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ABSTRACT

In this work, MgAl,04 + xLiF (x = 0, 3.2, 6.4 mol. %) ceramics were synthesized by solid-state reaction
method. The phase information of a spinel structure was delineated by XRD. The crystal structure of
MgAl,04 + xLiF (x = 0, 3.2, 6.4 mol. %) ceramics were discussed with the help of Rietveld refinements. As x
increased from 0 to 6.4 mol. %, the tetrahedral sites in MgAl,O, ceramics gradually were occupied by AI**
cations, which is confirmed by 2’Al NMR and Raman spectra. Such the occupation of AI** cations increased
the covalency (f/s) value of M-O (M = Mg, Al) bond in MO, tetrahedral of MgAl,0,4 + XLiF (x = 0, 3.2, 6.4 mol.
%) ceramics. LiF is mainly used as a sintering aid to improve the formation of the MgAl,0,4 ceramics. In order
to obtain high Qxf value spinel ceramics, LiF must be removed before the final stage of densification. In
addition, the dielectric constant (e,), grain size and quality factor (Qxf) value are significantly affected by the
LiF content. However, the temperature coefficient of resonance frequency (TCf) values were independent of
LiF content. MgAl,04 + XLiF (x = 0, 3.2, 6.4 mol. %) ceramics with x = 6.4 has excellent microwave dielectric

properties when sintered at 1575 °C for 8 h: e, = 8.36, Qxf = 99,900 GHz, TCf = - 61.57 ppm/°C.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Due to the rapid development of high-frequency communication
systems, microwave dielectric ceramic materials require low di-
electric constant to reduce the signal propagation delay, high quality
factor value to suppress signal attenuation, and near-zero tempera-
ture coefficient of resonance frequency to allow component to op-
erate normally under a wide temperature range [1-5]. MgAl,0,4
microwave dielectric ceramics have been extensively investigated
due to their low dielectric constant and high quality factor value. K.P.
Surendran et al. reported the e, Qxf and TCf values of MgAl,0,4
ceramics are 7.9, 68,900 GHz and - 75 ppm/°C, respectively [6].
MgAl,0, is reported to have an intermediate spinel structure, and
the general molecular formula is (Mg;,Al,) [Mg,Al,_,] O4, which A is
refers to the degree of inversion [7-9]. E. S. (Merijn) Blaakmeer et al.
used 2’Al nuclear magnetic resonance (NMR) to study the A value of
Lithium-doped MgAl,0,4 [10]. Moreover, S. Takahashi et al. reported
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that AI>* cations preferentially occupying tetrahedral sites of
MgAl,04 ceramics, which can improve the Qxf value of MgAl,04
ceramics [11]. According to previous research results, we can use
NMR data to obtain the preferential positions of AI** cations to
discuss the change of Qxf value of MgAl,0,4 ceramics.

LiF has been proven to be a suitable additive to significantly
improve the formation of the MgAl,0, ceramics. LiF melts at 840 °C
and the addition of LiF will form a transient liquid phase around the
spinel phase to promote particle rearrangement. The chemical re-
action between LiF and MgAl,04 during the sintering process can be
described as below [12-15]:

3LiF(I) + MgAl,04(s) — LiF: MgF, + 2LiAIO, (1)
Where (1) stands for liquid, and (s) stands for solid phase. With the
increase of temperature, and the following reaction occurs:

LiF: MgF(l) — LiF(g) + MgE(g) (2)

Where (g) stands for gas phase. Then the highly active MgF, will
react with LiAlO, as newly formed LiF evaporates, accompanied by
the reformation of spinel:

MgE + 2LiAlO; — 2LiF(g) + MgAl,04(s) (3)
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At high temperature, LiF will evaporate from MgAl,04 ceramics.
Controlling the content of LiF, dense pure MgAl,0, ceramics can be
obtained. This phenomenon has been confirmed. Such as I. E. Reimanis
et al. reported that MgAl,O4 doped with small amount of LiF sintered at
1550°C, Li and F ions will diffuse out of the spinel lattice [16]. This
process eventually leads to the formation of dense pure MgAl,O4
ceramic. The sintering reaction of LiF-doped MgAl,0,4 ceramics and the
relationship between LiF and the optical properties of MgAl,0,4 ceramics
have been reported [14,16]. However, the effect of LiF on the microwave
dielectric properties of MgAl,0,4 ceramics remains unclear. Therefore, in
this paper, the MgAl,0, +xLiF (x=0, 3.2, 64mol. %) ceramics were
synthesized by conventional solid-state reaction method, and the in-
fluence of LiF on the cation distributions and microwave dielectric
properties of MgAl,04 ceramics was systematically investigated.

2. Experimental method

The raw powders of MgO (>99%) and Al,05 (> 99%) were weighed
according to MgAl,04 chemical formula and ball-milled with ethanol
for 6 h. Subsequently, the mixtures were pre-sintered at 1350 °C for
4h. In addition, LiF (> 99%) with different amounts (x=0, 3.2,
6.4 mol. %) were added to the pre-sintered powder and ball-milled
with ethanol for 6 h again. After that, the mixtures were added with
PVA to form pellets. Finally, the prepared specimens were sintered at
1575 °C for 8 h in air.

The crystal phase of the specimen was analyzed by X-ray diffrac-
tion (Rigaku Industrial Corporation, Japan) with Cu Ka radiation in the
20 range of 10-120°, with step size of 0.013°. The crystal structure was
refined using GSAS-EXPGUI program. A Bruker Avance NEO 600 MHz
spectrometer operating at 12 kHz was used to obtain 2’Al magic angle
spinning NMR spectra at room temperature. The Raman spectra were
acquired using a Raman microscope (LabRAM HR Evolution) at room
temperature, where the 532 nm line of a constant power Ar laser
source was used the excitation wavelength. The surface micro-
structures of MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics were in-
vestigated using scanning electron microscopy (SEM, FEI Inspect F,
United Kingdom). The impedance spectroscopy (IS) of MgAl,04 + xLiF
(x=0, 3.2, 6.4mol. %) ceramics was obtained with an impedance
analyzer (SI 1260; Solartron Analytical, Farnborough, United Kingdom)
in the frequency range of 100 Hz to 10 MHz. The microwave dielectric
properties of MgAl,04 +xLiF (x=0, 3.2, 6.4mol. %) ceramics were
measured by the Hakki and Coleman method in the TEO11 mode using
a microwave network analyzer (HP83752A, the United States). The
temperature coefficient of resonance frequency (TCf) value of MgAl,O,4
+xLiF (x=0, 3.2, 6.4 mol. %) ceramics were measured based on the
difference of resonant frequency between 25 and 85 °C.
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3. Results and discussion

Fig. 1 shows the XRD profiles of MgAl,04 + xLiF (x=0, 3.2, 6.4 mol.
%) ceramics sintered at 1575 °C for 8 h. Regardless of the value of x,
the main phase observed is MgAl,O, (PDF#77-0435). At 20 =49°,
the prepared MgAl,04 has one less peak compared with the stan-
dard PDF. No diffraction peaks corresponding to the second phase
were observed in the entire composition range, and no phase con-
taining Li* ions and F ions were found. Ivar E. Reimanis et al. re-
ported the sintering reactions of LiF doped MgAl,O, ceramics [16].
When the sintering temperature is less than 1050 °C, LiF begins to
melt, and densification occurs through the rearrangement of the
starting powder particles in the liquid. With further increasing sin-
tering temperature (>1050 °C), LiF begins to leave the system, and
this process eventually leads to the formation of pure MgAl,0,4
spinel. Therefore, the phases containing Li* ions and F ions are not
observed in. Furthermore, the outward diffusion of LiF will produce a
surface areas of enhanced diffusion along the grain boundaries
promoting grain growth. The full width at half maximum (FWHM)
values of MgAl,0,4 +XxLiF (x=0, 3.2, 6.4mol. %) ceramics on (311)
plane were listed in Table 1. It can be seen from Table 1 that the
FWHM decreases with the increase of LiF content. A smaller FWHM
value corresponds to a higher crystallinity and a larger grain size.
In addition, as shown in Fig. 1, as the content of LiF increases, the
diffraction peak of MgAl,O, +XxLiF (x=0, 3.2, 6.4 mol. %) ceramics
shifts to a higher 20, which indicates that the lattice constant of the
sample is continuously decreasing.

Fig. 2 shows the 2’Al NMR spectra of MgALLO, +xLiF (x=0, 3.2,
6.4 mol. %) ceramics sintered at 1575°C for 8 h. MgAl,04 +xLiF (x=0,
3.2, 64 mol. %) ceramics generated two signals, about 10 and 70 ppm
respectively [17-19]. The signal at 70 ppm is attributed to the tetra-
hedral coordination of Al, and the signal at 10 ppm is assigned to oc-
tahedral coordination of Al. These spectra imply that with the increase
of x value, the peak intensity at about 70 ppm is gradually enhanced,
while the peak intensity at 10 ppm is gradually decreased. The results
show that the tetrahedron position in MgAl,O,4 + XLiF (x =0, 3.2, 6.4 mol.
%) ceramics will be preferentially occupied by AI** cations with the
increase of LiF content. For the sake of determination the fraction of AI>*
cations in the octahedral and tetrahedral positions of MgAl,O,4 +XLiF
(x=0, 3.2, 6.4 mol. %) ceramics, the degree of inversion A was calculated
according to NMR data by Eq. (4) [11,20]:

1(Al0g) 2
1(AlOg) ~ 2 -1

(4)

Where I (AlO4) represent the peak intensity of tetrahedrally co-
ordinated aluminum, I (AlOs) represent the peak intensity of

Fig. 1. XRD profiles of MgAl,0,4 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics sintered at 1575 °C.
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Table 1
FWHM of (311) plane and degree of inversion 4 of MgAl,0,4 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics.

Sample Sintering FWHM(®) Degree of

temperature (°C) inversion 1

MgAl,04 1575 0.153 0.25

MgAl,04 + 3.2 mol.% LiF 1575 0.131 0.43

MgAl,04 + 6.4 mol.% LiF 1575 0.122 0.45

fo=asM (6)

Fig. 2. 2’Al NMR spectra of MgAl,0, +xLiF(x=0, 3.2, 6.4mol. %) ceramics sintered
at 1575 °C.

octahedrally coordinated aluminum. The degree of inversion 1 was
summarized in Table 1. The A value of MgAl,04 +XLiF (x=0, 3.2,
6.4 mol. %) ceramics increases with the increase of LiF content, which
indicates that the tetrahedral positions in MgAl,O, are preferentially
occupied by AP* cations when LiF is doped with MgAl,0,4. The 1 value
of MgAl,04 ceramic sintering at 1575 °C is 0.25, which is equivalent to
the intermediate configuration of (Mgg 75Alg25) [Mgo25Al1.75] O4. The A
value of MgAl,04 +3.2 mol. % LiF ceramic sintering at 1575 °C is 0.43,
which is equivalent to the intermediate configuration of (Mgg 57Alp43)
[Mgg 43Al157] O4. The 1 value of MgAl,04 + 6.4 mol. % LiF ceramic sin-
tering at 1575°C is 0.45, which is equivalent to the intermediate
configuration of (Mgos5Alo4s) [MgoasAliss] 04 The schematic dia-
grams of normal spinel, (Mgo.75Alo25) [Mgo.25Al1.75] O4, (Mgo.57Al0.43)
[Mgo.43Al157] O4 and (Mgo.s5Alo.as) [Mgo.45Al155] O4 viewed along the
[100] direction are placed in Fig. 3(a) to (d), respectively.

According to the degree of inversion A obtained from Eq. (4), the
structure information of MgAl,0, +XLiF (x=0, 3.2, 6.4 mol. %) ceramics
is obtained through Rietveld refinement [21,22]. The XRD patterns
after Rietveld refinement of MgAl,04 +xLiF (x=0, 3.2, 6.4mol. %)
ceramics fired at 1575 °C for 8 h are shown in Fig. 4(a)-(c). The specific
lattice constant are shown in Fig. 4(d), which decreases with the in-
crease of x value. The refined parameters are listed in Table 2. S. Ta-
kahashi et al. considered that the change of MO4 (M = Mg, Al) volume
is the main reason for the variation in the lattice constant of MgAl,04
ceramic, which is closely related to the priority sites occupation of AI**
cations [11,17,18]. Table 2 lists the specific volume of MO4 (M = Mg, Al)
tetrahedra in MgAl,04 ceramics. The relationship between the volume
change of the MO, (M = Mg, Al) tetrahedron and the priority sites
occupation of AI** cations can be clarified by estimating the covalency
(fo/s) values of M-O (M = Mg, Al) bonds in the MO, tetrahedra. The
covalence (f.) and bond strength (s) of the cation-oxygen bonds can be
calculated by Eqgs. (5) and (6), respectively [11]:

s = (R[R)™N (5)

Where Ry, N are taken as 1.622, 4.29, respectively [23]; R represents
the cation-oxygen bond lengths of MO4 (M = Mg, Al) tetrahedra in
MgAl,0, ceramic. Both AI** and Mg?* have 10 electrons, so the em-
pirical constants M and a are 1.64 and 0.54, respectively [24]. The
covalency (f/s) values are shown in Fig. 4(d). With the increase of LiF
content, the covalencies of M-O bond for the MO4 (M = Mg, Al) tet-
rahedra of MgAl,0O4 ceramics increased significantly from 32.8% to
39.7%. From the results, AI>* preferentially occupying the tetrahedral
sites increases the covalency of the M-O bond in the MO4 (M = Mg,
Al) tetrahedron, thereby decreasing the lattice constant and the vo-
lume of MO, tetrahedron.

The relative density is used to evaluate the densification of
MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics. The relative densities
can be obtained by following equation [25,26]:

_ AxZ
Piheo = Y x N (7)
Pbulke
p . =
relative Piheo (8 )

Where V. is the volume of unit cell (cm3), N is the Avogadro
number (mol!), Z is the atomic weight (g/mol), and A is the number
of atoms in unit cell. The relative densities of MgAl,04 +xLiF(x =0,
3.2, 6.4mol. %) ceramics sintered at 1575°C for 8 h are listed in
Table 2. In all cases, the relative density is greater than 95%, in-
dicating that dense MgAl,0,4 ceramics were synthesized by the solid-
state reaction method.

The SEM photographs of the surfaces of MgAl,04 + xLiF (x=0, 3.2,
6.4 mol. %) ceramics fired at 1575 °C for 8 h are shown in Fig. 5(a)-(c).
The grain sizes of MgAl,0, +xLiF (x=0, 3.2, 6.4mol. %) ceramics
depended on the content of LiF; with increasing LiF content, the
grain size of MgAl,04 + xLiF (x =0, 3.2, 6.4 mol. %) ceramics increased
from 1.84 to 4.47 nm. This grain growth is related to the rearrange-
ment of A** and Mg?* during sintering process. LiF has a low boiling
temperature and the addition of LiF will form a transient liquid
phase around the spinel phases, thus promoting the rearrangement
of Mg?* and AI** [16]. Therefore, LiF can promote the growth of
grains. EDS analysis were performed on spots A and B, and the re-
sults are shown in Fig. 6(d) and (e). Molar ratio of Mg:Al in spots A
and B is close to 1:2. Both points A and B represent MgAl,04, and
verify that the grain is MgAl,04.

Raman spectra can analyze the lattice vibrations and provides
evidence for cation distributions. The Raman spectra of MgAl,0,4
+xLiF (x=0, 3.2, 6.4 mol. %) ceramics are shown in Fig. 6. MgAl,04
possessed 42 normal modes, of which 39 are optical modes and the
remaining three are acoustic modes, which can be distributed as the
following irreducible representations [8,27,28]:

I' = Aig(R) + Eg(R) + 3Lg(R) + 4T1u(IR) + Tig + 2Asy + 2E, + 2Ty,
9)
where (IR) represent Infrared-active, (R) represent Raman-active.
The spinel structure showed five Raman-active modes. From Fig. 6,
five Raman-active modes of MgAl,04 were detected, which appear at
311, 407, 670, 727, and 767 cm™" assigned to Tag, Eg, Tag, Arg* and Aqg
modes, respectively. The Raman band of E, at 407 cm™' is attributed
to the asymmetric bending of the MgO, tetrahedron [8]; the Raman
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Fig. 3. The schematic diagrams of (a) normal spinel, (b) (Mgo.75Alp.25)[Mgo.25Al1.75]04, (¢) (Mgo.57Alp.43)[Mg0.43Al157]04 and (d) (Mgo s5Alo.45)[Mgo 45Al155]04, viewed along the
[100] direction.

Fig. 4. (a)-(c) The gefinea XRD patterns of MgAl,0,4 + xLiF (x =0, 3.2, 6.4 mol. %) ceramics sintered at 1575 °C for 8 h; (d) Relationship between lattice parameters, covalency values
for the cation-oxygen bonds in the MO4 (M = Mg, Al) tetrahedra and LiF content.
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Table 2
Refined crystal structure parameters, volumes of MO4 (M = Mg, Al) tetrahedra and relative density of MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics.
Sample ST (°C) Atom Site Site occupancy Atomic coordinates V (A%
X y z
MgAl,04 Mg?* /AP 8a 0.75/0.25 0 0 0
Rwp =3.61, R, =2.73 1575°C Mg /AP 16d 0.12/0.88 0.625 0.625 0.625 3.89
72 =2.06, prelative =95.3% 0 32e 1 0.3875 (4) 0.3875 (4) 0.3875 (4)
MgAl,0,4 + 3.2 mol.% LiF Mg?*|AI* 8a 0.57/0.43 0 0 0
Rwp =349, R, =2.68 1575°C Mg?* AP 16d 0.21/0.79 0.625 0.625 0.625 3.66
x> =2.09, pretative =95.7% 0 32e 1 0.3854 (5) 0.3854 (5) 0.3854 (5)
MgAI204 + 6.4 mol.% LiF Mg?*|AP* 8a 0.55/0.45 0 0 0
Rwp =3.52, R, =2.65 1575°C Mg?* /AP 16d 0.22/0.78 0.625 0.625 0.625 3.49
2 =2.07, pretative =96.2% 0 32e 1 0.3842 (1) 0.3842 (1) 0.3842 (1)

ST: Sintering temperature; V: Volumes of MO4 tetrahedra.

band of A;; * at 727 cm™! is assigned to the Al-O stretching vibration
of AlO,4 tetrahedron. As can be seen in Fig. 6, the intensity of the peak
at 407 cm™! decreases with the increase of x value, while the in-
tensity of the peak at 727 cm™! increases with the increase of x value.
The result shows that the degree of inversion A of MgAl,0,4 +xLiF
(x=0, 3.2, 6.4mol. %) ceramics increases with the increase of LiF
content, which is consistent with the 2’Al NMR data. The intrinsic
properties of ceramic materials are closely related to the damping
factor of lattice vibrations. In general, the dielectric loss of ceramic
materials increases with the increase in the damping factor. The
change of lattice vibration damping factor, which can be judged by
the change of FWHM value. Therefore, when the FWHM of the
Raman peak changes, the dielectric loss of the ceramic material will
also change [29]. As shown in Fig. 6, with the increase of LiF content,
the FWHM of Raman at 407 cm™ and 727 cm™' varies greatly. This
result shows that the microwave dielectric properties of MgAl,04
+xLiF (x=0, 3.2, 6.4 mol. %) ceramics will change significantly with
the increase of LiF content.

The effects of LiF content on the &,, Qxf and TCf values of MgAIl,04
ceramics are shown in Fig. 7. With increasing the content of LiF, the

Fig. 6. Raman spectra of MgAl,04 +xLiF(x=0, 3.2, 6.4 mol. %) ceramics sintered at
1575°C for 8 h.

Fig. 5. The SEM micrograph of the MgAl,0,4 + xLiF(x = 0, 3.2, 6.4 mol. %) ceramics sintered at 1575 °C for 8 h: (a) x=0, (b) x=3.2, (c) x= 6.4; the EDS analysis of point A and B: (d)

point A, (e) point B.



T. Qin, C. Zhong, Y. Shang et al.

Journal of Alloys and Compounds 886 (2021) 161278

Fig. 7. The dielectric properties of MgAl,0,4 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics sintered at 1575 °C for 8 h.

Fig. 8. (a) The impedance spectroscopy diagram of MgAl,0,4 + xLiF(x = 6.4 mol. %) ceramics at different temperatures; (b) Arrhenius fitting plot from the temperature dependence

of the bulk conductivity for MgAl,04 +xLiF(x =0, 3.2, 6.4 mol. %) ceramics.

& values of MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics increased
from 8.01 to 8.36; the variations in ¢, is consistent with the change of
relative density. The Qxf values of MgAl,04 +xLiF (x=0, 3.2, 6.4 mol.
%) ceramics increased from 52,000 GHz to 99,900 GHz with the in-
crease of x value. The Qxf values of the MgAl,04 ceramics is related
to its crystallinity, since the FWHM values in (311) plane of the
MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics decreased with the
increase of LiF content, which indicates that the crystallinity in-
creases with the increase of LiF content, so the Qxf value also in-
creases. Furthermore, S. Takahashi et al. reported that the difference
in the degree of inversion 4 of MgAl,0,4 ceramics results in change in
the Qxf value of MgAl,0,4 ceramics, where the larger the 4, the higher
the Qxf values [11,17]. Among the samples prepared in this work,
MgAl,04 +xLiF (x =6.4 mol. %) ceramics has the largest 4 value, so it
has the highest Qxf value. The impedance spectroscopy diagram of
MgAl,0,4 + XLiF (x = 6.4 mol. %) ceramics at different temperatures are
shown in Fig. 8(a); the Arrhenius plots of bulk conductivity (o) for
MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics are shown in Fig. 8(b).
The activation energy (E,) obtained from the slope of the fitting line
in Fig. 8(b) increased from 1.532 eV to 2.077 eV as the x value in-
creased. Since the approximate value of the intrinsic band gap is
Eg; = 2E,, E, increases with the increase of x value, which means that

the conductivity decreases with the increase of x value [30,31].
Therefore, samples with high x values have better quality factors
than samples with low x values, which further confirms the previous
conclusion. The TCf values of the MgAl,04 +xLiF (x=0, 3.2, 6.4 mol.
%) ceramics ranged from - 57.14 to - 61.57 ppm/°C and changed little.
The TCf value of MgAl,0,4 is - 57.14 ppm/°C, and the TCf value of LiF is
-120 ppm/°C. According to the mixture rules: TCf = V;TCf;+ VoTCf>,
where V represents the volume fraction. The addition of LiF will
significantly increase the TCf value of MgAl,0,4 ceramics in the ne-
gative direction. The experimental results show that the TCf value of
MgAl,04 ceramic has little change, because LiF diffused out of the
spinel lattice during the sintering process.

4. Conclusions

MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics were synthesized
by solid-state reaction method. The cation distribution was sys-
tematically investigated by 2’Al NMR and Raman spectra. The results
showed that AI** in the spinel structure will preferentially occupy
tetrahedral sites with the increase of x value, and the A values of the
MgAl,04 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics sintered at 1575°C
increases from 0.25 to 0.45. The covalency (fy/s) values of M-O
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(M = Mg, Al) bonds in the MO, tetrahedra of MgAIl,0,4 +XLiF (x=0,
3.2, 6.4 mol. %) ceramics gradually increased, from 32.8% to 39.7%.
The grain size of MgAl,0,4 +xLiF (x=0, 3.2, 6.4 mol. %) ceramics in-
creased from 1.84 to 4.47 ym with the increase of LiF content. The
variations in ¢, is consistent with the change of relative density. The
Qxf value of MgAl,04 ceramics is significantly affected by the degree
of inversion ) of MgAl,04 ceramics. The TCf values of the samples
changed little. Pure MgAl,04 ceramics have the overall performance
when sintered at 1575 °C for 8 h: e, =8.01, Qxf =52,000 GHz, TCf =-
5714 ppm/°C. With 6.4 mol. % LiF added, excellent microwave di-
electric properties were achieved at 1575°C for 8h: ¢ =8.36,
Qxf =99,900 GHz, TCf =- 61.57 ppm/°C.
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