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Two-Step Sintering of Ceramics with Constant Grain-Size, II: BaliOzand
Ni—Cu—Zn Ferrite

Abstract

We investigated the preparation of bulk dense nanocrystalline BaTiO3 and Ni-Cu-Zn ferrite ceramics using
an unconventional two-step sintering strategy, which offers the advantage of not having grain growth while
increasing density from about 75% to above 96%. Using nanosized powders, dense ferrite ceramics with a
grain size of 200 nm and BaTiO3 with a grain size of 35 nm were obtained by two-step sintering. Like the
previous studies on Y, O3, the different kinetics between densification diffusion and grain boundary network
mobility leaves a kinetic window that can be utilized in the second-step sintering. Evidence indicates that low
symmetry, ferroelectric structures still exist in nanograin BaTiO3 ceramics, and that saturation magnetization
is the same in nanograin and coarse grain ferrite ceramics.
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Two-Step Sintering of Ceramics with Constant Grain-Size, 1I: BaTiO3

and Ni-Cu-Zn Ferrite

X.-H. Wang, X.-Y. Deng, Hai-Lin Bai, H. Zhou, Wei-Guo Qu, and L.-T. Li

State Key Laboratory of New Ceramics and Fine Processing, Department of Materials Science and Engineering,

Tsinghua University, Beijing 100084, China

[.-W. Chen"

Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, Pennsylvanial9104-5272

We investigated the preparation of bulk dense nanocrystalline
BaTiO; and Ni-Cu—Zn ferrite ceramics using an unconvention-
al two-step sintering strategy, which offers the advantage of not
having grain growth while increasing density from about 75% to
above 96%. Using nanosized powders, dense ferrite ceramics
with a grain size of 200 nm and BaTiO; with a grain size of
35 nm were obtained by two-step sintering. Like the previous
studies on Y,03, the different kinetics between densification
diffusion and grain boundary network mobility leaves a kinetic
window that can be utilized in the second-step sintering. Evi-
dence indicates that low symmetry, ferroelectric structures
still exist in nanograin BaTiO3 ceramics, and that saturation
magnetization is the same in nanograin and coarse grain ferrite
ceramics.

I. Introduction

WO-STEP sintering is a promising approach to obtain fully
dense nanograin ceramics because it suppresses grain
growth in the final stage of sintering.! This was demonstrated
for Y,Os3, which has a cubic, defective fluorite structure, and for
Y>05 doped with either Mg or Nb that enhances or suppresses
grain boundary kinetics, respectively. Application of this meth-
od to other ceramics seems possible, as the mechanisms for
two-step sintering rely on the general features of kinetics and
structural changes on the grain boundary,' which do not depend
on the crystal structure/chemistry of Y,03. One promising area
to employ two-step sintering is in electroceramics,” where the
trend of miniaturization is continuing, requiring ceramic capac-
itor and electromagnetic components in multi-layer-chip capac-
itors (MLCC) or multi-layer-chip inductors or beads (MLCI or
MLCB) to become ever thinner and smaller.> > As the grain size
should be no more than one-tenth of the layer thickness in a
multilayer assembly, as the layer thickness approaches microm-
eter and submicrometer range, nanograin ceramics will be in
demand. Moreover, there is also a continuing trend to lower the
sintering temperature of MLCC, MLCI, and MLCB in order to
satisfy the co-firing requirement with Ag electrode (which melts
at 961°C).%7 In this respect, the two-step sintering method offers
an additional advantage as it requires a substantially lower
sintering temperature than conventional sintering methods.
In this paper, we studied two prototypical electroceramics,
perovskite-structured BaTiO; (BT) and spinel-structured
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Nig »Zng sCug,Fe;04 (Ni-Zn—Cu) ferrite to assess the feasibili-
ty of two-step sintering for electroceramics. BT is extensively
used as the base material for high dielectric constant capacitors,
PTC resistors, transducers, and ferroelectric memories.® Tt is
well known that above the Curie temperature (130°C), its struc-
ture is cubic and paraelectric, below which the structure is dis-
torted and three ferroelectric polymorphs with nonzero dipole
moments appear at various temperatures.”'® Thus far, the finest
grain size of dense BT ceramics reported was 50 nm, fabricated
by spark plasma sintering with a uniaxial hot-pressing pressure
of 100 MPa.'! In the case of ferrite, the present ceramic man-
ufacturing technologies typically result in micrometer-sized
grains and require sintering aids (typically Bi,Os; and V,Os),
which form a liquid at the sintering temperature and induce
compositional segregation in the fired ceramics.*”’ The finest
reported grain size of dense ferrite is about 1-2 pum fabricated by
ultrafine powders,'? but the need for fine grain ceramics has
been recognized.

In the following we report how two-step sintering was suc-
cessfully applied to obtain dense fine-grained BT and ferrite ce-
ramics that sinter at low temperatures to > 96% of relative
density without grain growth. To illustrate the utility of this ap-
proach, we limited our study to stoichiometric BaTiO3 and Ni-
Cu—Zn ferrite, without any sintering additive. In addition, as the
Ti-rich BT composition is known to have a eutectic temperature
of 1317°C, we kept the sintering temperatures well below this
value to avoid any influence of liquid. Using two-step sintering,
dense fine grain (35 nm for BT and 200 nm for ferrite) ceramics
were obtained for the first time. In addition, the kinetics of two-
step sintering was documented and compared with that of Y,Os3,
about which considerable understanding was already derived
from our previous studies. 13 Lastly, we will demonstrate that the
obtained structures of nanograin electroceramics possess salient
features that ensure their ferroelectric and magnetic properties.

II.

High-purity BT nanocrystalline powders used here were synthe-
sized by a modified oxalate precipitation method as described
previously.'* The starting materials were barium acetate
(Ba(CH;COO0),), tetrabutyl titanate (Ti(OC4Hy),), oxalic acid
(H,C,04) as a precipitator, and alcohol as a solution medium.
The precursor was calcined at different temperatures (650°—
750°C) to produce phase pure nanocrystalline BT powders. The
mean particle size, determined by transmission electron micros-
copy (TEM, TEM-200CX, JEOL, Tokyo, Japan) and X-ray
diffraction (XRD, D/max, Rigaku Co., Tokyo, Japan), was
10-30 nm depending on the calcination temperature. The Ba/Ti
atomic ratio was determined by X-ray fluorescence analysis to
be 1+0.003 for all the powders.

High-purity nanocrystalline ferrite powders with a composi-
tion of Nig,Cug,Zng¢Fe,O4 were prepared by a previously

Experimental Procedures
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Tablel. Two-Step Sintering of BaTiO; (10 nm and 30 nm Powders) and NiCuZn Ferrite (10 nm Powders)

After first-step sintering

After second-step sintering

Sample Po (%) T, (°C) ty (h) p1 (%) Gy (nm) 7> (°C) t> (h) p2 (%) G (nm)
BaTiOs-17 61 950 0 86 33 900 2 98.0 35
BaTiO;-2" 46 980 0 78 68 900 4 97.0 70
BaTiOs-3 46 1100 0 73 148 900 20 96.2 150
BaTiOs-4 46 1100 0 73 148 950 20 97.1 150
BaTiO3-5 46 1150 0 78 200 900 20 96.3 200
BaTiOs-6 46 1150 0 78 200 1000 20 97.2 200
BaTiOs-7 46 1180 0 83 290 950 20 97.0 300
BaTiO5-8 46 1180 0 83 290 1000 20 97.2 300
BaTiO3-9 46 1200 0 87 495 850 20 96.0 500
BaTiOs-10 46 1200 0 87 495 900 20 96.3 500
BaTiOs-11 46 1200 0 87 495 1000 20 97.2 500
BaTiOs-12 46 1200 0 87 495 1100 10 97.0 500
BaTiOs-13 46 1230 0 90 795 850 20 97.5 800
BaTiOs-14 46 1230 0 90 795 1000 20 98.0 800
Ferrite-17 46 850 0 76 198 760 8 96.2 200
Ferrite-2" 46 850 0 76 198 800 6 97.1 200
Ferrite-3" 46 850 0 76 198 800 12 99.0 200
Ferrite-4" 46 890 0 81 397 750 6 97.2 400
Ferrite-5° 46 890 0 81 397 825 6 98.3 400
Ferrite-6" 46 890 0 81 397 825 8 100 400
Ferrite-7" 46 910 0 87 495 750 8 97.0 500
Ferrite-8" 46 910 0 87 495 800 6 98.1 500
Ferrite-9" 46 910 0 87 495 850 4 99.0 500
Ferrite-107 46 930 0 91 792 800 4 99.2 800
Ferrite-117 46 930 0 91 792 850 4 99.3 800
Ferrite-127 46 930 0 91 792 870 4 99.2 800

"Ten nanometer powders.

reported citrate process.'? The raw materials were reagent-grade
iron nitrate, nickel acetate, copper acetate, citric acid, and am-
monia. The citric precursor gel was dried, ignited, and combust-
ed, or calcined at 600° — 800°C for 4 h, resulting in single-phase
spinel-structured Ni-Cu—Zn ferrite nanocrystals with grain sizes
from 10 to 60 nm according to TEM and XRD.

To prepare ceramics, powders were first milled and pressed
into disks (10 mm in diameter and 1 mm thick). After isostatic
pressing at 200 MPa to achieve a relative density of 46%, the
green compacts were sintered using various two-step firing
schedules. Typically, the sample was heated at 10°C/min to a
higher temperature 7 (950°-1250°C for BT, 850°-930°C for
ferrite), then immediately cooled, at 30°C/min, to a lower tem-
perature 7, (1150°-850°C for BT, 750°-870°C for ferrite) for
isothermal sintering with a dwelling time of 2-20 h (4-12 h for
ferrite). Toroidal ferrite samples (20 mm outside diameter, 10
mm inside diameter, and 3 mm thickness) were also pressed and
sintered in a similar way for magnetic measurements. To min-
imize particle coarsening during the first sintering step, one BT
sample (#1 in Table I) was isostatically pressed at 2 GPa to
achieve a higher green density of 61%, which allowed the use of
a lower T.

The crystalline structures of the powders and ceramic samples
were determined by XRD using a Rigaku diffractometer with
CuKuo radiation. The microstructures of the ceramics were in-
vestigated using a Zeiss CSM-950 scanning electron microscopy
(SEM, Carl Ziess Co., Oberkochen, Germany). The average
grain size was determined by SEM micrographs of fractured or,
for dense samples, polished surfaces using the linear intercept
technique by counting at least 500 grains. TEM was also used to
determine the particle size of powders. Final density (average of
three duplicate pellets) was determined tobe within +0.01 g/cm®
by the Archimedes method using distilled water as displacement
liquid. The density after first-step sintering was estimated from
the weight and dimension of duplicate specimens; the estimates
were consistent with the data of dilatometry. In addition, Ra-
man spectra of BT were recorded using a confocal microscopic

Raman spectrometer (RM2000, Renishaw, U.K.) over the tem-
perature range from —150° to 200°C. The saturation magneti-
zation of ferrite ceramics was measured using an LDJ 9600
vibrating sample magnetometer, and their DC resistivity was
determined using an HP 4040B meter (Palo Alto, CA).

III. Results and Discussion

(1) Characterization of Nanocrystalline Powders

An example of BT powders used in this study is shown in
Fig. 1(A) for powders obtained after 750°C calcination. They
have a homogeneous, nearly spherical shape with a size from 20
to 30 nm. This is consistent with XRD, which indicated an av-
erage crystallite size of 28.4 nm using estimation from the broad-
ening of the (111) perovskite peak. (Here we assume a cubic
perovskite structure as there was no splitting of (002) and (200)
reflections).!’ They will be referred to as 30 nm BT powders
below. Figure 1(B) shows an example of ferrite powders ob-
tained after combustion, which had an average particle size of 8—
10 nm. This is consistent with the XRD result, which indicated
an average particle size of 10.3 nm. XRD also indicated a spinel
structure with Ni/Cu/Zn occupying the A site and Fe occupying
the B site. They will be referred to as 10 nm ferrite powders.

(2) Sintering and Microstructure

In successful two-step sintering, grain size should remain con-
stant while density continues to increase, unlike in normal sin-
tering in which final stage densification is always accompanied
by rapid grain growth. This dramatic contrast of microstructure
development was seen in both BT (Fig. 2(A)) and ferrite
(Fig. 2(B)), where several grain size-density trajectories are de-
picted. It is clear that in both ceramics, grain growth during the
second-step sintering (7> < 7) was completely suppressed.
Table I lists some of the successful two-step sintering exper-
iments using 10 or 30 nm BT powders and 10 nm ferrite pow-
ders. These experiments all achieved high density ( > 96%)
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100nm

Fig.1. Transmission electron microscopy image of (A) BaTiO; and (B)
Ni—Cu—Zn ferrite nanocrystalline powders.

without grain growth in the second step. One sample (ferrite #6)
even reached full density within the accuracy of our measure-
ment. In contrast, in conventional sintering high density could
not be reached at comparable temperatures. (For example, when
950°C was used to sinter BT for 20 h in conventional sintering,
only 80% density was obtained.) These experiments also showed
that, for BT, the lowest starting density for the second step was
73%. For ferrite, it was 76%. (Runs of lower starting density did
not reach high density at 7, and thus are not included in Table I.
For example, for BT, when T, = 1050°C, p; = 68%, T, = 950/20
h, final density =85%, or when 7;=1080°C, p;="71%,
T, =950°C/20 h, final density =89%.) For Y,O;, we found
that a similar critical starting density of about 75% was required
to allow sintering at 7> to successfully proceed."!® This is be-
cause below the critical density the pore size is so large, com-
pared with the grain size, that pores are thermodynamically
stable according to Kingery and Francois.'

For Y,0;3, there is a kinetic window for second-step sintering,
expressed in grain size and 7,, outside which high density
(> 96%) without grain growth can not be achieved even
when the starting density is above critical.>'* Similar windows
determined for BT and ferrite are shown in Fig. 3 in which the
solid symbols indicate successful 75 sintering, open symbols
above the upper boundary indicate grain growth at 7>, and open
symbols below the lower boundary indicate incomplete densifi-
cation despite long soak times at 7>. As in the case of Y,Os3, the
slope of the upper boundary is positive, while the slope of the
lower boundary is slightly negative. These similarities suggest
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Fig.2. Grain size versus density for (A) BaTiO; (30 nm powder) and
(B) Ni-Cu—Zn ferrite (10 nm powder) specimens sintered by normal
sintering and two-step sintering.

very similar mechanisms operating in second-step sintering in all
three systems, even though they have very different chemistry
and crystal structures.>'* (In Y,03, the same features of kinetic
window were observed when different dopants—Mg and Nb—
were introduced.) The upper boundary was explained by the
increasing driving force for grain growth at smaller grain sizes,
so the growth of finer grains begins at a lower temperature. The
lower boundary was explained by the threshold effect on inter-
face kinetics, which emerges at small grain sizes.'® " This effect
diminishes at larger grain sizes, allowing the kinetic window to
extend to lower temperatures.

Micrographs of BT and ferrite are shown in Figs. 4 and 5,
respectively, for a number of dense ceramics obtained by two-
step sintering and conventional sintering. In Fig. 4, the finest
grain size (35 nm) is that of BT ceramic A, obtained using 10 nm
powders (calcined at 650°C), cold-die-pressed at 2 GPa to 61%
relative density, and then two-step sintered using 7, = 950°C
and T, = 900°C (2 h). Another fine grain BT ceramic, B (70 nm),
was obtained using 10 nm powder, isostatic pressed at 200 MPa,
and then two-step sintered using 7 = 980°C and 7, =900°C
(4 h). The coarsest grain size (1.2 pm) is that of ceramic F ob-
tained using 30 nm powders, densified by normal sintering at
1200°C for 2 h (its grain size/density trajectory shown in
Fig. 2(A)). In Fig. 5, the finest grain size (200 nm) is that of
ferrite ceramic A. which was from 10 nm powders, two-step
sintered at 77 = 850°C and T, = 800°C (6 h). The coarsest grain
size (2 um) is that of ceramic E, which also used 10 nm powders,
but densified by normal sintering at 900°C for 4 h (its grain-size/
density trajectory shown in Fig. 2(B)). In addition to the larger
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grain size, it exhibits an inhomogeneous microstructure with
discontinuous grain growth resulting in some grains of more
than 5 pm. As a further comparison, Fig. 5(F) shows the micro-
structure of a sample obtained by conventional processing, using
normal sintering and powders from solid-state reactions. These
microstructure comparisons clearly demonstrate the advantage
of two-step sintering over other processing methods in obtaining
fine-grained, uniform ceramics. Indeed, for both BT and ferrite,
this was the first time that such fine grain sizes were reported for
dense ceramics.

(3) Ferroelectric and Magnetic Structures of Nanocrystalline
Ceramics

A full description of the physical properties of dense, nanograin
ceramics sintered in this study will be reported elsewhere. Here
we provide some evidence that their structures possess salient
features that ensure their ferroelectric and magnetic properties.
To reveal the structure of dense nanograin BT ceramics, we
used Raman spectra, which are shown in Fig. 6 for a 35 nm
ceramic at different temperatures. According to Perry and
Hall®® and Laabidi et al.,”' the 305 cm™! (sharp) and 715
cm ™! bands are forbidden in cubic (C) symmetry, the peak po-
sition of the 240-270 cm ™! broad band discontinuously drops
during the tetragonal to orthorhombic (7/0) transition, and the
sharp multi-peak at 170-190 cm ™' band is a rhombohedral (R)
characteristic, although in both O and T symmetries it still man-
ifests as a weak, diffuse feature. Meanwhile, the small positive
peak at 487 cm™ " is also a characteristic R band. From Fig. 6,
we can then definitely identify that in the 35 nm ceramic R sym-
metry exists at —150°C and there is a T/O transition at 50°C,
which is sufficient to establish the existence of all three (7/O/R)
symmetries. In addition, the nominally C spectrum at 200°C still
has weak features at 305 and 715 cm™" indicating 7 remnants.
Therefore, the C/T transition was rather diffuse in this nano-
grain ceramic. The above Raman features provide evidence that
there is a driving force for structure distortion of the same type
that occurs in coarse grain BT. Therefore, nanograin ceramics
should be capable of ferroelectricity at least on the local level.
This has been verified in our ongoing study by piezoelectric im-
aging, dielectric constant, and high-resolution XRD.?
Evidence that nanograin ferrite ceramics are magnetically ac-
tive was provided by measurements of saturation magnetization

Fig.4. Scanning electron microscopy micrographs of dense BaTiO; ceramics prepared by two-step sintering. (A) 35 nm (77 = 950°C, 7, = 900°C/2 h),
(B) 70 nm (7, =980°C, T>=900°C/4 h), (C) 150 nm (7} = 1100°C, T, =900°C/20 h), (D) 300 nm (7 = 1180°C, 7> =950°C/20 h), (E) 800 nm
(T, =1230°C, T, =1000°C/20 h), and normal sintering (F) 1200 nm (7'= 1200°C/2 h).
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D{800nm)

E(2000nm)

F(5000nm)

Fig.5. Scanning electron microscopy micrographs of dense NiCuZn ferrite made from 10 nm powders, by two-step sintering, (A) 200 nm (7 = 850°C,
T, =800°C/6 h), (B) 400 nm (7 = 890°C, T, = 825°C/8 h); this sample reached full density (ferrite #6 in Table I), (C) 500 nm (7; = 910°C, T, = 850°C/4
h), (D) 800 nm (7', = 930°C, T, = 850°C/4 h), and normal sintering (E) 2000 nm (900°C/4 h). Also shown is ferrite made from powders of solid-state

reactions, (F) 5000 nm (900°C/4 h).
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Fig.6. Raman spectra of 35 nm BaTiO; ceramics. Distinguishing
features (see text) marked by arrows.

70

0 " " " " PR |
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Fig.7. Saturation magnetization (o) versus grain size for ferrite ceram-
ics. Solid symbols for two-step sintering, open ones for normal sintering.

(oy). As shown in Fig. 7, oy is independent of grain size and
processing method, indicating similar magnetic interactions at
the atomic level. This would be assured if the same spinel struc-
ture with the same pattern of site occupancy by different cations
is adopted. Because of the smaller grain size and more uniform
composition/microstructure, the resistance of nanograin ferrites
all exceeded 10'° Q- cm, which is an additional advantage for
ferrite applications.

IV. Conclusions

1. Two-step sintering was used to sinter BaTiO; and Ni—
Cu—Zn ferrite ceramics to high density with unprecedentedly fine
grain size, by suppressing grain growth in the final stage of
densification. Second-step densification temperatures as low as
900°C for BaTiO3 and 760°C for Ni-Zn—Cu apparently sufficed.

2. The processing windows for successful second-step sinte-
ring to achieve high density without grain growth were identified
for BaTiO3 and Ni-Cu—Zn ferrite ceramics. They share the same
features as the one previously determined for undoped and
doped Y,0s.

3. Dense BaTiO; ceramics with a grain size of 35 nm un-
dergo distortions from cubic to various low-temperature ferro-
electric structures. Dense fine grain Ni-Cu—Zn ferrite ceramics
have the same saturation magnetization as their coarse grain
counterparts.
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