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Microstructure and dielectric properties in a CaTiO3 (CT)–
MgTiO3 (MT) diffusion couple were studied by scanning
electron microscopy (SEM) and near-field scanning micro-
wave microscopy (SMM). Complex microstructures containing
Mg2TiO4 (M2T) and MgTi2O5 (MT2) phases as well as eutec-
tic structures of CT–MT and MT2–CT developed during cool-
ing from the melt. Variations in the local dielectric properties
observed in SMM images are correlated with the microstruc-
tures characterized by SEM/EDS. The SMM characterization
clearly distinguished low-dielectric-constant MT and high-
dielectric-constant CT phases. The M2T, MT, and MT2 phas-
es have similar dielectric properties, and were more difficult to
distinguish in the SMM. The phase development during melting
and solidification, and SMM imaging limitations are discussed.

I. Introduction

MICROWAVE materials with reasonably high permittivity
(er420), high-quality factor (Q), and good temperature

stability (tf�0) are of commercial interest as dielectric resonators,
oscillators, capacitors, filters, and patch antennae for microwave
communication applications. A well-known material for tem-
perature-compensating-type capacitors is made of a mixture of
MgTiO3 (MT) and CaTiO3 (CT) ceramics (CaTiO3–MgTiO3,
hereafter referred to as CMT). By varying the relative concen-
tration of MT and CT, one can tailor the dielectric behavior.

In the microwave frequency range, magnesium titanate (gieki-
elite, MgTiO3) has a low er (B17), high Q� f (B7000–20800
at 7 GHz), and a negative tf (�45 ppm/1C).1 Calcium titanate
(perovskite, CaTiO3) has a high er (B170), moderate Q� f
(B1800–3000 at 7 GHz), and a large positive tf (1800 ppm/
1C).1 Addition of 5 mol% CaTiO3 to MgTiO3 yields a
(Mg0.95Ca0.05)TiO3 ceramic that exhibits erB21, Q� f values
B56 000 at 7 GHz, and a tf value of B0 ppm/1C.1

The sintering temperature to densify mixed CT–MT ceramics
is as high as 14001C. Compared with solid-state sintering, the
presence of a liquid phase leads to improved densification
through enhanced particle rearrangement and transport through
the liquid.2 A CT–MT mixture melts and forms a eutectic liquid
at 1462.51C, which, under proper solidification conditions,
can be used to achieve a highly dense product. For example,
(Mg0.95Ca0.05)TiO3 single-crystal fibers with anisotropic dielec-
tric properties have been grown from a CMT eutectic melt by
laser-heated pedestal growth processing at 16501–17201C.3

During fiber growth, the presence of intermediate phases of
MgTi2O5 (karrooite, MT2) and Mg2TiO4 (qandilite, M2T) was
noted, and they were difficult to eliminate completely from the

reaction products.4 But the amount of the intermediate MT2
phase could be decreased at higher growth temperatures.

Rather than melting at high temperature, small additions are
often used to promote liquid-phase sintering and thereby enhance
densification. The additions melt or react with a small part of
the major component to form a eutectic liquid on heating. In
the (Mg0.95Ca0.05)TiO3 system, many researchers have promoted
densification by using a range of additives, including La2O3,
Cr2O3,

5 CuO,6 B2O3,
7,8 V2O5,

8 or Bi2O3,
9 to lower the sintering

temperature. Additions of La2O3 or V2O5 resulted in the forma-
tion of MgTi2O5 and La2Ti2O7 or Ca5Mg4V6O24 phases during
the sintering process, which decreased the dielectric properties
significantly. Because of the common use of liquid-phase pro-
cessing in this system, study of phase formation as a result of
melting and solidification is relevant to understanding the per-
mittivity variation and the microstructures of the CT–MT system.

In the present work, this is accomplished through the use of
an MgTiO3–CaTiO3 diffusion couple to simulate what occurs at
the interface between CT and MT grains during processing in
the presence of a liquid, permitting the phase evolution to be
followed. The nondestructive mapping technique of near-field
scanning microwave microscopy (SMM) permits the character-
ization of the local effects of inhomogeneities and defects in crys-
tals. This has been shown to be effective for the characterization
of local dielectric variations in bulk ceramics.10–12 Here, we exam-
ine a much more complex microstructure by combining charac-
terization by backscattered electron SEM/EDS with SMM to
correlate the microstructure with the local dielectric properties.

II. Experimental Procedure

The precursor powders used in this work were CaCO3 (99.95%,
metal basis, Alfa Aesar, Ward Hill, MA), TiO2 (99.9%, Aldrich,
Milwaukee, WI), and MgTiO3 (99%, metal basis, Alfa Aesar).
CaTiO3 powder was prepared by a standard solid-state reaction
method. CaCO3 and TiO2 were mixed in a 1:1 molar ratio and
milled with ZrO2 balls in ethanol for 12 h, dried, pressed into
pellets, calcined at 13001C for 10 h in air, ground, and reacted.
Routine powder XRD results showed that the reaction was
completed. The CT pellets were in turn ground and ball milled
for 30 min. The CT powder was packed into a latex tube and
hydrostatically pressed into a rod of about f5 0.6� 25 cm
under 70 MPa hydraulic pressure (CD-10, Riken Kiki Co. Ltd.,
Tokyo, Japan). The resulting rod was sintered at 13001C in a
vertical SiC furnace (Crystal Systems Inc., Yamanashi, Japan)
for 10 h. The MT powder was similarly hydrostatically pressed
into a rod and sintered in the vertical SiC furnace at 13001C in
air for 10 h. One end of the sintered CT rod was cut off and the
surface of the remaining rod was polished. The CT rod was
mounted vertically in an optical floating zone furnace (FZ-T-
10000-H-VI-VP, Crystal Systems Inc.) as the supporting rod. A
5 mm tall pellet was sliced from sintered MT rod and the cut
surface was polished. This polished MT pellet was set on top of
the CT rod with the polished surfaces facing each other. The
interface of the diffusion couple was placed at the focal point of
four 300 W tungsten halide lamps by adjusting the position of
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the supporting rod. The rod was rotated at 20 rpm to heat the
interface as uniformly as possible. While observing the interface
with a video camera system, the temperature was slowly ramped
up in a flowing air ambient (B51C/min) until liquid appeared at
the joint, which was discernable by a sample color change. The
estimated temperature was about 14601 to 15001C. The diffu-
sion couple was maintained at this temperature for about 10 min
to promote liquid diffusion. The temperature was then quickly
ramped down below the freezing temperature to quench the
interfacial reaction. The diffusion couple was later sliced from
the CT rod and mounted into epoxy resin. The cross section of
the interdiffusion region was carefully polished for further char-
acterization by polarized optical microscopy (Olympus BX61,
Nashua, NH), X-ray powder diffraction (Scintag X1, Scintag
Inc., Cupertino, CA), near-field scanning microwave micro-
scopy (EMP2001, Ariel Technologies Inc., Moraga, CA), and
scanning electron microscopy (SEM; Model Evo 50, Carl Zeiss
SMT Inc., Thornwood, NY) in a system equipped with an en-
ergy-dispersive spectrometer (EDS; INCA Microanalysis sys-
tem, Oxford Instruments, High Wycombe, U.K.). For SEM and
EDS analysis, the polished surface was coated with carbon to
reduce sample charging.

A schematic diagram of the SMM used in this work is
described elsewhere.10 The SMM is designed to shield off the
far-field propagating electromagnetic waves and utilize the evan-
escent microwaves generated at the end of a tungsten fine tip. By
moving the tip/resonator assembly close to an object, the inter-
action between the evanescent microwaves and the object can be
recorded to map the changes in the cavity resonant frequency fr
and quality factor Q as a function of position, and thereby con-
struct surface SMM images. When the tip contacts a sample, the
sample dielectric properties on the cavity resonant frequency can
be described in terms of the cavity resonant frequency. Namely,
a lower cavity resonant frequency means a higher sample di-
electric constant. The method to relate quantitatively the reson-
ant frequency to dielectric constant is described elsewhere.10 The
fr and Q are sensitive to the gap between the tip and the ceramic
sample surface.10–12 In this investigation, the sample was pol-
ished down to a 0.5 mm surface finish to minimize surface rough-
ness effects. All scans were performed with the SMM probe tip
in contact with the sample surface during scanning (soft-contact
mode) to boost the signal intensity and sensitivity.

III. Results and Discussion

The microstructures of the polished cross section of the CT–MT
diffusion couple were characterized by optical microscopy and
backscattered electron SEM, while the local surface dielectric
properties were mapped with SMM. The phases were identified
by EDS analysis and XRD. The possible phase evolution during
the melting and solidification is discussed below.

(1) Optical Observation and X-Ray Powder Diffraction

An overall optical image of the polished cross section of the CT–
MT diffusion couple, as can be seen in Fig. 1, revealed that there
are several cracks in the CT region close to the interface area,
but no cracks in the MT region. Thermal stresses originating
from the different thermal expansion coefficients of MgTiO3 (10
ppm/1C) and CaTiO3 (14 ppm/1C),13 thermal stresses resulting
from the temperature gradient between the hot zone and the
supporting rod, and the rapid cooling rate used in the experi-
ment could all contribute to the formation of cracks. Previous
experiments involving two stacked layers of 100 MT and CT pel-
lets sintered at 14001C for 10 h in a conventional furnace and
cooled down at a rate of 11C/min produced cracks along theMT
layer instead of the CT layer. A study of complex layered struc-
tures with different configurations of MT/CT ratios and layers
also indicated that cracks were observed only in MT layers.13 In
the present study, formation of cracks by differing thermal ex-
pansion coefficients was minimized as the MT pellet was rela-
tively small and thin. Hence, the crack formation was probably

because of the sharp temperature gradient between the hot zone
and the supporting rod outside the heating zone, and the rapid
cooling rate after the heat treatment.

The crystallographic phases along the diffusion couple were
characterized by X-ray powder diffraction scans along the dif-
fusion couple. The XRD characterization was performed at the
six locations denoted in Fig. 1 (labeled (a)–(f)), with an interval
distance of 0.0600. The sample was moved by a motor translation
stage and the XRD patterns were recorded sequentially after
each movement to compare the phase changes across the couple.
After quick solidification, the composition gradients of MT and
CT are observed in the XRD patterns in Fig. 2. The MT dom-
inated at (a), while CT was the dominant phase at (f). The ap-
proximated volume ratio of MT to CT, which was calculated
using Jade 7 X-ray analysis, gradually decreased from 5.84 at
(b), through 2.31 at (c), 0.37 at (d), to 0.29 at (e), indicating the
interdiffusion of the MT and CT. The characteristic XRD lines
of the precursor MT and CT materials can be observed clearly
in Fig. 2. The MT2 phase is observed in each location, while
the M2T phase is only observed in locations (c) and (d), which
are in the interdiffusion region. The XRD patterns of the
MT powder used and the as-sintered MT rod confirmed
that there was trace MT2 in the precursor MT phase, which
also could be observed in Fig. 2(a). The presence of trace MT2
in the precursor MT rod may not affect the melting temperature

Fig. 2. X-ray powder diffraction patterns at the six locations, (a)–(f),
illustrated in Fig. 1 (�, MT; D, CT; 1, MT2; & , M2T).

Fig. 1. An overall optical image of a CT–MT diffusion couple cross
section, which shows the CaTiO3 precursor region (A), the MgTiO3

precursor region (B), the porous interdiffusion layer, and the frozen melt
covering the CT rod. The overlaid lines indicate the relative locations for
sequential X-ray diffraction characterizations. The labeled regions I–V
indicate the different locations for microstructure characterization.
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of the diffusion couple as the MT2 will not necessarily contact
CT particles at the initial state.

(2) Backscattered Electron SEM/EDS

In order to reveal the microstructures across the diffusion
couple, the cross section of the diffusion couple was character-
ized by backscattered electron SEM (BSE–SEM), and the phas-
es were analyzed by EDS. The five regions that were analyzed
are labeled in Fig. 1 as regions I–V. Region I is close to the
contact interface of the two rods. The interface between the
frozen melt and the MT region is in region II. Regions III to V,
respectively, are the precipitate at the outer edge of the CT–MT
joint, the coating that developed on the CT rod, and the furthest
region wetted by the liquid on the CT rod. Backscattered elec-
tron SEM images of these five regions are shown in Fig. 3. The
results of EDS analysis indicate that the dark phase (A), gray
phase (B), light gray phase (C), and white phase (D) are M2T,
MT, MT2, and CT, respectively. The backscattered SEM

images show that the impurity MT2 and M2T phases coexist
with the precursor CT and MT phases in the frozen melt. The
M2T phase is inhomogeneously distributed in the precipitate.
The M2T particles aggregated as large clusters near the precur-
sor MT region and in the diffusion interface region [Fig. 3(a)
and (b)]. Occasionally, M2T clusters were also found inside the
frozen melt in region IV [Fig. 3(e)]. This observation is consist-
ent with the XRD results in Fig. 2, which show that the M2T
phase is found in the interdiffusion region. The SEM images at a
higher magnification revealed that the M2T was embedded in
the MT continuous matrix phase. Figures 3(b) and (c) show that
both CT–MT and CT–MT2 eutectic structures developed in the
frozen melt. A surface layer of an MT–CT eutectic phase could
also be observed in regions III and V, as shown in Figs. 3(d) and
(f). The CT particles within the eutectic phases appeared as
needles, triangular spikes, short rods, or other geometries, while
the MT and MT2 phases were continuous matrix phases.

The liquid phase from the interface wetted the MT grain
boundaries. MT subsequently precipitates from the liquid onto

Fig. 3. Backscattered scanning electron microscopy images that show the microstructure of the CMT diffusion couple in different regions (identified in
Fig. 1): (a) region I; (b) large M2T clusters in region II; (c) the area of (b) bounded by the box; (d) eutectic microstructures in region III; (e) region IV; (f)
region V. The phases including M2T (dark, A), MT (gray, B), MT2 (light gray, C), and CT (white, D), the eutectic phases of MT–CT, MT2–CT, as well
as the pores and cracks (black lines) are observed.
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the MT grains, leaving the CT phase (white) along the MT grain
boundaries as can be seen in Fig. 4. Similar liquid phase pene-
tration occurred on the CT precursor side. The MT phase oc-
cupied the grain boundaries of the CT grains of the region
shown in Fig. 5. Coarsening of the microstructure because of the
presence of the liquid is obvious.

(3) Phase Evolution During Solidification

The presence of a liquid phase had a noticeable influence on both
diffusion rates and the contact areas between phases. When
the volume of liquid was sufficient, the liquid spread out of
the molten zone and wetted the surface of the supporting rod. The
microstructure inside the frozen—melt layer suggests the possible
phase evolution sequence during the non-equilibrium liquid so-
lidification. The phase diagram for the MT–CT system [Fig. 6(a)]
shows that the eutectic temperature of an MT-rich CT–MT mix-
ture is around 1462.51C.14 When the temperature was above the
eutectic temperature, eutectic liquid of CT–MT formed.

As shown in the ternary TiO2–CT–MT phase diagram
[Fig. 6(b)],14 during freezing the liquid composition will become
more Ti rich, moving down the eutectic trough toward the tern-

ary eutectic point (L) at 21.1%Ca–25.7%Mg–53.2%Ti–Ox

(mol). As a result, the solid phases in equilibrium will change
with decreasing temperature from the initial CT1MT, to
CT1MT1M2T, and finally to CT1MT1MT2 at the 14201C
freezing point.

The actual local liquid composition will be affected by the
local liquid/solid ratio and the temperature. Surface tension,
temperature gradients, and gravity permit the liquid to flow out
from the hot zone and spread over the outside surface of the
adjacent CT-supporting rod. Liquid transport away from the
hot zone, the quick cooling rate, and the large temperature gra-
dient parallel to the rod axis all result in the liquid solidifying
under nonequilibrium conditions. SEM images of the interface
of the frozen melt and the CT precursor region are shown in
Figs. 3(e) and (f). The liquid penetrated into the CT or MT
particles, and the CT or MT solid dominated the local equilib-
rium, and so prevented formation of the impurities M2T and
MT2. The SEM images in Figs. 4 and 5 confirmed that no im-
purity M2T or MT2 precipitate was found in the precursor CT
and MT regions.

Liquid wets the surface of the CT rod and flows along the rod
(and the temperature gradient) until it reaches a sufficiently cool
region where solidification will occur. SEM examination con-
firmed that the eutectic shell on the support rod is the CT–MT

Fig. 4. Backscattered electron scanning electron microscopy image in
region I, showing the CT-rich grain boundaries on the MT side of the
joint. The eutectic phase of MT2–CT, large M2T clusters (A), and the
individual phases of MT (B), M2T (light gray, C) and CT (white, D), as
well as the pores and cracks (black) can be observed.

Fig. 5. Backscattered electron scanning electron microscopy image,
which shows that the MT (B) penetrates the grain boundaries of the
CT (D) inside the CT rod, which is close to region IV.

Fig. 6. Phase diagrams for (a) a CT–MT system, and (b) a ternary CT–
MT–TiO2 system

14
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eutectic, resulting in the surface eutectic layer seen in the SEM
images of Fig. 3. The nonequilibrium solidification resulted in
the coexistence of the MT2, M2T, MT, and CT phases along
with the eutectic MT–CT and MT2–CT structures in the final
frozen melt, and several different morphologies of the CT phase
in the microstructure.

(4) SMM Results

The optical and SEM images show that the polished surface of
the diffusion couple is porous. As all of the SMM scans in the
present work were performed with the probe tip in contact with
the surface during the scan period, the porous surface limited
SMM scans to areas with few defects. The resonant frequency
and dielectric constant SMM images at different locations of the
interdiffusion area are shown in Figs. 7–10. The contrast in the
dielectric constant images shows the dielectric constant variation
caused by the presence of different phases. In order to correlate
the dielectric properties’ variation with the microstructure, the
corresponding SEM images are shown along with the SMM
images. Comparing the SMM and SEM images, the small long
cracks that are clearly observed in the SEM image are hard to
distinguish from the other features in the SMM image because
of the high contrast between the CT and MT phases. In a mi-
crostructure with a more narrow range of dielectric constant
phases, the cracks would be more apparent. The high dielectric
constant CaTiO3 phase with erB170 is observed as red in the
resonant frequency images or a bright red color in dielectric
constant images. The Mg–Ti–O phases, including M2T, MT,

and MT2, having much lower dielectric constants than CT, ap-
pear as a light yellow color in the resonant frequency images and
are dark in the dielectric constant images. Figure 7 shows SMM
images inside region I and the corresponding SEM image, which
is the image in Fig. 3(a) rotated 901 clockwise. The eutectic MT–
CT phase and individual MT and CT particles could be distin-
guished in both the SMM and SEM images. Smearing of phase
boundaries is evident when comparing SMM and SEM images.
Figure 8 shows the SMM image and corresponding SEM image
of region IV. Both of the eutecticMT–CT and eutectic MT2–CT
phases are apparent in the SEM and SMM images. The dielec-
tric constant of MT2 (phase C) has a slightly higher dielectric
constant than MT (phase B).

Figure 7 shows SMM resonant frequency (left) and dielectric
constant (center) images that show the dielectric properties vari-
ation because of the range of phases present near the interface
region. The corresponding SEM image is shown on the right.
The phases including M2T (A), MT (B), MT2 (C), CT (D), and
eutectic MT–CT (E) phases are observed.

Figure 9 shows the SMM images scanned in the precursor CT
area in region I. The high dielectric-constant grains belong to the
CT phase, while the low-dielectric-constant phase along the
grain boundaries is the MT phase. The CT grains have a rela-
tively uniform color in the SMM images, indicating a uniform
dielectric constant around 170. The small rod-like CT phase in
Figs. 7 and 8, however, appears to be a lower dielectric constant
phase than the large CT grains. For example, the CT dots or
rods of the eutectic MT2–CT phase F in Fig. 8 show a lower
dielectric constant than the CT rods or triangles of the eutectic

Fig. 7. Scanning microwave microscopy resonant frequency (left) and dielectric constant (center) images that show the dielectric properties’ variation
because of the range of phases present near the interface region. The corresponding scanning electron microscopy image is shown on the right. The
phases including M2T (A), MT (B), MT2 (C), CT (D), and eutectic MT–CT (E) phases are observed.

Fig. 8. Resonant frequency (left) and corresponding BSE scanning electron microscopy (right) images, which show both CT–MT and CT-MT2 eutectic
microstructures in region IV. The phases labeled B–F are MT, MT2, CT, eutectic MT–CT, and eutectic MT2-CT phases, respectively.
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MT–CT phase E and non-eutectic CT phase D. This results
from having an SMM tip size (5–10 mm) that is much larger than
some of the eutectic microstructural features. Thus, the SMM
image constructed from the average signal collected by the
SMM tip shows smearing of microstructural feature boundar-
ies, and does not have as high a resolution as the SEM image.
Moreover, apparent dielectric constant values are also affected
by the tip size relative to microstructure feature size. For ex-
ample, as the CaTiO3 particles are surrounded by lower dielec-
tric constant MgTiO3, the SMM probe will collect the signals
from both phases at the boundaries, yielding a slightly lower
dielectric constant near the boundaries of the CT grains. As
shown in the SMM images of Fig. 9, each large CT particle in-
cludes a boundary region, which appears to have a lower di-
electric constant than the center of CT particles. When the CT
particle is smaller than some critical size, which will depend on
the tip size and a feature’s dielectric properties, the dielectric
constant of these CT particles will be lower than those of large
CT particles. The same situation arises for the CT phase sur-
rounded by the MT2 phase.

Another SMM imaging artifact is observed for the MT2 and
M2T phases, which have dielectric constants very similar to the
MT phase, and are all much lower than the CT phase. As a re-
sult, it is hard to distinguish the MT2, MT, and M2T phases
from each other in the SMM images, as the relative contrast
between them is much smaller than the contrast between the CT
and MT phases. By comparing the SMM images of Fig. 7 with
the corresponding BSE–SEM image, a small amount of CT em-
bedded in the MT2 phase can be located in the circled region of

Fig. 7, while a pure MT phase is located in the square region.
The SMM images in Figs. 7 and 8 indicate that the MT2 has a
slightly higher dielectric constant than the MT phase. In addi-
tion, the dashed oval regions in Fig. 10 indicate regions with
coexisting M2T and MT according to the BSE–SEM image in
Fig. 3(a). The SMM image in Fig. 10 indicates that the M2T
phase has a dielectric constant very close to the MT phase. Our
previous study on co-fired M2T–MT–CT ceramics indicates
that the MT has a slightly lower dielectric constant than the
M2T phase.11

IV. Conclusions

A CT–MT diffusion couple was melted and quickly solidified
in an optical floating zone furnace to study microstructure
development. SMM and SEM were used to correlate the local
dielectric properties’ variations with the microstructures in dif-
ferent regions of the diffusion couple. There are two different
eutectic structures, CT–MT and CT–MT2, found after solidifi-
cation. SMM images showed the range of dielectric properties of
the various phases in the complex microstructures. CT with a
high dielectric constant could be clearly distinguished from the
low-dielectric-constant MT in the SMM images. The MT2 and
M2T phases had dielectric properties very similar to the MT
phase, exhibiting less contrast and making them harder to dis-
tinguish from each other in the SMM. Limitations in SMM im-
aging because of the 5–10 mm tip size resulted in smearing of the
phase boundaries of small microstructure features, limiting the
achievable resolution.

Fig. 9. SMM resonant frequency (left) and dielectric constant (center) images of region I near the interface. The corresponding scanning electron
microscopy (SEM) image is shown on the right. The scan was performed in the region indicated by the box in the scanning electron microscopy image.

Fig. 10. Scanning microwave microscopy resonant frequency and dielectric constant images of the MT–CT eutectic in region I (compare with scanning
electron microscopy image in Fig. 3(a)). The phases including M2T (A), MT (B), CT (D), and eutectic MT–CT (E) are denoted in the scanning
microwave microscopy images.
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