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A series of nominal compositions MgAl2−x(Li1/3Ti2/3)xO4 (x = 0, 0.04, 0.08, 0.12, 0.16, and 0.20) ceramics were
successfully prepared via the conventional solid-state reaction route. The phase compositions, microstructures, and mi-
crowave dielectric properties were investigated. The results of x-ray diffraction (XRD) and scanning electron microscopy
(SEM) showed that a single phase of MgAl2−x(Li1/3Ti2/3)xO4 ceramics with a spinel structure was obtained at x ≤ 0.12,
whereas the second phase of MgTi2O5 appeared when x > 0.12. The cell parameters were obtained by XRD refinement. As
the x values increased, the unit cell volume kept expanding. This phenomenon could be attributed to the partial substitution
of (Li1/3Ti2/3)3+ for Al3+. Results showed that (Li1/3Ti2/3)3+ doping into MgAl2O4 spinel ceramics effectively reduced
the sintering temperature and improved the quality factor (Qf) values. Good microwave dielectric properties were achieved
for a sample at x = 0.20 sintering at 1500 ◦C in air for 4 h: dielectric constant εr = 8.78, temperature coefficient of resonant
frequency τf =−85 ppm/◦C, and Qf = 62300 GHz. The Qf value of the x = 0.20 sample was about 2 times higher than that
of pure MgAl2O4 ceramics (31600 GHz). Thus, MgAl2−x(Li1/3Ti2/3)xO4 ceramics with excellent microwave dielectric
properties can be applied to 5G communications.

Keywords: microwave dielectric ceramics, MgAl2O4 ceramic co-substitution, MgTi2O5, solid solubility limit

PACS: 77.22.–d, 77.84.–s DOI: 10.1088/1674-1056/ac81a8

1. Introduction
With the rapid development of fifth-generation (5G) com-

munication, the low signal delay and dielectric loss of elec-
tronic devices are receiving attention. As one of the core mate-
rials for these electronic devices, microwave dielectric ceram-
ics have been wildly applied in antennas, filters, oscillators,
etc.[1–3] Therefore, in order to obtain better performance for
electronic devices, high-performance microwave dielectric ce-
ramics are urgently required. Excellent microwave dielectric
ceramics include a low dielectric constant (εr ≤ 10), a high
quality factor (Qf), and a near-zero temperature coefficient of
resonant frequency (τf).[4–7] The low εr value has the capabil-
ity to reduce the signal propagation delay time effectively.[8]

High Qf values play an important role in enhancing frequency
selective characteristics and suppressing signal attenuation.[9]

Moreover, in order to maintain stability at a wide range of
temperatures, the materials are required to have a near-zero
τf value.[10]

MgAl2O4, a cubic spinel-type ceramics with a classic
spinel structure (AB2O4 type), has an Fd-3m (227) space
group, where Mg2+ and Al3+ ions occupy both tetrahedral
and octahedral positions. They have received much atten-
tion in the field of microwave ceramics due to their low εr

and high Qf values. The microwave dielectric properties of
MgAl2O4 were obtained with εr = 8.75, Qf = 68900 GHz,

and τf = −75 ppm/◦C.[11] However, the high sintering tem-
perature (∼ 1600 ◦C) limits their further application in 5G
communications.[12] In recent years, trivalent cations sub-
stitution of the Al-site has been focused on for spinel-type
MgAl2O4. Ga3+ is an ideal substitute for Al3+ because it
has similar properties to Al3+ in MgAl2O4 ceramics. How-
ever, it is not suitable for practical applications due to its high
cost.[13] In addition, the co-substitution system with the gen-
eral formula of (M0.5Ti0.5)3+ (M = Mg, Zn) also effectively
improves the microwave dielectric properties and the sintering
temperature in MgAl2O4 ceramics. MgAl2−x(Mg0.5Ti0.5)xO4

ceramics show remarkable microwave dielectric properties at
1425 ◦C (εr = 9.1, Qf = 98000 GHz, τf =−61.36 ppm/◦C).[12]

The Qf value of MgAl2O4 and spinel-type ZnAl2O4 ceram-
ics has been significantly improved via (Zn0.5Ti0.5)3+ co-
substitution.[5,14,15] Furthermore, the sintering temperature of
ZnAl2O4 ceramics can be reduced (below ∼ 150 ◦C).[5] Li+

(0.760 Å) and Zn2+ (0.740 Å) have an approximately equal
ionic radius and volatile properties.[16] Thus, it is expected that
microwave dielectric and sintering properties are enhanced by
(Li1/3Ti2/3)3+ co-substitution for Al3+ in MgAl2O4 ceramics.
In this work, the influences of (Li1/3Ti2/3)3+ on sintering be-
havior, phase compositions, microstructures, and microwave
dielectric properties were investigated in MgAl2O4 ceramics.
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2. Experimental procedure
The MgAl2−x(Li1/3Ti2/3)xO4 (x = 0, 0.04, 0.08, 0.12,

0.16, and 0.20) ceramics were synthesized via the conven-
tional solid-state reaction method. Firstly, MgO (99%),
Al2O3 (99%), Li2CO3 (99%), and TiO2 (99%) powders were
weighted based on the calculated ratios. The weighted pow-
ders were ball-milled with zirconia balls in deionized water
for 4 h. The mixed slurry was dried at 100 ◦C and then cal-
cined at 1450 ◦C for 4 h in air. The obtained sample powders
were ball-milled and dried again. Then, the calcined powders
were mixed with a polyvinyl alcohol (PVA, 10 wt%) solution,
and pressed into a cylinder with a diameter of 12 mm and
a thickness of 6 mm under a pressure of 20 MPa. Finally,
the pills were sintered in the temperature range of 1450 ◦C–
1550 ◦C for 4 h. For the comparison of experimental results,
pure MgAl2O4 (x = 0) was sintered at 1500 ◦C for 4 h as a
control group.

Phase compositions of the ceramics were identified by Cu
Kα radiation at room temperature using powder x-ray diffrac-
tion (XRD, Miniflex 600, Rigaku, Japan) in the range of 2θ

from 10◦ to 120◦ with a step of 0.02◦. The microstructure
was obtained via XRD data refinement using the FullProf
program.[17] The grain size and morphology of thermal etched
samples (150 ◦C below that of the sintering temperature) were
observed by scanning electron microscopy (SEM, JSM-6490;
JEOL, Japan) at an accelerating voltage of 20 kV. The compo-
sitions of different grains were analyzed by energy dispersive
spectroscopy (EDS). The relative density (ρrelative) was used to
evaluate the densification of the ceramics system, which can
be calculated by using the following formula:[12,18]

ρrelative =
ρbulk

ρtheo
, (1)

where the bulk density (ρbulk) was calculated by the
Archimedes principle, and the theoretical density (ρtheo) was
determined via the following equation:[12,18,19]

ρtheo1,2 =
A×Z
V ×N

, (2)

ρtheo = (ω1 +ω2)

(
ω1

ρtheo1
+

ω2

ρtheo2

)−1

, (3)

where V , N, A, and Z are the volume of the unit cell, Avo-
gadro number, atomic weight, and the number of atoms in the
unit cell, respectively. ω1, ω2, ρtheo1, and ρtheo2 represent the
weight fraction and theoretical density of each phase. The εr,
Qf, and τf values were evaluated by Hakki–Coleman dielectric
resonant method. The τf value of each sample was calculated
using the following equation:[19]

τf =
f (T1)− f (T2)

(T1 −T2)× f (T2)
×106, (4)

where f (T1) and f (T2) represent the resonant frequency at
85 ◦C and 25 ◦C, respectively.

3. Results and discussion
3.1. Phase composition and microstructure

Figure 1 shows XRD patterns of MgAl2−x(Li1/3Ti2/3)xO4

(x = 0, 0.04, 0.08, 0.12, 0.16, and 0.20) ceramics sintered
at 1500 ◦C for 4 h. As shown in Fig. 1(a), the peaks
of the MgAl2−x(Li1/3Ti2/3)xO4 (x ≤ 0.12) ceramics corre-
sponded to a single phase with spinel structure, which indi-
cates that the (Li1/3Ti2/3)3+ successfully enters the inner lat-
tice of the MgAl2O4 (PDF #75-1799) crystal. The peaks at
26◦ and 32◦ can be observed as the second phase (MgTi2O5

(PDF #76-2373)) for x > 0.12. The MgTi2O5 content ex-
hibits a positive correlation with the x value. This result
suggests that the solid solubility limit of (Li1/3Ti2/3)3+ in
the MgAl2−x(Li1/3Ti2/3)xO4 ceramic was approximately at
x = 0.12. Moreover, the diffraction peak of (311) shifts to
lower angles with the increase of x value in Fig. 1(b), which
indicates that expansion of the lattice has occurred.
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Fig. 1. XRD patterns of the MgAl2−x(Li1/3Ti2/3)xO4 ceramics sintered at
1500 ◦C.

To further investigate the crystal structure of
MgAl2−x(Li1/3Ti2/3)xO4 ceramics, the XRD data were re-
fined using the FullProf program. The refined patterns for
x = 0.04 and x = 0.20 samples are shown in Fig. 2 (other
refined XRD patterns are exhibited in the supplementary ma-
terial as Fig. S1) and the Rietveld refinement results are listed
in Table 1. All fitted curves agree well with the experimental
data, and the positions of the Bragg reflections are consistent
with the indexed peaks.

Table 1. The crystal structure parameters and density of
MgAl2−x(Li1/3Ti2/3)xO4 ceramics sintered at 1500 ◦C.

Parameter x = 0 x = 0.04 x = 0.08 x = 0.12 x = 0.16 x = 0.20

a = b = c (Å) 8.085 8.090 8.094 8.096 8.100 8.104
α = β = γ (◦) 90 90 90 90 90 90

V (Å3) 528.524 529.392 530.345 530.727 531.529 532.304
ρbulk (g/cm3) 3.379 3.404 3.449 3.458 3.441 3.424
ρtheo (g/cm3) 3.576 3.578 3.580 3.584 3.586 3.589
ρrelative (%) 94.5 95.2 96.4 96.5 96.0 95.5
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Fig. 2. Rietveld refinement of XRD patterns for MgAl2−x(Li1/3Ti2/3)xO4
ceramics sintered at 1500 ◦C: (a) x = 0.04 and (b) x = 0.20.

As shown in Table 1, the lattice parameters of the
MgAl2O4 crystal gradually increased from 8.085 Å to
8.104 Å. The maximum cell volume value is 532.304 Å3,
which is obtained at x = 0.20 for the sintering temperature of
1500 ◦C. To further explore the changes in microstructure, the
schematic diagram of ions substitution is depicted in Fig. 3.
When x ≤ 0.12, to satisfy the charge conservation, the Al3+

ions are partial substituted by (Li1/3Ti2/3)3+ ions. The equiv-
alent ionic radius for (Li1/3Ti2/3)3+ can be calculated by using
the following formula:[20]

Rav =
1
3

R(Li+)+
2
3

R(Ti4+) = 0.657 Å, (5)

where the radii of Li+ and Ti4+ are 0.760 Å and 0.605 Å,
respectively. The explanation for the rise in the lattice pa-
rameters is that the ionic radius of (Li1/3Ti2/3)3+ (0.657 Å)
is larger than that of Al3+ (0.535 Å). When x > 0.12, Ti4+

reaches the solid solution limit in MgAl2−x(Li1/3Ti2/3)xO4 ce-
ramics. The excess Ti4+ with Mg2+ and O2− form the second
phase (MgTi2O5). At this time, Li+ enters the spinel lattice to
undergo ionic substitution, which can also cause lattice expan-
sion. In addition, the presence of Li+ on both tetrahedral and
octahedral sites, as well as an increase of the amount of Al3+

on the tetrahedral sites, occurs with the increase of the amount
of Li.[16] Therefore, with the addition of (Li1/3Ti2/3)3+, it
leads to an increase in the unit cell volume in the MgAl2−x

(Li1/3Ti2/3)xO4 ceramics. This corresponds to the lower angle
shift of the diffraction peak in the XRD pattern in Fig. 1.
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Fig. 3. The schematic crystal structure diagram for MgAl2O4 and MgAl2−x(Li1/3Ti2/3)xO4.

The SEM images of the thermal-etched surfaces for
MgAl2−x(Li1/3Ti2/3)xO4 ceramics are displayed in Fig. 4. The
microstructure of the samples sintered at 1500 ◦C is well crys-
tallized with different compositions (Figs. 4(a)–4(d)), which is
consistent with the relative density in Table 1. It is clearly seen
that the rod-like structures with an average length of about
15 µm appear in the SEM image when x = 0.20. In addition,
when x is constant, the size of the rod-like structures increase

with the increase of the sintering temperature (Figs. 4(d)–4(f)).
To determine the composition of the rod-like structures, two
positions were selected for EDS analysis in Fig. 5(a). The cor-
responding results are presented in Figs. 5(b) and 5(c). Area 1
in Fig. 5(b) is proven to be the MgAl2−x(Li1/3Ti2/3)xO4 solid
solutions as the ratio of Mg:Al is about 1:2. Moreover, a small
amount of Ti4+ element could also be detected (Li cannot be
detected by EDS), indicating a solid solution is formed in this
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Fig. 4. SEM images of MgAl2−x(Li1/3Ti2/3)xO4 ceramics: (a) x = 0 sin-
tered at 1500 ◦C; (b) x = 0.04 sintered at 1500 ◦C; (c) x = 0.12 sintered at
1500 ◦C; (d) x = 0.20 sintered at 1500 ◦C; (e) x = 0.20 sintered at 1450 ◦C
and (f) x = 0.20 sintered at 1550 ◦C.

Area 1

Spot 1

(a)

(b)

(c)

20 mm

1 2 3 4 5 6
0

100

200

300

400

500

600

700

800

C
P
S

Energy (keV)

Area 1

O

Mg

Al

Ti
Ti

Element
O Mg Al Ti

45.41

17.24

33.37

3.99

A
to

m
ic

 (
%

)

A
to

m
ic

 (
%

)

1 2 3 4 5 6
0

100

200

300

400

500

600

700

C
P
S

O

Mg

Al

Ti

Ti

Ti

Spot 1

Energy (keV)

Ti

48.41

13.21
7.50

30.88

Element
AlMgO

Fig. 5. (a) EDS patterns of samples at x = 0.20 sintered at 1500 ◦C; (b) EDS
result analysis at area 1; (c) EDS result analysis at spot 1.

area. The rod-like structures contain a large amount of Ti el-
ement and the Mg:Ti ratio of spot 1 in Fig. 5(c) is about 1:2.

Combined with XRD, SEM and EDS analysis, the rod-like
structures are considered to be the second phase of MgTi2O5

and they increase with the content of (Li1/3Ti2/3)3+. In ad-
dition, the outward volatile diffusion of Li+ forms a surface
region with enhanced diffusion along the grain boundaries be-
cause of the volatilization of Li+ at high temperatures, which
promotes grain growth and is one of the reasons for the size
gradual increase in the rod-like structures.[16,21,22]

3.2. Microwave dielectric properties

Figure 6(a) demonstrates the variation in the εr of
the MgAl2−x(Li1/3Ti2/3)xO4 ceramics sintered at 1450 ◦C–
1550 ◦C. With the increase of the x value, the εr value clearly
increases. It reaches a maximum when x = 0.20 at the sin-
tering temperature of 1450 ◦C, but it is still with a low di-
electric constant (below 10). In general, εr values are mainly
affected by relative density, ionic polarizability and the sec-
ond phase.[23,24] For x ≤ 0.12 samples, the εr values revealed
the same trend as the relative density shown in Fig. 6(b). This
implies that the variation of εr values was dominated by rela-
tive density. When x > 0.12, the MgTi2O5 contents increase
with the increase of the x value. This is because the MgTi2O5

phase has a larger εr value (∼ 17.4) than that of MgAl2O4

(∼ 7.9).[25,26] At this point, the second phase is the crucial
factor that affects εr values.
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Fig. 6. The εr values, relative density and the second phase content: (a) εr val-
ues of MgAl2−x(Li1/3Ti2/3)xO4 ceramics sintered at different temperatures;
(b) relative density and the second phase content of MgAl2−x(Li1/3Ti2/3)xO4
ceramics sintered at 1500 ◦C.

The Qf value of the MgAl2−x(Li1/3Ti2/3)xO4 ceramics in-
creases from 31600 GHz (x = 0) to 62300 GHz (x = 0.20)
sintered at 1500 ◦C, as shown in Fig. 7(a). The effect of
(Li1/3Ti2/3)3+ co-substitution on the Qf value of MgAl2O4

can be discussed in two aspects: extrinsic factors and intrin-
sic factors. The primary intrinsic factors are lattice vibration
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and bond characteristics, whereas the extrinsic factors gen-
erally include the densification and second phase.[27–29] To
evaluate the bond characteristics of MgAl2−x(Li1/3Ti2/3)xO4

samples, the relationship between the bond strength (s) and
the covalency ( fc) between cations and oxygen ions can be
used to calculate the covalency of the Al-site bond in octa-
hedral sites, which can be calculated using the following rule
formula:[29–33]

s =
(

Ravg

R

)−N

, (6)

fc = asM, (7)

the degree of covalency (%) =
fc

s
×100, (8)

where Ravg is the average bond length between the cation and
oxygen ion. R and N are empirical constants that depend on
the cation site. Moreover, a and M are empirical constants that
depend on the number of electrons. The relationship between
the covalency of the cation-oxygen bonds and the Qf value is
displayed in Fig. 7(b), and they show the same variation trend.
It can be concluded that the covalency of the Al-site bond in
octahedral sites is an extremely critical factor affecting the Qf

value.
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Fig. 7. Qf values and covalency: (a) Qf values of MgAl2−x(Li1/3Ti2/3)xO4
ceramics sintered at different temperatures; (b) Qf values and the covalency
of the Al-site bond in octahedral sites of MgAl2−x(Li1/3Ti2/3)xO4 ceramics
sintered at 1500 ◦C.
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ceramics sintered at different temperatures; (b) τf value and the bond valence
of the Al-site in octahedral positions of MgAl2−x(Li1/3Ti2/3)xO4 ceramics
sintered at 1500 ◦C.

Figure 8(a) illustrates τf values of MgAl2−x(Li1/3Ti2/3)xO4

ceramics sintered at 1450 ◦C–1550 ◦C. With the increase
of x values, the τf value decreases from −78 ppm/◦C to
−116 ppm/◦C as the x value gradually increases from 0 to
0.12, and then increases to −85 ppm/◦C. Generally, the τf

values are closely related to the bond valence and the second
phase. The bond valences are calculated as follows:[34–36]

Vi = ∑
j

vi j, (9)

vi j = exp
(

Ri j −di j

b

)
, (10)

where Ri j is the bond valence parameter, di j is the length
of a bond between atoms i and j, and b is a universal con-
stant (0.37 Å).[37] Figure 8(b) demonstrates the relationship
between the bond valence of the Al-site in octahedral posi-
tions and τf values of the sample at 1500 ◦C. The τf values
decrease first and then increase with the increase of x val-
ues. As the bond valence of the Al-site increases, the bond
strength increases. Therefore, the growth of the Al-site bond
valence is beneficial to the stability of the structure.[38] This is
reflected in the reduction of the τf values. The expected op-
posite trend between τf values and the bond valences of the
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Al-site is presented for samples at x ≤ 0.12, which indicates
that the τf values of the MgAl2−x(Li1/3Ti2/3)xO4 ceramics are
mainly influenced by the bond valence. However, the τf val-
ues shift towards a positive correlation with the bond valences
when x > 0.12. At this time, the second phase is the main
reason for the increase of τf values because the τf value of
MgTi2O5 (∼ −66 ppm/◦C) is larger than that of MgAl2O4

(∼−78 ppm/◦C).[39]

4. Conclusion
In this study, MgAl2−x(Li1/3Ti2/3)xO4 (x = 0, 0.04, 0.08,

0.12, 0.16, and 0.20) ceramics have been successfully ob-
tained by the solid-state method at 1450 ◦C–1550 ◦C. The
XRD patterns indicated that a single phase with a classic
spinel structure (Fd-3m) formed when x ≤ 0.12. However,
the second phase was observed when x > 0.12. The sec-
ond phase was confirmed as MgTi2O5 and the (Li1/3Ti2/3)3+

was successfully inserted into the MgAl2O4 lattice by XRD
refinement and EDS results. In addition, SEM showed that
the (Li1/3Ti2/3)3+ and sintering temperature can promote
MgTi2O5 grain growth. The εr values increased with the in-
crease of (Li1/3Ti2/3)3+ content, which were mainly affected
by the relative density and the second phase, but the εr re-
mained below 10. The Qf values were dominated by the av-
erage covalency of the Al-site bond in octahedral positions.
Moreover, the bond valences of the Al-site and the second
phase were found to be the primary factors influencing the
τf values. Finally, the good microwave dielectric properties
were achieved for samples at x = 0.20, sintered at 1500 ◦C
(εr = 8.78, Qf = 62300 GHz and τf =−85 ppm/◦C). The sin-
tering temperature of the sample decreased by about 100 ◦C.
Therefore, MgAl2−x(Li1/3Ti2/3)xO4 ceramics with good mi-
crowave dielectric properties now show great potential for ap-
plications in 5G communications.
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