstructure of the LMFCPS glass ceramics
indicated that its Si-rich phase area decreased with increasing
iron oxide content because of the formation of (Li, Mn)ferrites
and LipFeMn3Og. The morphology of the crystalline phases
in the samples with different LMFCPS glasses crystallized at
850 °C for various holding times was similar.

Fig. 5 shows a STEM micrograph of the F2 LMFCPS glass
crystallized at 850 °C for 4 h, it demonstrates that the magnetite
particles, columnar (3-wollastonite and Si-rich matrix present in
this sample. Fig. 6 illustrates the bright field (BF) micrograph
and selected area electron diffraction (SAED) patterns of the
F2 LMFCPS glass crystallized at 850 °C for 4 h. According to

/

Ca-rich

oo it

Fe-rich

6um ‘

Fig. 4. SEM micrographs of (a) F1, (b) F2 and (c) F3 LMFCPS glasses crystal-
lized at 850 °C for 4 h.

the SAED results, the dark particles and matrix in Fig. 6(a) are
identified as (Li, Mn)ferrite (Fig. 6(b)) and CaSiO3 (Fig. 6(c)),
respectively. The ferrite particles containing Mn and Fe were
also characterized using EDS. Although Li was not found in
LMEFCPS glass ceramics using EDS, the XRD indicates that the
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Fig. 5. STEM micrograph of the F2 LMFCPS glasses crystallized at 850 °C for
4h.

ferrite is considered to be (Li, Mn)ferrite. The ferrite particle size
in the crystallized F2 LMFCPS glass ceramic ranges a few nm to
100 nm. Moreover, when the F3 LMFCPS glass crystallized at
850 °C for 4 h, the particle size of the (Li, Mn)ferrite distributed
from a few pm to nm.

(a)'™

Fig. 6. STEM micrograph of: (a) bright field image, (b) SAED pattern of the
(Li, Mn)ferrite with the [3 3 2] zone axis (JCPDS 10-319) and (c) B-wollastonite
with [00 1] zone axis (JCPDS 42-547).

According to the SEM and TEM examinations, the Si-rich
phase and (3-wollastonite formed in the LMFCPS glass ceramic
matrix and the spherical ferrite particles were well dispersed in
it. These phases are the three major crystallites in the sample as
shown in Fig. 4(b) and (c). In the XRD patterns of the crystal-
lized F2 LMFCPS glasses, (Li, Mn)ferrite, 3-wollastonite, and
Li»SiO3 are obtained. Both the Fe** and Fe>* are able to enter
the wollastonite lattice,'® with the [3-wollastonite matrix com-
position essentially Ca0O-SiO;. The composition of the glassy
phase of the glass ceramic matrix varies with crystallization
temperature.

3.4. Magnetic properties of the LMFCPS glass ceramics

Fig. 7 shows the magnetization behavior of the F2 and F3
LMCEFPS glasses crystallized at 850 °C for 4 h and measured at
temperature of 4 and 300 K. The remanent induction of these
samples is less than 0.5 emu/g, which is much smaller than that
bulk magnetite (=92 emu/g).!® Very small saturation magneti-
zation is obtained due to the modest content of the magnetic
phase in the F2 and F3 LMFCPS glass ceramics.! The coercive
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Fig. 7. Magnetization curves of (a) F2 and (b) F3 LMFCPS glasses crystallized
at 850 °C for 4 h.
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forces of the F2 and F3 LMFCPS glass ceramics measured at
4 K were 338 and 70 Oe, respectively. The iron-containing glass
ceramics reveal the ferromagnetic behavior at 4 K. Increasing
the measuring temperature to 300 K, the coercive force of the
F2 LMFCPS glass ceramic decreases to a value smaller than
5 Oe. The coercive force difference in the F2 LMFCPS glass
ceramics measured at 4 and 300 K was larger than 330 Oe, due
to the super-paramagnetic effect of this sample.?’ The coercive
force of the F3 glass ceramic is 63 Oe at 27 °C, it maintained the
ferromagnetic characteristic.

Taketomi and Chikazumi?' pointed out that the crystallite
size determines the coercive force of the glass—ceramics, a sin-
gle domain structure is formed when the ferrite particle size is
of the order of 10-50 nm for moderate crystal anisotropy. Both
super-paramagnetic and ferromagnetic characteristics coexisted
when the sample contained both large and small particles.”
The average ferrite particle size in the 850 °C, 4h heat-treated
F2 sample was about 40nm. The coercive force of the sam-
ple was only 5 Oe at 300 K, consistent with that by Kuzminski
et al.?? Therefore, both super-paramagnetic and ferromagnetic
behaviors co-existed in the F2 LMFCPS glass ceramics at 300 K.
The super-paramagnetic behavior was attributed to those (Li,
Mn)ferrites with particle size smaller than 40 nm and the ferro-
magnetic behavior to those with larger particle size. The particle
size of the ferrite in the F3 LMFCPS glass ceramic was in the
pm range and thus exhibited ferromagnetic behavior at both
temperatures.

4. Conclusions

We have demonstrated a simple technique for preparing
(Li, Mn)ferrite nano-particles using the LMFCPS glass ceramic
system. The LMFCPS glass ceramics showed surface nucle-
ation behaviors during various heat-treatment processes. The
precipitated (3-CaSiO3 and Li»SiO3 formed with a columnar
morphology and the nano-sized (Li, Mn)ferrite particles dis-
persed in the gray B-CaSiOsz matrix. By varying the weight
percentage of Fe, O3 in the glass-ceramic we were able to control
the (Li, Mn)ferrite grain size. As the (Li, Mn)ferrite grain size in
the matrix glass became smaller than 40 nm, the magnetic behav-
ior showed mixed super-paramagnetism and ferro-magnetism in
arather complex way. However, as the grain size grew larger the
magnetic behavior changed to ferro-magnetism. The magnetic
properties were consistent with the particle size and structure.
Magnetic anisotropy constants calculated from our experimental
data agree well with the expected values for small particles.
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