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1 | INTRODUCTION

Jian Zhang

Jie Song | Yudong Xu

Abstract

The liquid-phase sintering behavior and microstructural evolution of x wt% LiF
aided Li,Mg3;SnOg ceramics (x = 1-7) were investigated for the purpose to pre-
pare dense phase-pure ceramic samples. The grain and pore morphology, density
variation, and phase structures were especially correlated with the subsequent
microwave dielectric properties. The experimental results demonstrate a typical
liquid-phase sintering in LiF-Li,Mg;SnOg ceramics, in which LiF proves to be
an effective sintering aid for the Li;Mg;SnO¢ ceramic and obviously reduces its
optimum sintering temperature from ~1200°C to ~850°C. The actual sample den-
sity and microstructure (grain and pores) strongly depended on both the amount
of LiF additive and the sintering temperature. Higher sintering temperature tended
to cause the formation of closed pores in Li;Mg;SnOg-x wt% LiF ceramics owing
to the increase in the migration ability of grain boundary. An obvious transition
of fracture modes from transgranular to intergranular ones was observed approxi-
mately at x = 4. A single-phase dense Li;Mg3;SnOg ceramic could be obtained in
the temperature range of 875°C-1100°C, beyond which the secondary phase
Li;MgSn,0; (<850°C) and Mg,SnO, (>1100°C) appeared. Excellent microwave
dielectric of QO x f=230000-330 000 GHz, ¢, =~10.5 and
1, = ~—40 ppm/°C were obtained for Li,Mg3SnOg ceramics with x = 2-5 as sin-
tered at ~1150°C. For LTCC applications, a desirable Q x f value of
~133 000 GHz could be achieved in samples with x = 3-4 as sintered at 875°C.
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with Ag."? Nowadays, extensive research has been also
carried out on ultralow-temperature cofired ceramics with

The past few decades have witnessed tremendous develop-
ment of wireless communications in mobile phone and
satellite communication systems. Dielectrics with a high
quality factor Q x f value (>100 000 GHz) and a rela-
tively low dielectric permittivity (g, < 20) have attracted
much attention in microwave circuit, substrates, and pas-
sive components. In order to fulfill the requirement of the
low-temperature co-fired ceramics (LTCC) technology, the
dielectrics should be well sintered below 950°C to cofire

sintering temperatures of less than 700°C, such as glass-
ceramics, molybdates, vanadates, tungstates, tellurates-
based ceramics, etc.’?

Rock salt-structured Li,MO; (M = Ti, Sn, Zr) ceramics
have been extensively investigated in recent years. How-
ever, their possible practical applications in LTCC were
restricted by relatively high sintering temperatures
(>1200°C).Porous microstructures might be common short-
comings for Li-based compounds because the Li
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volatilization becomes serious at high temperatures,
although some modifications were made by forming solid
solutions with ZnO, MgO or Ni0.%8 Moreover, Li-based
Li,MgsMOQOg¢ ceramics with a similar rock salt structure
have also received increasing attention.”'! These ceramics
sintered at 1280°C-1380°C possessed excellent microwave
dielectric properties of ¢,=15.2, 8.8, and 12.6,
0 x f=152 000, 123 000 and 86 000 GHz, and tempera-
ture coefficient of resonance frequency 1= —39, —32 and
—36 ppm/°C, respectively.” However, the second phases
Mg,SnO, and ZrO, in Li,Mg;SnOg¢ and
Li;Mg3ZrO¢ ceramics, respectively, as a result of the
lithium evaporation at high sintering temperatures. There-
fore, lowering the sintering temperature and achieving
dense and even microstructure might be the key issues to
improve electrical properties of Li,MgzMOg ceramics. In
our previous work, ultrahigh-Q Liy1,)MgsZrOg micro-
wave dielectric ceramics were successfully prepared by
means of Li-rich atmosphere-controlled sintering.'? The
result showed that both well-sintered ceramics and
suppressed secondary phases contributed to low-loss micro-
wave dielectric ceramics with Q x f values of 150 000-
300 000 GHz. Li;Mg3;SnOg ceramics have the same crystal
structure as Li,Mg;ZrOg. By contrast, the relevant research
of the latter is extremely rare. The foreseeable potentials of
Li,Mg3SnO¢ ceramics should be expected if dense
Li,Mg3SnQOg ceramics can be prepared.

Liquid phase sintering is generally believed to be one of
the most effective and least expensive ways of achieving
high-density ceramics at a relatively low sintering tempera-
ture. An ideal sintering aid should effectively lower the sin-
tering temperature and simultaneously maintain the
electrical properties as much as possible. The densification
behavior of Li,TiO; could be significantly
improved by adding Li,CO;,"* H3;BO;,'* ZnO-B,0;,'
B,05—Cu0,"® Li,WO, (s, =55, Q x f= 62000 GHz,
and ty= —146 ppm/°C as sintered at 650°C),'""'% etc.
Low-melting-point fluorides were also used as sintering
fluxes in many ceramic systems, such as rock salts, %!
perovskites,n’23 spinels,24’25
tional liquid phase sintering or a transient liquid phase sin-
tering was proposed in these previous studies. However, no
obvious evidences were provided to support statements
concerning the proposed sintering mechanisms, in which
the evolution of microstructure should be especially
involved. Particularly, how the microstructure evolution
influenced the final dielectric properties was still unknown,
considering that it might be related to both sintering tem-
perature and the additive content in a special liquid-phase
sintering case. In current work, a dense and phase-pure
Li;Mg3SnOg¢ ceramic with excellent microwave dielectric
properties was successfully manufactured by means of a
small amount of LiF. Most importantly, the microwave

occurred

ceramics

silicates,26 etc. Either a tradi-

dielectric properties were well interpreted by means of not
only the sample density variation with sintering tempera-
ture and the LiF content, but also the evolving grain and
pore morphology, through which a LiF-aided liquid-phase
sintering mechanism was discussed in detail.

2 | EXPERIMENTAL PROCEDURE

Li,Mg3SnOg-x wt% LiF (x = 1-7) ceramics were prepared
by a conventional solid-state route. Li,CO5; (98.0%), MgO
(98.5%), SnO, (99.0%), and LiF (99.6%) (Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China) powders
were used as starting materials. Stoichiometric amounts of
raw powders were weighed according to the formula of
Li;Mg3SnOg. The powder mixtures were first milled with
ZrO, balls in alcohol for 4 hours and then calcined at
1000°C for 8 hours in air after drying. The as-synthesized
Li;Mg3SnO¢ and LiF powders at different weight ratios
were ball-milled for 6 hours again, then granulated with
5 wt% PVA binder, and finally uniaxially pressed into
cylinders with dimensions of 10 mm in diameter and
5-6 mm in height under a uniaxial pressure of ~200 MPa.
These samples were heated at 550°C for 4 hour to burn
out the organic binder, and then sintered in air in the
temperature range from 800°C to 1300°C for 6 hours at a
heating rate of 5°C/min.

The apparent density of the sintered specimens was
measured using the Archimedes method. The crystalline
phases were identified by an X-ray diffractometer (XRD;
D/Max2500V, Rigaku, Tokyo, Japan) over 10°-90° at a
step of 0.02°. Prior to the examination, the sintered pellets
were crushed into powders with an agate mortar. The
microstructure observation on the fractured surfaces of the
sintered pellets was performed using a field-emission scan-
ning electron microscope (FE-SEM; SU8020, JEOL,
Tokyo, Japan) coupled with an energy dispersive spectro-
scope  (EDS). properties  of
well-polished samples with an aspect ratio of 1.8-2.2 were
evaluated with a network analyzer (Agilent, N5230C, Palo
Alto, CA) and a temperature chamber (GDW-100, Sai-
weisi, Changzhou, China) by means of a Hakki-Coleman
post resonator method.”” The dielectric permittivity &, was
measured using the parallel conducting plates and the coax-
ial electric probes as suggested by Courtney at the TEq,
mode of resonance, which can be least perturbed by the
surrounding field variation. All measurements were per-
formed at room temperature in the frequency of 8-12 GHz.
The 1, value of the samples was measured by noting the
change in the resonant frequency over a temperature inter-
val from 25°C to 80°C, as calculated by the following
equation: t = (f,—f1)/(fi(T>—T)), where f; and f, represent
the resonant frequencies at T and T,, respectively.

Microwave dielectric
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3 | RESULTS AND DISCUSSION

The XRD patterns of as-calcined Li,Mg;SnOg powders and
as-sintered LiMg3;SnOg-x wt% LiF crushed samples are
displayed in Figures 1A,B, respectively. On the one hand,
all main diffraction peaks of the calcined powder (x = 0)
could be well indexed to the standard pattern of a cubic
Li;Mg;SnO¢ (JCPDS #39-0932). A small broad peak near
20° can be faintly observed for the calcined powder. This
peak seemed to become obvious when the x =1
Li;Mg3;SnO¢ sample was sintered at 1200°C. The sec-
ondary phase should be Mg,SnO,4 by comparing its diffrac-
tion peaks with the standard pattern (JCPDS #74-2152).
This might result from the lithium volatilization in the
matrix composition at a relatively high sintering tempera-
ture.” The results indicated that the addition of LiF could
not effectively provide Li-rich sintering atmosphere, which
was different from the addition of Li,CO;.'*"* By compar-
ison, ceramic samples with 2-4 wt% LiF sintered at their
optimum temperatures owned a pure cubic Li,Mg3SnOg
phase (JCPDS #39-0932). The increase in LiF content
tended to obviously decrease the optimum sintering
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FIGURE 1 XRD patterns of (A) Li,Mg3zSnOg powders calcined
at 1000°C for 8 hours and (B) crushed Li;Mg3SnOg—x wt% LiF
samples sintered at their optimum temperatures, as compared with the
standard patterns of Li,Mg3;SnOg, LisMgSn,0; and Mg,SnO, [Color
figure can be viewed at wileyonlinelibrary.com]
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temperature of Li,Mg3;SnOg samples, so that the lithium
volatilization was suppressed at a relatively low sintering
temperature. On the other hand, as compared with the stan-
dard pattern (JCPDS #37-1164), a little Li;MgSn,0; sec-
ondary phase was found to appear along with the main
phase Li,Mg;SnOg in the x = 7 composition sintered at
850°C. The possible reason might be that Li;MgSn,0,
tended to precipitate from Li,Mgs;SnOg¢ at relatively low
temperatures. In the binary phase diagram of Li,SnO;—
MgO,28 there exists a transition from LisMgSn,O; to
Li,Mg3;SnOg at ~800°C-850°C.

Although the LiF content was increased in a wide con-
tent range, the secondary phase was not detected, probably
meaning that no chemical reaction occurred between LiF
and the matrix. In LiF-added Li,Mg;TiOg ceramics, LiF
was believed to diffuse into the lattice of Li,Mg;TiOg dur-
ing sintering.? However, a detectable diffraction peak shift
was not observed in Li;Mg3SnOg-x wt% LiF ceramics, as
can be seen in Figure 1B. Therefore, we believed that LiF
formed a liquid phase at higher temperatures and acted as a
sintering aid during densification process, and then proba-
bly existed in the sample in the form of noncrystalline
phases at room temperature. This can be further confirmed
infra. As a result, the as-observed secondary phases such
as LisMgSn,0; (lower temperatures) or Mg,SnOy (higher
temperatures) were mainly caused by different sintering
temperatures, irrespective of LiF itself. For sintered
Li,Mg3SnOg-x wt% LiF samples, the Mg,SnO, secondary
phases always appeared as sintering temperature was higher
than 1150°C, but disappeared as sintering temperature was
lower than 1100°C, as shown in Figure 2. According to
the above analysis, it is clear that the Li,Mg;SnOg sample
needs to be well densified in the temperature range of
850°C-1100°C in order to prepare pure-phase ceramics
(aside from noncrystalline phases from sintering aids).

The apparent density and €, of Li,MgzSnOg-x wt% LiF
ceramics sintered at various temperatures are shown in Fig-
ure 3A. As sintering temperature increased, the sample
density firstly increased to their respective maximum values
and then tended to decrease with further increasing sinter-
ing temperature. The optimum sintering temperatures of the
specimens decreased from 1200°C to 850°C with increas-
ing the amount of LiF from x =1 to x = 3. A further
increase in the LiF content did not obviously decrease the
optimum sintering temperature any more. Moreover, the
maximum apparent density was reached approximately at
x = 4. These results indicated that the amount of the pro-
duced liquid phases at x = 3 or x = 4 should be enough to
ensure the liquid-phase sintering mechanism for
Li,Mg3SnO¢ samples. As expected, the overmuch liquid
phase proved to be disadvantage against the sintering of
the sample, leading to a decline of the sample density.
Generally, ¢, mainly depends on the density, ionic
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FIGURE 2 XRD patterns of Li,Mg3SnOg—x wt% LiF samples
sintered at different temperatures from 1100°C-1200°C as indicated
[Color figure can be viewed at wileyonlinelibrary.com]

polarizability, microstructure, porosity, and secondary
phase.?® The ¢, values of Li,Mg;SnOg-x wt% LiF ceramic
sintered at different temperatures are shown in Figure 3B.
The variation in ¢, with sintering temperature presented a
similar trend to that of the sample density. For the same
composition, a rapid decrease in ¢, at higher temperatures
particularly than 1100°C, should be partially ascribed to
the emergence of the secondary phase Mg,SnO, with a
smaller &, of ~8.4.%° At the same sintering temperature, the
difference in ¢, should be mainly attributed to the sample
density and the glass phases. For the x = 7 sample, the ¢,
value was found to be relatively low although it seemed to
have a similar apparent density to samples with x = 3-5.
Aside from the possible difference in the glass phase con-
tent, the above results might be also related to the special
microstructure as discussed infra.

Figure 4 morphology  of
Li,Mg3SnOg-x wt% LiF ceramics sintered at their respec-
tive optimum sintering temperatures and higher tempera-
tures. First of all, the fracture modes of the ceramic
samples were found to change from transgranular ones
(x <3) to intergranular ones (x > 3) with increasing the
LiF content. Secondly, the grain size was found to exhibit
a rapid drop from ~8 pm at x = 1 (1200°C) to 0.65 um at
x =7 (850°C). At the same sintering temperature (for
example at 1200°C), the grain size was also increased with
increasing the LiF content. This result indicated that the
grain growth is sensitive to both the sintering temperature
and the amount of the liquid phase during a liquid-phase

shows the fracture
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FIGURE 3 (A) Apparent density and (B) ¢, of Li;Mg;SnOg—x
wt% LiF ceramics sintered at different temperatures [Color figure can
be viewed at wileyonlinelibrary.com]

sintering. As x < 3, the optimum sintering temperature of
the sample was still higher than 1100°C probably owing to
the insufficient liquid phase. Higher sintering temperatures
would speed up the migration of grain boundaries so that
the driving force of sintering became much smaller. As a
result, a lot of pores remained on the triple junctions (as
indicated by blue arrows, open pores) in addition to a few
pores trapped in the interior of grains (as indicated by red
arrows, closed pores) for the x = 1 and x = 2 samples. The
formation of closed pores would impede the progress of
sintering process, leading to a rather low density for the
x =1 and x = 2 samples. The appearance of closed pores
during liquid-phase sintering would be favored as sintering
temperature increased, as can be seen if one compared Fig-
ure 4(A and G), 4B and H), 4(C and I), as well as
Figure 4(D and J). It was usually accompanied by a rapid
grain growth (see Figures 4G-J) because the enhanced
migration ability of grain boundary at higher temperatures
allows it to overcome the pinning effect of small pores.
This situation started to be improved as x = 3, so that the
sample density was greatly increased at its optimum sinter-
ing temperature (1000°C). Most obviously, the x = 4 sam-
ple sintered at 900°C exhibited very dense microstructure
(nearly indiscernible pores) and medium grain growth
(~4 pm in grain size), which is probably attributed to both
lower sintering temperature and appropriate amount of sin-
tering aid LiF. For x > 4 samples sintered at their optimum
temperatures, intergranular
observed probably because of the increased amount of
grain-boundary phases. However, the x =4 sample was
still transgranularly fractured as it was sintered at 1200°C
(see Figure 4J), in which large grain sizes and closed pores
are observed. Although none of any closed pores could be

an obvious fracture was
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FIGURE 4 SEM images on fractured
surfaces of Li;MgzSnOg—x wt% LiF
ceramics sintered at (A-F) their optimum
temperatures and (G-L) higher temperatures
as indicated. The inset () shows the
locally magnified grain boundary region in
(L). The blue, red, and yellow arrows
schematically stand for intergranular pores
(open pores), intracrystalline pores (closed
pores), and grain-boundary gaps (phases),
respectively [Color figure can be viewed at

wileyonlinelibrary.com]
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observed from the fracture image of the x =5 and x =7
samples as they were sintered at 1150°C-1200°C, yet the
grain size became extremely large. The extremely large
grains should usually accompany the formation of closed
pores, as similarly observed in Figure 4J. Closed pores
were not observed in the fractured morphology of the
x =5 or x =7 sintered at higher temperatures most proba-
bly because of intergranular fracture modes for these two
The formation of intergranular fracture
modes should be closely related to the weakening of the

compositions.

grain boundary strength owing to increasing amount of
grain-boundary glass phases, as can be seen in the inset
(M) of Figure 4L (as indicated by yellow arrow). The
shrinkage effect during solidifying of liquid phase would
also lead to the formation of the crevice between two
grains.

Figure 5 illustrates the Q x f value of Li;MgzSnOg¢-
x wt% LiF ceramics sintered at different temperatures. It
can be seen that there were two Q x f peak values
approximately near 850°C and 1150°C for different com-
positions. It is noteworthy that the variation in the Q x f
value with sintering temperature was much more compli-
cated than the variation in either density or g, In the
higher temperature region, most of compositions first
exhibited a gradual increase in Q x f values with increas-
ing temperature, then reached their maximum values of
230 000-330 000 GHz at ~1150°C and finally started to
decrease rapidly with further increasing temperature. By
comparison, the maximum Q X f values for the x = 1 and
x =7 samples appeared at 1200°C and 1100°C, respec-
tively, probably because of different LiF contents. The
maximum @ X f value for the x =7 sample at 1100°C
was relatively low, probably because of a large amount of
noncrystalline grain-boundary phases. Interestingly, in the

~ 0 =
3.5x10°10 —=—x=1
g 20 —o—x=2
3.0x10°H 840 Fok*Fey —A—x=3
+7.60. —v—x=4
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T —4— x=7
22.0x10°
&
1.5%10°
1.0x10°4
5.0x10*

800 900 1000 1100 1200 1300

Sintering temperature (°C)
FIGURE 5 Q x fvalues of Li,Mg;SnOg—x wt% LiF ceramics
sintered at different temperatures. The inset shows 1, values of

Li;Mg3SnO¢—x wt% LiF ceramics sintered at optimum temperatures
[Color figure can be viewed at wileyonlinelibrary.com]

temperature range of 1000°C-1150°C where Q x f values
gradually increased, the sample density for most of sam-
ples did not increase with increasing temperature (see Fig-
ure 3). As a result, the increase in Q x f values might be
partially attributed to the grain growth with sintering tem-
perature, as can be seen from Figure 4. The additional
important reason might be related with the appearance of
secondary phase Mg,SnO, (see Figure 2). Therefore, it is
speculated that the secondary phase Mg,SnO, might be
beneficial to the Q x f value of the matrix although
microwave properties of the single-phase
Mg,SnO,4 have not been reported for its difficulty in syn-
thesis.>® A rapid decline of Q x f values after ~1150°C
should be attributed to the increased amount of closed
pores with increasing temperature,’’ as can be seen from
Figure 4. That is to say, although the apparent density of
the sample did not decrease rapidly, the actual sample
density was much lower than the Archimedes density
because closed pores were not taken into account in the
measurement. Besides, the glass phase existing in the sin-
tered samples might be another reason for the decrease in
QO x f value, as shown by yellow arrows in Figure 4M.

Furthermore, in the lower temperature region (800°C-
1000°C), the Q x f value of each sample exhibited a peak
value. The temperature points for the Q x f peak values
were found to slightly decrease with increasing the LiF
content, and they seemed slightly lower than their corre-
sponding optimum sintering temperatures, probably owing
to the same fact that the closed pores made the measured
density lower than the actual density. A relatively large
QO x f value of ~193 000 GHz was observed in the x = 3
sample sintered at ~950°C. For LTCC applications, a desir-
able O x f value of ~133 000 GHz could be achieved in
the samples with x = 3 and x = 4 as they were sintered at
875°C, basically being attributed to the dense body, phase
purity, and uniform microstructure. The decrease in Q x f
values with further decreasing sintering temperature might
be due to the lowering of the sample density. The influence
of the secondary phase LizMgSn,O; on the Q x f value
below 850°C was unknown because there were no refer-
ence data reported. The inset of Figure 5 shows 1, values
of Li;Mg;SnOg-x wt% LiF ceramics sintered at their opti-
mum sintering temperatures. It can be seen that the 1, value
remained in a narrow range of —35-—42 ppm/°C for differ-
ent compositions, meaning that it is not sensitive to the
variation in the density and microstructure compared to the
0 x fvalue.

dielectric

4 | CONCLUSIONS

The effect of LiF addition on the sintering behavior, phase
structure, microstructure and microwave dielectric
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properties of Li,Mg;SnOg ceramics was investigated in
detail. The results indicate that LiF effectively promoted
the sintering of Li,Mg;SnOg¢ ceramics by means of a lig-
uid-phase sintering mechanism. The actual sample density
and microstructure (grain and pores) strongly depended on
both the amount of LiF additive and the sintering tempera-
ture. Higher sintering temperature tended to increase the
migration ability of grain boundary, leading to the forma-
tion of closed pores in Li;Mg;SnOg-x wt% LiF ceramics.
With increasing the amount of LiF, the ceramic sample
exhibited an obvious transition from the transgranular to
intergranular fracture. A single-phase Li;Mg3;SnOg ceramic
could be obtained in the temperature range of 875°C-
1100°C, beyond which the secondary phase LisMgSn,0O,
(<850°C) and Mg,SnO, (>1100°C) appeared. Excellent
microwave dielectric properties of Q x f= 230 000-
330 000 GHz, &, = ~10.5 and t1,= ~—40 ppm/°C were
attained for Li;MgzSnOg¢ ceramics with x = 2-5 as sintered
at ~1150°C. By comparison, a desirable Q x f value of
~133 000 GHz could be achieved in samples with x = 3-4
as they were sintered at 875°C, which might be suitable for
LTCC applications.
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