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Field-induced electronic conduction is widely recognised in (a) materials whose resistance is dominated by 
interfacial Schottky barriers and (b) thin films that exhibit high field-induced filamentary conduction.  A third 
category of (low) field-sensitive conduction occurs in bulk oxide ceramics that show enhanced hole conduction if 
they are acceptor-doped, but reduced n-type conduction if they are donor-doped.  Examples in these two 
categories are acceptor-doped titanate perovskites [1] and rutile that is slightly oxygen-deficient [2].  More 
recently, reversible, field-induced electronic conduction has been demonstrated in yttria-doped zirconia 
ceramics [3] and a reversible, insulator-metal transition in Ca-doped BiFeO3 ceramics [4]. 
A survey of these phenomena and their characteristics will be presented and possible mechanisms, involving 
redox activity of oxygen in the oxide ceramic structures, discussed.  Possible implications in a range of fields, 
including dielectric breakdown, lithium battery cathodes, memristive switching and insulator-metal transitions will 
be highlighted for discussion. 
 
[1] H Beltran et al, J Amer Ceram Soc., 94 (2011) 2951 
[2] Y Liu and AR West, Appl Phys Lett., 103 (2013) 263508 
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 We report the results of flash microwave sintering of various oxide ceramics to full density in a time less 
than several minutes. Ultra-rapid microwave sintering has been observed on Al2O3, Y2O3, MgAl2O4, and 
(Yb0.05La0.1Y0.85)2O3 samples compacted from nanosized and submicron powders. 
 The samples were heated in the applicator of a gyrotron system for microwave processing of materials 
with a maximum microwave power of up to 6 kW at a frequency of 24 GHz with a feedback computer control 
over the power [1]. Two different processing modes were used for the heating in the temperature range from T0 
= 800 °C to Tmax. One was a computer control over the microwave power ensuring the heating at a fixed rate 
(50, 100, 150, or 200 °C/min). The other one was heating under a fixed microwave power input to the applicator 
of about 5 kW, while the heating rate was as high as 5000 °C/min. In both cases, when the preset Tmax was 
reached, microwave power was switched off and the sample cooled down along with the thermal insulation. 
 The sintered (Yb0.05La0.1Y0.85)2O3 samples were translucent with density over 0.99 of the theoretical 
value. The SEM results suggest that the rate of heating strongly affects the microstructure of samples. At the 50 
°C/min rate, isolated rounded particles 0.1-0.4 ɛm in diameter were formed along the boundaries of grains. With 
an increase in the heating rate, the particles merged together forming layers up to 0.3 ɛm in thickness which 
surrounded grains. Due to enhanced mass transport along the quasi-melted boundaries of grains the samples of 
almost full density were obtained in less than 20 s from the start of fast heating at T0 [2]. The average grain size 
decreased from approximately 10  to 1 ɛm with an increase in the heating rate from 50 to 1350 ÁC/min. 
 Also, near full density (ɟ > 0.98 ɟth) samples of Al2O3-ceramics (Tmax = 1550 Áʉ, heating rate 250 
°C/min), Y2O3-ceramics (Tmax = 1600ï1700 Áʉ, 100ï150 °C/min) and MgAl2O4-ceramics (Tmax Ó 1800 Áʉ, 100 
°C/min) were obtained by microwave heating in the regimes with zero hold time.  
 Similar to the studies of flash sintering in dc / 
low-frequency ac fields, the effective conductivity of 
the samples exhibited a sharp increase at the onset 
of the flash sintering stage (Fig. 1). The microwave 
power deposited per unit volume of sample, 
estimated from the energy balance equation, was in 
the range 10 - 250 W/cm3 as the heating rate varied 
from 50 to 5000 °C/min. It should be noted that an 
electric power deposition of this order of magnitude 
was observed in the experiments on flash sintering of 
various oxide ceramics under a dc or low-frequency 
ac electrical current [3]. Possible mechanisms 
responsible for the flash sintering effect in dc/ac and 
microwave fields are discussed.  
 
[1] Yu. Bykov, A. Eremeev, M. Glyavin et al., IEEE 
Trans. Plasma Sci. 32 (2004) 67. 
[2] Yu.V. Bykov, S.V. Egorov, A.G. Eremeev, V.V. 
Kholoptsev, K.I. Rybakov, A.A. Sorokin, Flash 
microwave sintering of transparent Yb:(LaY)2O3 
ceramics, J. Am. Ceram. Soc., 2015, published online 
26 Aug 2015. DOI: 10.1111/jace.13809. 
[3] R. Raj, J. Eur. Ceram. Soc. 32 (2012) 2293.

Figure 1 ï Effective high-frequency conductivity 
evolution during a flash microwave sintering process 
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The fundamental purpose in Functional Ceramics Technology is to obtain 100% dense polycrystalline covalent 
nonoxide ceramics with grain size <100 nm at lowest temperature and shortest time. We report a new method of 
utilizing a low applied electric field on nano/ micro B4C powder at low temperature <1000 oC so as to obtain a 
properly sintered ceramics. Also as to obtain a fully with small grain size. The applied electric field helps to 
reduce the sintering temperature by at least a factor 0.33. The time frames involved are measured in 
minutes/seconds and not in tens of hours/days. We will focus on the B4C system. However, other nonoxide 
ceramics nanocomposites such as ZrB2, TiB2, Si3N4, SiC, BN and their combinations will be reviewed. We will 
also present results of an in situ time- resolved EDXRD study, using synchrotron radiation of 200 keV photons, 
as a function of electric field and temperature whereby the flash sintered nano-B4C particulate system shows an 
anomalous lattice expansion accompanied by a maximum current draw with an increase in density up to 99%. 
The effectiveness of the sintering method which relies on the understanding of the conductivity mechanism of 
non-oxide ceramics will be also discussed. Applications of the B4C ceramics in this flash sintering processing 
exhibiting small grain size including but not limited to ballistic armor will be shown.  
 
We will present an in-situ synchrotron diffraction, impedance analysis, and thermally stimulated currents so as to 
probe the phenomenological landscape pertaining to anomalous mass transport under simultaneous electric 
and thermal fields which is the core phenomena associated with burst mode densification (BMD) which is also 
known as flash sintering. This presentation will include results on which builds upon the prior success in the in 
situ energy dispersive x-ray diffraction work using a synchrotron probe on materials such as yttria doped 
zirconia (Y2O3-ZrO2), barium titanate (BaTiO3), zirconium diboride (ZrB2) and boron carbide (B4C) in which the 
authors of this proposal discovered anomalous lattice expansion associated with high diffusion rates under 
superimposed thermal and electric fields ïthe fundamental boundary conditions in burst mode densification of 
ceramics. 
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Y2O3 ceramics have special chemical and physical 
properties such as high resistance to halogen-plasma 
corrosion and thermal stability. At the same time they 
are difficult to sinter. Conventional sintering requires 
very high temperatures typically >1400°C, and a 
vacuum or hydrogen atmosphere. We show that high-
purity, undoped Y2O3 can be sintered nearly 
instantaneously to almost full density by flash-sintering, 
where densification occurs in a few seconds under a 
threshold condition of temperature and applied field [1]. 
The Y2O3 shows flash-sintering at the fields above 300 
V/cm. For instance, full densification is achieved at 
1133°C under a field of 500 V/cm. The flash event in 
Y2O3 is preceded by gradually accelerated field-
assisted sintering (FAST). This hybrid behavior differs 
from earlier work on Y2O3-stabilized ZrO2 where all 
shrinkage occurred in the flash mode. The 
microstructure of flash-sintered specimens indicated 
that densification was accompanied by rapid grain 
growth. The single-phase nature of flash-sintered Y2O3 
was confirmed by high-resolution transmission electron 
microscopy (HRTEM). The non-linear rise in 
conductivity accompanying the flash led to Joule heating. It is postulated that densification and grain growth 
were enhanced by accelerated solid-state diffusion, resulting from both Joule heating and the generation of 
defects under the applied field.  
 
[1] H. Yoshida, Y. Sakka, T. Yamamoto, J.-M. Lebrun, R. Raj, J. Eur. Ceram. Soc., 34 (2014) 991-1000.  

 
  

Figure 1 ï Densification curves under different DC fields 
as a function of furnace temperature in undoped, high-
purityY2O3. The data for conventional sintering are also 

shown as 0V/cm for comparison.  
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Transparent magnesium aluminate spinel (MgAl2O4) ceramic possesses excellent mechanical and optical 
properties enabling its potential use in many applications, especially those in harsh environments. We have 
previously demonstrated fabrication of transparent spinel ceramic with very low absorption loss (6ppm/cm) at 1 
mm using the hot pressing method. However, microwave sintering offers several potential advantages over 
conventional densification methods such as uniform heating, shorter sintering time, ýner microstructure of the 
ceramics, and scalability to large sizes. Previous attempts to microwave sinter spinel powder resulted in only 
opaque or translucent ceramics. In this talk, we report the fabrication of highly transparent spinel ceramics using 
microwave sintering and highlight the optical, spectral, morphological and mechanical properties. 
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During field assisted sintering, exposure to an electric field often results in faster sintering rates compared to 
conventional sintering methods.  This research focuses on the influence of electromagnetic fields on grain 
growth.  As a model system, SiC was sintered using conventional pressureless sintering at 2100°C.  Samples 
then underwent conventional annealing, and annealing using spark plasma sintering (SPS) without pressure, at 
identical and at lower temperatures, and the grain size as a function of annealing time was characterized.   
 
From these experiments, the grain boundary mobility of SiC at 2100°C under conventional heating versus SPS 
was determined.  SPS annealing resulted in a grain boundary mobility which is three orders of magnitude larger 
than that resulting from conventional annealing.  This indicates that the same (or similar) mechanism which 
promotes rapid sintering during SPS also significantly increases the rate of grain growth.  These results will be 
compared with the role(s) of dopants on the grain growth of ceramics. 
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A functionally graded material (FGM) consisting of a TRIP steel matrix (TRansformation Induced Plasticity) and 
a varying Mg-PSZ particle reinforcement (MgO Partially Stabilized Zirconia) was sintered by Spark Plasma 
Sintering (SPS). The used steel is high-alloyed (16 wt.% Cr, 7 wt.% Mn, 3 wt.% Ni) and the Mg-PSZ content 
decreases along the sample height from 100 vol.% to 0 vol.%. Hence, the bottom of the sample consists of a 
pure ceramic layer. Due to the different melting temperatures and therefore different optimal sintering 
temperatures of steel and Mg-PSZ, it is challenging to densify the FGM in one sintering step. A temperature 
gradient has to be created along the sample height. To achieve a temperature gradient, the sample was shifted 
3.5 mm upwards from the die centre on the one hand. On the other hand, two additional layers of graphite foil 
were placed either on the pure steel side of the FGM or on the pure Mg-PSZ side. In all cases, the sintering 
temperature was controlled by a vertical pyrometer, measuring the temperature in the graphite punch. The sinter 
temperature was set to 1100 °C. All tool set up options led to the formation of a temperature gradient along the 
sample height. Especially the pure Mg-PSZ layer exhibited a higher density, compared to samples sintered by a 
symmetric tool set up. Furthermore, the steel phase locally melted in particular if additional graphite foils were 
placed on the pure steel side of the FGM. Thus the steel melt infiltrated the pure Mg-PSZ layer of the FGM. 
Larger sintering temperature were achieved in the ceramic rich area of the FGM sintered with additional graphite 
foils on the FGM sample side consisting of pure Mg-PSZ and within the FGM sintered eccentric in the die, 
compared to samples sintered in a symmetric tool set up. Hence, these samples exhibited a larger density and 
hardness. However, the FGM sintered eccentric in the die exhibited cracks due to high thermal stresses. 
Altogether, the FGM sintered with additional graphite foils on the Mg-PSZ side exhibited the best properties. 
Sintering this FGM, the temperature was determined by thermocouples and pyrometer within holes in the die, 
3 mm away from the sample, in the die centre and 2 mm above and below the die centre. The temperature in 
the die centre deviated maximal 40 K from the measured temperature in the punch. Increasing the sinter 
temperature from 500 °C to 1100 °C, the temperature deviation between the die centre and the hole 2 mm 
below the die centre decreased from 100 K to 10 K. In contrast, the temperature deviation between the die 
centre and the hole above decreased from 250 K to 40 K. Hence, the die centre is still the warmest area, but the 
temperature distribution is not symmetrical anymore.   
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Electrical conductivity at high electric fields and dielectric breakdown of bulk ceramic insulators is not well 
understood. In order to gain more insight we performed current-voltage measurements on different ceramics to 
identify whether ohmic, space charge limited, Schottky, or Poole-Frenkel conduction, is the dominating 
conduction mechanism. Voltages up to 70 kV were applied and revealed that space charge limited conduction 
(SCLC) prevails at high electric fields in all investigated ceramics. As SCLC is a size dependent phenomenon 
the transition from ohmic to SCLC was determined as a function of the thickness of the disc-shaped samples. 
As a consequence electric field assisted sintering or breakdown models based on ohmic conduction must be 
critically regarded whether they can be applied. In a second part of this presentation we present the dielectric 
breakdown strength of these ceramics as a function of the sample thickness. It turns out that besides the well-
known inverse square root dependence of the sample thickness there is also an inverse square root permittivity 
dependence of the dielectric breakdown strength. A Griffith type energy release rate dielectric breakdown model 
based on SCLC is presented, which is able to describe the size and permittivity dependence of dielectric 
breakdown.  
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A unique sintering technique called FLASH sintering has been developed by Rajôs research group1). When 
green compacts are heated under DC electric fields beyond threshold strength, specimen current abruptly 
increases at a critical temperature, and then densification is immediately completed at very short time. The 
sintering temperature and time largely decrease with the increasing DC electric fields. Cologna et al. 
successfully obtained fully densified YSZ at 850°C for 5s at 120V/cm without any outer pressure. After their 
reports, flash sintering has been applied for various kinds of ceramic materials such as Y2O3, Al2O3, CoMnO4, 
and so on. To obtain fully sintered compacts by flash sintering, it is very important to input electric power into the 
green compacts effectively during the flash event. However, in BaTiO3, dielectric break down occurs under 
critical field strength. This is different from the other ceramics described above2). The dielectric break down 
results in the formation of damaged structure such as holes and so on. The dielectric break down is related to 
the steep increase of spaceman electric current during the flash event. However, the detailed mechanism of the 
steep increment of the spaceman electric current has not been clarified yet. In this study, STEM, EDS and EELS 
analysis was performed in flash sintered BaTiO3 to reveal the microstructure of the dielectric break down paths 
and to determine the defect structure at grain boundaries in high-purity BaTiO3.  

BaTiO3 sintered bodies were prepared from commercially available BaTiO3 powders (99.9%, Ba/Ti=1.000, 
0.1mm). Green compacts with the dimension of 15×5×5mm3 were set in a dilatometer modified to apply electric 
fields, and conducted flash sintering experiments. The specimen current was precisely controlled, and shrinkage 
rate and specimen current were monitored during the sintering experiments. After the flash event, the 
microstructure was analyzed by Cs-corrected STEM (ARM-200FC).  

It was confirmed that flash sintering effectively increases sintering rates in BaTiO3. For example, the sintered 
compact with the relative density more than 90% was obtained 
at 1020°C for 1min at the applied field of 100V/cm. However, the 
final density decreased, and several discharging holes appeared 
at the field strength beyond a critical value. After discharging, 
second phases are formed in the damaged portion near the 
discharging holes. A typical secondary phase formed at the 
damaged portion is shown in Figure 1. The secondary phases as 
indicated by the arrow A are always formed at grain boundaries 
due to the flow of large current. The secondary phases have Ti-
excess composition, suggesting that grain boundaries partially 
melted and a part of Ba vaporized during the flash event. The 
secondary phases were found to be preferentially formed 
through incoherent grain boundaries. As shown in Fig. 1, a grain 
boundary on the opposite side of the secondary phase has no 
secondary phase as indicated by the arrow B in the image. On 
the other hand, EELS analysis has revealed that excess oxygen 
vacancies are formed in the area apart from the damaged 
portion during the flash event. This fact indicates that the 
generation of oxygen vacancies is accelerated by the application 
of DC electric fields. In addition, the excess oxygen vacancies 
were found to retard the shrinkage rate at a final sintering stage. 

 
 
 

1) M. Cologna, B. Rashkova and R. Raj, J. Am. Ceram. Soc., 93, 3556 (2010). 
2) J.C.MôPeko, J.S.C.Francis and R. Raj, J. Euro. Ceram. Soc., 34, 3655 (2014). 
  

 

 

 

 

 

 

 
 
 
 

 

Figure 1 TEM bright field image showing 
secondary phase due to discharging in 
BaTiO3.  
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Sintering behavior of ionic and electric conductor ceramics is enhanced when an external electric field is applied 
during the sintering process by Joule heating, generation of Frenkel defects, mobility of point defects, 
electrochemical reactions and electromigration mechanisms. The applied electric field modifies the sintering 
behavior in two ways, depending mainly on the strength of the field (V/cm) and the electrical properties of the 
sample. Intermediate fields enhance the sintering kinetics apparently due to the retardation of grain growth, 
which is called field assisted sintering. In contrast, high fields generate massive densification just in few 
seconds, which is recently referenced as flash sintering. Nonetheless, the majority of these studies are 
performed for solid state sintering (SS), whereas only a few works have been published on liquid phase 
sintering (LPS).    
 
In this work, the effect of the electric field on liquid phase sintering is analyzed in detail, being the first time that 
flash sintering is observed in LPS. Alumina containing different amount of a glassy phase (Al2O3/CAS) was 
chosen to ascertain the role of current on liquid phase sintering using a sinter-forging device. In situ laser 
dilatometry, evaluation of specimen temperature, real-time measurement of electrical field and current density 
are complemented by microstructure analysis and sintering rates calculations, which give insights of involved 
mechanisms as function of the sintering conditions and applied field. In addition, viscosity measurements and 
wettability studies of the glass at high temperature were carried out to reveal the effect of current on the 
response of glass. Current flowed only through the liquid phase at high temperature and enhanced the 
densification process by two effects: Joule heating and athermal response of the viscous liquid under the 
electric field. Joule heating increased the temperature within the specimen, whereas the applied electric field 
reduced the viscosity of the liquid phase promoting a more effective matter transport.  
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Within the last five years considerable efforts were done in investigating electric field assisted sintering (flash 
sintering). However the experiments are hard to control: shrinkage occurs within seconds and the local 
temperature is undefined due to joule heating. Therefore the present study removes these two parameters by 
investigating grain growth under electric field in the no-current-case for strontium titanate. 
 
The impact of an electric field on grain growth in strontium titanate is investigated between 1350°C and 1550°C 
for fields of up to 50V/mm. To prevent joule heating by a current flowing through the material insulating Al2O3 
plates separate the electrodes from the samples. The seeded polycrystal technique is used, which allows 
evaluating the grain boundary mobility without an influence of the grain boundary energy. The growth direction 
of the single crystalline seeds is perpendicular to the electric field; hence electrostatic forces do not influence the 
growth. Below 1425°C the influence of the electric field is weak. However above 1425°C the field results in an 
increase of the grain boundary mobility at the negative electrode. The range of this increase is in the order of 
~1mm. It is shown that abnormal grain growth can be triggered by the electric field. 
 
Based on the experimental findings a model is established based on a shift of charged defects. The 
enhancement of the grain boundary mobility on the negative electrode is explained by an accumulation of 
oxygen vacancies. This accumulation induces a reduction of the material. A reduction of strontium titanate by 
atmosphere also results in an increase of the grain boundary mobility, which accords well with the observed 
behavior under electric field. 
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Flash sintering ability to densify ceramic material in less than 5 seconds, at much lower furnace temperatures 
than conventional sintering has been reported and studied for a large set of conductive ceramics and recently of 
composite ceramic materials. Since no die is used, the current mandatorily flows through the sample and the 
flash process is characterized by an abrupt increase in the sample conductivity accompanied by shrinkage and 
densification. In the literature two types of experiments are reported, referring to the furnace temperature: 
Constant heating rate (CHR) and isothermal experiments. The flash sintering elementary mechanisms are not 
yet fully understood. It has been recognized that, in isothermal experiments, the flash densification stage (ñflash 
stageò) is observed after an incubation period during which no macroscopic densification is observed (ñpre-flash 
stageò, or first stage); and in the CHR experiments, the densification temperature varies according to the 
intensity of the applied electric field. According to the literature and to our previous works, the effective electrical 
conductivity of the sample is a key parameter of the flash effect. In the present work, this parameter was varied 
using conducting/insulating ceramic composites with different amounts of insulating phase. This presentation 
reports and analyses the result of a study on the effect of a non-conductive second phase, alumina, on the first 
stage of the flash sintering of zirconia based ceramics in both CHR and isothermal furnace experiments. Spray 
dried 8 mol% Y2O3 zirconia (from Tosoh) and alumina - 3 mol% Y2O3 zirconia powder blends provided by 
Baikowski Company were used, with alumina volume fraction ranging from 0 to 60%, enabling a wide range of 
effective conductivity values. 
 
In the CHR experiments samples were heated from 20 to 1500°C at 10°C/min and the electric field was applied 
from 500°C. In this case, the flash temperature is the experimental macroscopic analyzed result. For the 
isothermal experiments, the samples were preheated at different temperatures T0 (900 to 1400°C) before 
applying the electric field. In this case the delay time (or incubation time) to observe the flash event is the 
experimental macroscopic analyzed observation. All experiments were performed under constant AC (1kHz) 
electric field E0, with E0 of 100 and 200V/cm. The sample electrical conductivity was measured by impedance 
spectroscopy and recorded during all the sintering cycle. 
 
Regarding the pre-flash period, our results show that the flash event is related to sample conductivity (which is 
determined by the amount of non-conductive phase) in both CHR and isothermal experiments. The data 
analysis for both types of experiments shows that the flash conditions are determined by a balance between the 
electric power supplied to the sample and the heat losses. Experimental data are in agreement with a thermal 
process in which the internal Joule dissipation heating competes with external heat losses. A simple model is 
proposed on this basis, which predicts the experimentally observed scaling laws.  
 
The observation of alumina-zirconia eutectic microstructures in flash sintered composite samples and 
microstructure evolution of 8YSZ powder confirms that internal sample temperatures reached during the flash 
are in agreement with the temperature estimations obtained from the recorded conductivity evolution.  
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During operation ceramic materials are often exposed to high electrical fields, which create a second driving 
force for mobile components in addition to the chemical potential gradient. Due to the ongoing miniaturisation in 
modern applications, interfaces gain in importance for the materials properties. Solid state reactions, negligible 
on macroscopic length scales, become more important on the nanoscale and thus become a frequent source of 
materials degradation 
 
In this contribution the influence of an electric field on the kinetics and the morphological evolution of (heteroge-
neous) solid state model reactions will be highlighted [1-4]. Experiments on the reaction couples MgO + In2O3 
(forming one product: MgIn2O4) and Al2O3 + Y2O3 (forming three products:YAG, YAM and YAP) were performed 
in thin film technique. Using linear transport theory, a time independent growth rate for the product layer(s) is 
expected, depending on the magnitude and the direction of the ionic current through the electrochemical cell 
and the difference of the ionic transference numbers in the product phase. This is generally different compared 
to solely diffusion controlled reactions without electric fields, where the reaction rate decreases with increasing 
product layer thickness. In a spinel forming reaction an enhanced growth rate for the product layer is predicted, 
when the divalent cations are more mobile and the trivalent oxide is attached to the cathode side (Fig. 1). 

 

 

Fig. 1: Thickness of the MgIn2O4 layer vs. time for the 
reaction MgO + In2O3. Reference without field (dia-
monds) and with an applied external electric field 
(circles). 

Fig. 2: Thickness of the YAP layer vs. time for the re-
action Al2O3 + Y2O3. Reference without field (triang-
les) and with electric field, Y2O3 layer to the cathode 
side (squares) and to the anode side (circles) 

The role of grain boundaries as fast diffusion paths is highly emphasised. The morphology of the product layer is 
significantly different compared to a non-field-driven reaction. An analysis shows that the ionic transference 
numbers in (large angle) grain boundaries differs significantly from the bulk phase, causing locally different 
growth rates of the product layer. In case of a spinel forming reaction the divalent oxide tends to grow along 
grain boundaries through the complete product layer, reaching the trivalent oxide. 
In solid states reactions forming more than one product layer, applying an additional electric field opens a possi-
bility to control the product formation. Driven by an electric field, the growth kinetics of the product layer depends 
on the difference of the ionic transference numbers, without field on the Nernst-Planck coupled conductivities. In 
case of the reaction between Al2O3 + Y2O3 (three products:YAG, YAM and YAP) the formation of the perovskite 
phase (YAP) can be selectively enhanced when connecting the Y2O3 layer to the cathode side (Fig. 2). 
 
[1] M. T. Johnson, C B. Carter and H. Schmalzried, J. Am. Ceram. Soc 83, 1768-1772 (2000) 
[2] C. Korte, N. Ravishankar, C. B. Carter and H. Schmalzried, Solid State Ionics 148(1-2), 111-121 (2002) 
[3] C. Korte, N.D. Zakharov and D. Hesse, Phys. Chem. Chem. Phys 5(25), 5530-5535 (2003) 
[4] C. Korte, and B. Franz and D. Hesse, Phys. Chem. Chem. Phys. 7(2), 413-420 (2005) 
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Spark plasma sintering (SPS) currently used for rapid and full densification of ceramic particles assisted by a 
pulsed dc current passed through the powder compact. Our investigations with different ceramic powders (LiF, 
NiO, and YAG) as model systems discovered local melting of the particle and nano-particle surfaces, confirming 
the formation of spark and plasma during the SPS. However, spark and plasma form at certain material and 
process conditions. The ceramic yield stress and its electrical conductivity, and their temperature dependence 
mainly determine the conditions at which spark and plasma will take place in a given non-conducting granular 
compact. We introduce the conditions for plasma formation in soft deformable and hard non-deformable ceramic 
powders as model systems, through the Plastic Deformation-Plasma Formation Temperature Windows 
Diagrams. The different behavior at different oxide systems depend on the material properties, and the pressure 
and its application regime. These conditions also determine the nano- micro-structure evolution during the 
sintering by grain growth via grain-rotation and grain sliding.  
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The SPS is a sintering unit where heating and the uniaxial pressure is applied to a powder placed in a die. The 
best pressure and temperature distribution in the sample is achieved when the sample has the shape of a round 
pellet. In some cases it would be beneficial to be able to sinter square or rectangular plates. The processing of a 
large square/rectangular plate is a challenging task because the shape will increase the temperature gradient in 
the horizontal direction in the plate resulting to uneven properties in corners compared to the middle. In this 
study we present results of a simulation of the temperature gradient inside the plate of conductive material. The 
decrease in the temperature gradient was tried to achieve by directing the electric current towards the corners of 
the plate. 
 
The Comsol multiphysics was used for modelling the temperature difference in the large square plate of 
conducting material. To make the simulation simple the die was removed from the test. This will increase the 
temperature difference and will make the improvement in the temperature distribution more visible.  In the basic 
case the current passed the total area of the plate and the difference between the corners and middle of the 
plate is remarkable. The insulating layer was added and the temperature gradient was decreased.  The results 
of the simulation were  in the line of the experiments done with a large steel plate when the temperatures 
between the different areas were measured in-situ when the plate was heated. 
 
Controlling the direction of the current in the case of a conducting material can increase the homogenity of the 
samples sintered in the SPS. 
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Possible thermal and field factors, which may influence densification during spark-plasma sintering (SPS), are 
considered. Two experimental setups revealing the role of both groups of factors for SPS processing of 
conductive and semi-conductive materials are described.  
 
To de-convolute the influence of the electrical current, spark plasma sinter-forging experiments are conducted to 
compare the constitutive behavior of a copper powder under current-insulated and current-assisted SPS 
process conditions. The processing mode with specimenôs free lateral surface enables the direct in-situ 
measurement of the powder material temperature. The experimental results are interpreted in the framework of 
the developed constitutive model of the spark-plasma sintering of conductive powders, taking into consideration 
thermal and non-thermal factors. The micro inhomogeneity of the temperature distribution and its effect on the 
densification rate of conductive powders during current assisted sintering is analyzed.  
 
The role of thermal factors is displayed by a developed method for conducting flash spark plasma sintering 
(SPS) type experiments with an industrial SPS device. The effectiveness of this technique is studied for 
consolidation of SiC powder. Specially constructed dies are designed to heat the pre-compacted SiC powder 
specimens to a critical temperature before applying any voltage to the specimens. The dies incorporating a 
sacrificial metal bushing heat the specimen allowing the electrode-punch of the SPS device setup to contact the 
specimen and pass current through it under elevated temperatures. The experimental results demonstrate that 
flash sintering phenomena can be studied using conventional SPS devices. The role of the thermal runaway 
phenomena for material processing by flash sintering is theoretically analyzed. It is shown that the thermal 
runaway may affect the scalability of the powder consolidation. 
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Microwave sintering as a rapid processing technic has been extensively investigated in the past decades. 
During microwave heating, the material couples with the electric field, absorbs the electric energy in its bulk and 
transforms it into heat. The microwave coupling behaviour depends on the dielectric loss factor. In most of pure 
oxide ceramics such as alumina the loss factor is very low at room temperature and increases with increasing 
temperature. Routinely a high dielectric loss material is used as a susceptor for heating the green specimen up 
to a temperature at which it significantly couples with the microwaves ; this process is referred to as ñhybrid 
microwave sinteringò.  
The dielectric properties of alumina strongly depend on doping elements such as magnesium and yttrium or 
non-controlled impurities, especially in the microwave frequency range. In the literature, most studies deal with 
doped powders sintered in a multimode cavity using a susceptor. Spectacular effects of microwaves on 
densification and grain size were often reported and claimed. However, in most cases, the heating cycles in 
conventional sintering and microwave were different and the specimen temperature in microwave sintering 
could have been underestimated due to unreliable temperature measurement. In almost all cases, the authors 
unsuccessfully tried direct microwave heating  
In a recent paper Croquesel et al. (Materials and Design 88 (2015) 98-105) presented a 2.45 GHz monomode 
cavity furnace allowing direct microwave heating of pure ceramic powder. This cavity was optimized with an 
impedance tuner so as to maximize electric power to the specimen. It includes an optical dilatometry device that 
allows following the shrinkage during sintering and a pyrometer-based technique specifically calibrated for 
reliable measurement of the sample temperature in the microwave furnace environment. With this equipment, 
direct microwave sintering can be significantly compared with conventional sintering and specific effects of 
microwaves on the sintering behaviour, if any, can be evidenced. Three nano gamma-alumina powders were 
used: two non-doped powders seeded with 3.3 and 9.4 % of alpha phase and a 500 ppm MgO doped powder 
(4% alpha seeded). The sintering behaviours in the 2.45 GHz monomode microwave cavity and in a 
conventional dilatometer were carefully compared. The microwave experiments were performed in direct as well 
in hybrid (SiC susceptor) conditions.  
Reference conventional and microwave experiments were performed at the same constant heating rate 
(25°C/min) up to 1550°C. The master sintering curve model was used to extrapolate conventional sintering 
curves at high heating rates (up to 300°C/min) in order to compare the results with microwave sintering curves. 
For both undoped powders, the gammaĄalpha phase transformation is shifted by 100°C towards lower values 
in the case of microwave heating. The density jump associated to the phase transformation, which increases 
with seeding in conventional sintering, is almost independent of the alpha content in microwave sintering. With a 
high amount of seeding (9.4%) the final densities and micro-structures with the same thermal cycle are 
equivalent. Mg doping strongly reduces densification in alpha phase after the transformation in microwave 
sintering, which is not the case in conventional sintering.  
The behaviour of doped and undoped powders is explained by a specific enhancement of interface mechanisms 
by the field, and the modification of this interaction by the doping elements.  
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We examine the roles that charged defects play in electric-field-assisted sintering using first principles density 
functional theory. We consider individual point defects and defect complexes, such as Frenkel pairs and 
Schottky defects. For each defect, the formation energy is calculated as a function of the temperature and 
applied electric field to estimate its density under experimental conditions. The effects of the defects on the 
observed densification are then modeled. Optical transitions of the defects are computed to allow for 
spectroscopic identification. The modification of the lattice constants due to the defects is presented for 
comparison with diffraction measurements. 
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CaCu3Ti4O12 (CCTO) has attracted great attention because of its potential application in microelectronic devices, 
as showing very high Ҳǋ values (~ 12,000) with good stability from room temperature to 300 °C [1].  This material 
is usually prepared through conventional synthesis (solid-state reaction) at 1000 °C followed by sintering at 
1100 °C, for dwell times of several hours. These high annealing temperatures and times lead to ceramics with 
micro-sized grains, exceeding significantly 1.0 µm in most cases. Field-assisted flash sintering [2] was here 
considered for producing high-quality CCTO electroceramics, from a powder originally synthesized via a 
modified polymeric precursor method [3] and calcined at 800 °C for 2 h. The study includes analyzing the 
dynamics of material shrinkage and densification. With increasing electric field (E), three distinct regimes were 

distinguished (see Figure 1): a conventional-like sintering behavior for E   15 V/cm, followed by a region of 
accelerated (fast-dominated) sintering for 15 Ṃ E  30 V/cm, and then the flash-dominated regime, for E ṃ 30 
V/cm, where sintering is not only accelerated but occurs suddenly. In consequence, under field action, sintering 
of the material was achieved at furnace temperatures sensibly lower, reaching a value as low as 750 °C for E = 
60 V/cm versus 1050 °C in conventional processing. The physical mechanism behind each regime and  the 
extent to which the rise in sample temperature induced by the applied field (Joule heating) is determinant are 
also discussed. Finally, a correlation was found between the microstructural characteristics achieved during 
sintering and the dielectric response measured.  
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Figure 1 ï Partitioning of shrinkage strain attributed to conventional-
like behavior (I), FAST- (II) and FLASH-dominated regions (III). 
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Flash sintering of ZnO, TiO2 and a few other oxide systems has been investigated. A quantitative model has 
been developed to forecast the thermal runaway conditions (Fig. 1) [1]. The predicted thermal runaway 
temperatures from the measured conductivities are in excellent agreements with the observed onset flash 
temperatures for at least 15 cases with different base materials, doping and surface treatments, particle sizes, 
and sintering atmospheres, attesting that the ñflashò starts as a thermal runaway.  
Furthermore, a range of new phenomena of electric field/current effects on sintering and microstructural 
evolution have been observed and explained, which include: 1) abnormal grain growth at the anode size in ZnO 
in air (but not in Ar + 5% H2), 2) flash of single-crystal ZnO (at a higher temperature than powder specimen) and 
8YSZ (at a lower temperature than powder specimen), 3) effects of grain/particle size and initial density on 
onset flash sintering temperature and final microstructures, 4) a strong dependence of flash temperature on the 
sintering atmosphere, 5) various doping and surface treatment effects on the flash sintering of ZnO and TiO2; 6) 

electric field induced migration of AlZn
¶  in Al2O3-doped ZnO (AZO), 7) growth of aligned ZnO single-crystalline 

rods at high currents, and 8) development of bimodal microstructures.  
Specifically, using ZnO as a model system, a strong dependence of the onset flash sintering temperature on the 
atmosphere has been discovered. In a set of optimized conditions, ZnO specimens have been sintered to >97% 
relative densities in ~30 s at furnace temperatures of <120 °C in Ar + 5 mol. % H2, with uniform microstructures 

and fine grain sizes of ~ 1 mm (Fig. 2) [2]. The enhanced conductivities of ZnO powder specimens in reduced 
atmospheres are responsible for the substantial decreases of the onset flash sintering temperatures. 

 
Figure 1 ï A thermal runaway model using 
measured conductivity vs. temperature can 
predict the onset flash temperatures for 3 ZnO 
specimens (and at least 12 other cases) [1]. 

 
Figure 2 ï A strong dependence of the onset flash sintering 
temperature of ZnO on the atmosphere has been 
discovered. ZnO specimens have been sintered to >97% 
densities at furnace temperatures of <120 °C in Ar + 5 mol. 
% H2 [2]. 
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We provide evidence for temperature-driven flash sintering process, accounting for otherwise interpreted as 
abnormal behavior. Using 8%-Yttria-doped Zirconia as reference material, we selected moderate flash 
conditions to avoid external current-limiting control. 
Samples were dry-pressed and pre-sintered to relative 
densities between 50 and 85 %TD by interrupting 
sintering at pre-determined shrinkage values, in 
conventional and flash sintering processes. SEM 
characterization shows similar trends for average grain 
size, porosity levels and distribution between flash and 
conventional samples. Bulk and grain boundary 
conductivity and characteristic frequencies, measured by 
impedance spectroscopy, show similar behavior 
regardless of the processing route.  
 
A third series of samples were pre-sintered and then 
flash sintered. The conductivity was measured as a 
function of relative density for different temperatures. 
These data were used to derive a scaling-law for flash 
sintering, which expresses sample conductivity versus 
temperature, corrected for instantaneous density. It 
replicates the signature current runaway during flash 
sintering which has been associated with unconventional 
sintering mechanisms.  
 
We conclude instead that it derives simply from the 
interdependence of conductivity with densification and 
sample self-heating through joule effect. A rough 
estimate of sample temperature can convert this non-
linearity to a well-known Arrhenius behavior. Results 
apply equally well to previously published data, both in 
isothermal or constant heating conditions. 
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Energy saving and reduction of environmental costs are two of the most important issues for the ceramic 
industry of the 21th century. Field Assisted Sintering (FAS) techniques were revealed as a very promising route 
in order to reduce sintering time and temperature. 

Recent studies showed that it is possible to reduce the sintering time to few seconds by applying an E-Field at 
an onset temperature. This process, called Flash Sintering, is accompanied by a drastic drop in the resistivity of 
the ceramic. Many semi conductive or conductive materials were studied like zirconia, zinc oxide, GDC, silicon 
carbide, MnCo2O4, (La,Sr)(Co,Fe)O3. 
 
Other authors focused their research on the so called Flash Softening, demonstrating that the application of a 
Field is also very effective in reducing the softening temperature of a glassy phase. 
 
In the present work the effect of the addition of three vitreous phase, with different conductivity, on the FAS of 
alumina are studied. Different field and current density are applied in the range 500-1500 V/cm and 0.6-2 
mA/mm2 respectively. 
 
It is analysed in detail how the glass changes the sintering temperature, the sintering rate and the final density 
of the alumina bodies. 
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The innovative flash sintering process raised a great interest in the past few years due to its applicability 
in various engineering fields and the interesting scientific questions it evokes. This technique could be beneficial 
in many applications since it reduces the time and cost of the sintering process. Joule heating can explain the 
sudden temperature rise of the sample, which enhances the rate of grain boundary diffusion. However, for a 
given material the temperature of the sample remains lower than the temperature at conventional sintering. 
Although Joule heating is a significant phenomenon, it is proposed that lattice defects and their transport 
properties are also influenced by the applied field and can play an important role in the flash sintering process. 
In this work, iron doped SrTiO3, was chosen as a model material to examine the influence of dopants on the 
threshold conditions of flash sintering (i.e., temperature and applied electric field). SrTiO3 has been flash-
sintered before at different furnace temperatures and electric fields. [1,2] Additionally, it is a simple cubic 
perovskite and its defect chemistry is well defined in the dilute dopant case. The threshold conditions of five 
different SrTi1-xFexO3-ŭ samples (x=0, 0.1, 0.5, 1, 3) indicate that the furnace temperature decreases when 
doping is increased. This result can be explained both by the increase of the electric conductivity that affects 
directly the Joule heating; and by the existence of added ionic defects in the lattice. In a doped semiconductor, 
extrinsic defects can be compensated electronically and by self-compensation (native ionic defects). The 
analysis of point defect concentration was done using the doping factor concept. The doping factor, f, is defined 
by the ratio between the electron concentration after introducing a dopant and the electron concentration at a 
reference state. Substituting the new electron concentration in the mass action relations of all the defects yields 
new values for their concentrations in the doped material, expressed by the same factor f. [3] The flash sintering 
setup is assembled in a dilatometer, utilizing its ability to measure shrinkage in-situ. [4] AC measurements are 
performed before applying the field and after the sintering has been terminated. DC Electrical field is applied to 
the electrodes at both edges of the sample via source meters to achieve maximum voltage of 600 V with limited 
current of 100 mA. 
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4. Shomrat N, Baltianski S, Randall C.A, Tsur Y. Flash Sintering of Potassium-Niobate, J Eur. Ceram. Soc., 
2015;35: 2209ï13. 
 
  



Wednesday, March 9, 2016  Session 4 

ELECTRIC FIELD EFFECTS ON GRAIN BOUNDARY FORMATION AND GRAIN GROWTH 
 

Klaus van Benthem, University of California, Davis 
Benthem@ucdavis.edu  

Hasti Majidi, University of California, Davis 
Jorgen Rufner, University of California, Davis 

Wei Qin, University of California, Davis 
 

 
Key Words: TEM, EFAS, defect formation, activation energy, grain growth, spinel, YSZ 
 
The application of electric fields can enable the accelerated consolidation of materials during field assisted 
sintering, such as spark plasma sintering or flash sintering. Although such techniques are already employed for 
the synthesis of a wide variety of microstructures with unique macroscopic properties, a fundamental 
understanding of the atomic-scale mechanisms for grain boundary formation and subsequent migration in the 
presence of electrostatic potentials is mostly absent from the literature. We have designed experiments to 
specifically de-couple the effects of heating and applied electrostatic fields during consolidation. In situ 
transmission electron microscopy studies were carried out with new sample holder designs to investigate 
densification and grain growth mechanisms in the absence and presence of electrical fields [1,2].  Quantitative 
experimental observations reveal lowering of activation energies for both densification [2] and grain growth [3] 
as a consequence of the applied electric field strength. In the specific case of flash sintering, microstructural 
characterization furthermore reveals that electrode effects can lead to non-homogeneous microstructure 
evolution during processing. Examples for yttrium-stabilized ZrO2 and MgAl2O4 spinel will be discussed. 
 
This research is supported by the University of California Laboratory Fee Program (12-LR-238313) and the US 
Army Research Office (program manager: Dr. D. Stepp) under grant W911nf-12-1-0491-0. 
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Recent research in the field assisted sintering of actinide oxides and nitrides has shown the great potential of 
the technique, but has also evidenced the need for a better understanding of the behavior of such class of 
materials during processing with current/fields [1-3]. Uranium dioxide, due to its multiple oxidation states and 
semiconductor characteristic, represents a good model material to investigate some of the peculiar effects of the 
electric field in the processing of materials. The stoichiometry of UO2 is of paramount importance, since it 
governs its fundamental properties, such as the thermal and electrical conductivity, the diffusion coefficients and 
thus also the sintering and grain growth kinetics.  
Here we report the densification behavior of hyperstoichiometric UO2+x in spark plasma sintering. The O/U ratio 
of the sintered pellets was studied by XRD, X-ray absorption spectroscopy (XAS) and Raman spectroscopy, 
while finite element methods (FEM) was used to assess the temperature distribution during processing. It is 
found that powders with an original stoichiometry of UO2.16 are gradually reduced to perfectly stoichiometric 
UO2.00 as a function of the sintering temperature and time. Most interestingly, a gradient in the oxidation state in 
the axial direction was observed for pellets sintered in intermediate conditions (Fig. 1). This gradient depends 
unequivocally on the direction of the current. Microstructural analysis confirmed the field/current effect in the 
sintered material. The reasons for the gradient in stoichiometry will be discussed and the implications for the 
electric field processing of UO2 and non-stoichiometric oxides in general will be addressed. 
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Figure 1 ï Raman mapping of UO2 pellet made by SPS indicating a gradient in the oxidation state.  
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Hydroxyapatite (HAP) and alumina ceramics were sintered at low temperatures by using the SiC molding set 
during spark plasma sintering (SPS). Transparent ceramics were obtained at 800 ęC and 1000 ęC for HAP and 
alumina, respectively. The SiC is electrically conductive (3x104 S/m), so that the molding set (mold, punch and 
spacer) was directly heated during SPS without external heating. Compared to the conventional graphite 
molding set, the voltage level during heating was higher due to lower conductivity. When the graphite molding 
set was used, the temperature required for transparent HAP and alumina was about 950 ęC and 1150 ęC, 
respectively. The SiC molding set lowered the temperatures for transparent ceramics by 150 ęC (Fig. 1). For 
transparent HAP, the transmission is almost similar between the samples sintered at 800 ęC with the SiC set 
and at 950 ęC with the graphite set. For transparent alumina, the transmission is considerably affected by the 
heating rate. At <20 ęC/min, the transmission of the sintered alumina increases with an increase in the heating 
rate and shows a maximum at 20 ęC/min. This is opposite to the behavior for the graphite molding set, where 
the transmission decreases with increasing heating rate. The dependence on the heating rate is explained by 
considering the effect of applied voltage during SPS. The high voltage level seems to enhance the diffusion 
during sintering. At a heating rate of 50 ęC/min, the transmission of the alumina decreases due to the 
accelerated grain growth, and the delay behavior of dynamic grain growth was also observed. In this study, the 
effects of the SiC molding set were examined on the densification temperature, transmission, voltage level and 
grain growth.  
 

 
  

Figure 1 ï HAP ceramics sintered at 800 ęC for 10 min by using the graphite (left) 
and SiC (right) molding set. The 2.3 mm thick samples are 24 mm above the text. 
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All-oxide composites are increasingly investigated in the field of microelectronics and telecommunications 
because of their multi-functionalities. Dielectric properties can be tuned in ferroelectric-based composites 
performed by Spark plasma sintering (SPS) through a control of composition, grain size, architecture and 
charged defects at interfaces.  Using SPS on ceramic bilayers made of ferroelectric Ba0.65Sr0.35TiO3 (BST65/35) 
and TiO2 dielectric phases, we show that the reactivity at their interfaces is dependent on the direction of the 
current and/or on the sintering temperature. The electric current promotes an interphase growth whose 
thickness depends on the bilayer stacking and on the current direction. The influences of the current density and 
direction on the rate of growth of interphases were mainly studied for intermetallic multilayers.  We show here 
that this can be extended to dielectric oxides and that properties can be tuned by adjusting the nature of the 
composite (BST/TiO2, BST/ZrO2) and the architecture (bilayer, multilayer or random 3D mixing). The specific 
SPS conditions enable the control of both the interface between the two components and the reduction level 
leading to interface-driven dielectric properties. We suggest that such approach can be extended to other 
interphases between oxides of different reduction ability. 
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It is reported that the spark-plasma-sintered (SPSed) transparent oxides exhibit a discoloration. The 
discoloration is known to be more remarkable in the SPSed oxides than the HIP/HP processed ones. In order to 
understand the discoloration phenomena, the discoloration was investigated by spectroscopic techniques using 
a spinel (MgAl2O4) as the reference material. 

 
The discoloration is explained by the combination of carbon contaminations and lattice defects (color 

centers), which are introduced in the spinel matrix depending on the SPS conditions. For high heating rate of 

²50°C/min, carbon contamination occurred by evaporating the carbon phases from the carbon papers and 
graphite dies during the heating process and tended to be enhanced by the increasing heating rate. For the high 
heating rate of Ŭ = 100 °C/min, although the carbon contamination occurs over almost the entire region of the 
spinel plate with a 3 mm thickness, the amount of the contamination is significant around the surfaces. The color 
center (F+-center) may be generated by the formation of oxygen vacancies, which are mainly introduced by 
dislocation motion depending on the sintering conditions. Since the rate of sintering, namely the deformation 
rate, increased with the heating rate, the concentration of the dislocation-related color centers increased with the 
heating rate, but decreased with the sintering temperature due to the bleaching of the oxygen vacancies. For the 
present spinel, the discoloration due to the carbon contamination and the formation of F+-centers deteriorates 
the light transmission depending on the sintering conditions. 
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It is well recognised that value of porosity and grain size influences mechanical properties such as fracture 
toughness, elastic modulus and strength dramatically. Boron carbide (B4C), as well as other lightweight 
ceramics like TiB2, B6O requires high consolidation temperatures owing to its poor sinterability. Therefore such 
decrease of ceramics properties becomes a materials processing issue since during consolidation process on 
the final stage of sintering (either pressure-assisted or pressureless one) grain growth starts. To overcome this 
problem, various metallic and non-metallic binders are used to obtain dense borides. However, the presence of 
a metallic binder is not desirable for high-temperature structural applications. We propose that reaction-driven 
consolidation by means of spark plasma sintering (SPS) at temperatures exceeding 1800 °C as an alternative 
method for fabrication of high-temperature lightweight ceramic composites.   
 
This work summarizes recent activity on processing of lightweight ceramics based on boron carbide, boron 
suboxide and titanium diboride in the respect to mechanical properties: such as hardness, fracture toughness 
and room and high-temperature strength. Application of various techniques for powders preparation and 
consolidation by SPS is thoroughly discussed in respect to obtained lightweight ceramic composites properties. 
A thorough discussion of high-temperature properties for these ceramic composites is also provided. 
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The electric current activated/assisted sintering (ECAS) is an ever growing class of versatile techniques for 
sintering particulate materials. ECAS was pioneered by Bloxam in 1906. As illustrated in Fig. 1, ECAS 
development is emblematic of its technological and scientific importance.  Nowadays, most of the scientific 
attention is focused on the Spark Plasma Sintering (SPS) technology originated in 1966 by Dr. Inoue [1].  
Essentially, SPS exploits the same punch/die system concept as the more familiar hot pressing (HP) process. 
The powder is placed in the die and subsequently pressed between two counter-sliding punches. Mechanical 
loading is normally uniaxial. SPS and HP differ signiýcantly in the heating mode. Speciýcally, in HP an array of 
heating elements indirectly heats the punch/powder/die assembly by radiation and eventually by convection 
and/or conduction. The powder heating rate is controlled by the rate of radiation and/or convection and 
conduction. Conversely, in SPS, 
the punches transfer the 
electricity and Joule heat directly 
to the powder. As the supplied 
current density can be very 
large, the heating rate in the 
powder can approach 106 Ksī1. 
The short sintering time, SPS is 
particularly suitable for: (a) 
preserving initial powder grain 
size or nanostructure, (b) 
consolidating amorphous 
materials, (c) improving bonding 
strength between particles and 
(d) controlling phase reactions or 
decomposition (in the case of 
composites).  
In the SPS process, the 
measured temperature is not 
directly related to the sintering 
temperature. The combined 
experimental and FEM 
simulation analysis permitted to 
obtain the optimum process and mold design which permitted to have direct control of the final microstructure. 
The electric conductivity of the material plays a fundamental role on the current and temperature distribution 
inside the sample. The SPS method was successfully applied to electric conductive ceramics such as pure WC, 
WC-diamond, semiconductors, and low electrical conductive ceramics such as transparent alumina. 
Here we will summarize future direction and problems in both fundamental research and industrialization of the 
SPS technology. 
References: 
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Fig. 1  Diagram tracing the evolution of ECAS technology over the past 110 

years. The main patents corresponding to milestones in basic ECAS and 

peripheral units, are speciýed on the left- and right-hand sides, respectively. 
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PZT and its derivatives exhibit a wide range of piezoelectric properties allowing their applications in transducers, 
actuators and sensors. However, due to the toxicity of lead for human health and environment, many studies are 
carried out on lead-free piezoelectric materials. Among these materials, (K,Na)NbO3 (KNN)-based solid 
solutions seem to be promising candidates owing to their high dielectric, piezoelectric and mechanical 
characteristics shown by Saito et al. in 2004. However, reaching high density for these materials appears 
difficult and alkali volatilization may occur during sintering process. In order to overcome these difficulties, in the 
present work, K0.5Na0.5NbO3 ceramics are sintered with spark plasma sintering technique and comparatively 
studied with the classical sintering technique. Their electromechanical properties are related to microstructure, 
density, pores distribution, stoichiometry, grain boundaries and grain size. High thickness coupling factor of 45% 
and interesting planar coupling coefficient of 48% are reached. To go further, by taking into account previous 
studies in the literature, the effect of dopants such as Mn, Co, Ta and La on the sintering behavior of KNN are 
investigated. Their impact on microstructures and piezoelectric properties are presented comparatively, 
evidencing the efficiency and the benefit of SPS sintering in this system. 
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The study is focused on the rapid generation of whisker-like magnesia-aluminate spinel (MgAl2O4) crystals. Two 
recently developed carbon-bonded refractory ceramics, pyrolyzed MgO-C and Al2O3-C [1], were used as the 
starting materials. The heating to 1600 °C was performed in a SPS/FAST device to facilitate carbothermic 
reactions, which resulted in the reduction of the specific oxide and the subsequent nucleation and growth of 
fibre-like crystals. 
 
The research was based on a recently published study [2] that had established the possibility of the MgAl2O4 
whisker formation in a composite structure consisting of MgO-C/Al2O3-C with iron, which acts as a catalyst in a 
vapour-liquid-solid (VLS) growth process. This process had been performed using SPS/FAST at 1600 °C under 
vacuum atmosphere and relied on the reduction of both oxides under given conditions. Resulting CO gas and 
vaporised metals (Mg, Al) had dissolved in the catalyst leading to the formation of the typical shape of VLS-
grown whiskers [2]. 
 
The aim of the present study was to transfer these known conditions to a system without a catalyst and to clarify 
the influence of atmospheric pressure. For this reason, MgO-C was placed on Al2O3-C, which served as 
substrate for the whisker growth. The heating was performed indirectly with 200 KĀmin-1; the heat was produced 
by the surrounding graphite die. No mechanical pressure was applied during the SPS/FAST process. Vacuum 

as well as argon gas with the pressure of 9 ³ 104 Pa were used as sintering atmospheres. 
It was shown that with Fe/steel as the catalyst, MgAl2O4 whiskers are generated independently from the 
atmosphere by the VLS mechanism. In the absence of the liquid metal catalyst, argon atmosphere at near-
ambient pressure supports the formation of the fibre-like crystals by a vapour-solid (VS) growth process. Without 
the catalyst, no whiskers are obtained under vacuum conditions. 
 
In the presentation, results of XRD, SEM/EDX and EBSD will be presented and the growth mechanisms will be 
discussed in details. The rapid and easy generation of the MgAl2O4 whiskers in a SPS/FAST apparatus makes 
them a candidate for reinforcing carbon bonded structures, while the method of production can generally be 
transferred to many different applications. 
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Using the advantages of Spark Plasma Sintering to produce superior materials, e.g. with potentially new 
phases, first requires a profound understanding of the densification mechanisms that are active during the 
process. The research presented contributes to this understanding by connecting temperature and pressure 
distribution in the particles with rate and activation energy of densification in pure copper.  
Activation energy (Q) has been determined using a method originally developed by J. E. Dorn. Therewith, the 
activation energy for diffusion controlled processes can be extracted from densification rate measurements 
without the results being influenced by errors in measuring the density of the specimen nor the thermal 
expansion of specimen or sintering equipment.  
Various particle sizes, externally applied pressures and different temperatures have been studied. Values for Q 
of about 100 kJ/mol in all cases show grain boundary diffusion, i.e. coble creep to be main cause of 
densification up to theoretical densities of at least 90 percent.  
The measured densification rates correspond to this finding and match those calculated by a densification 
model developed incorporating surface tension and externally applied pressure as driving forces.  
In this model, the temperature and pressure distribution in the particles obtained from previous experimental 
work as well as to be presented new FEM simulations for different process conditions are considered.  
KOSSEL method was used to obtain the dislocation density throughout single crystal particles. Optical 
microscopy of the etched samples was performed to measure the grain size. Up to 700 °C no recrystallization 
occurred. The densification rates as well correspond to temperature and effective pressure without further 
changes in the microstructure. By using single crystalline powder, the densification rates decreased as expected 
and confirmed the dominance of the grain boundary diffusion controlled densification.  
 
 

 

 

Figure 1: Activation energy for the densification of 
copper with different temperatures and pressures 
 

Figure 2: Microscopic temperature distribution in the 
beginning and end of a 10 ms pulse for very large 
and small particles 
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This study reports on the microscopic mechanisms accounting for the fast densification kinetics of metallic 
materials processed by spark plasma sintering (SPS). Metallic systems have been chosen in reason of their 
elevated electric conductivity. Hence, an important fraction of the electric current of the SPS passes through the 
powder, and electrically induced new mechanisms, or acceleration of conventional ones (e.g. plasticity, 
diffusion), can be expected. TiAl powder and Ag-Zn diffusion couple have thus been chosen to study the 
influence of the electric current on plasticity and on diffusion, respectively. 
 
An originality of this work was to observe by transmission electron microscopy (TEM) the phenomena occurring 
at the necks between TiAl powder particles during densification. For this purpose, a method of extraction of TEM 
thin foils at the necks by focused ion beam (FIB) has been developed (Figure 1). High dislocation densities and 
recrystallization mechanisms have been observed at these locations. The influence of the electric current on the 
densification kinetics and on the superplastic behavior of the TiAl powder has been evaluated by comparisons 
between the SPS and hot pressing techniques. 
 
The influence of the current on diffusion has been studied with Ag-Zn diffusion couples by carrying out 
experiments with and without the SPS current, using in the last case special setups to electrically insulate the 
couples. Though diffusion in this system has been previously shown to be sensitive to current densities above 
200 A/cm2 in dedicated diffusion experiments, by SPS, no influence of the current was observed. This was also 
the case if the SPS current density was artificially increased, using special devices, to å1000 A/cm2, that is, five 
to twenty times the values obtained in typical SPS conditions (50-200 A/cm2).  

 

 
 
 
  Figure 1 ï Thin foils extracted by FIB at the center of a TiAl particle (a) and the neck 

between two particles (b) observed by TEM at the same magnification. The neck 
region is strongly deformed, whereas the center is undeformed. 
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The demand for light weight materials in the automobile (for reduction of fuel consumpition) and aerospace (for 
weight reduction) industries has led to various researches on graphite and graphite aluminum (Gr-Al) 
composites. In this study Gr-Al composites was developed to replace Aluminium and Aluminium alloys because 
of the low density of graphite (2.3 g/cm3) as compared to that of pure aluminium (2.7 g/cm3). Aluminium was 
added to act as a binder for graphite particles while SiO2 was used to achieve wettability between the graphite 
and the aluminium particles. To improve the mechanical properties of the Gr-Al hybrid composite,  micron/nano 
size TiB2 particles were added at various weight percentages (5, 10 and 15 wt.%).Thus, the TiB2 powder with an 
initial average particle size of 6 ɛm was milled for 30 hrs in planetary mill (Restch  PM100) using ethanol as a 
milling medium. As-received and milled powders, and sintered composites were characterized using X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). Spark Plasma Sintering (SPS) of reinforced Gr-Al 
composites was done at a temperature of 550ºC and pressure of 50 MPa. The heating rate was varied between 
100 and 150 ºC/min with a dwell time of 10 min. Attention was focused on the effect of the heating rate and the 
addition of TiB2 on densification, microhardness, microstructure, coefficient of thermal expansion, wear and 
corrosion properties of the hybrid composite. The average crystallite size obtained after the milling process was 
60 nm with regular and irregular particle shape. The results showed that the addition of nano TiB2 reduces the 
relative density while improving the hardness of Gr-Al composite with the lowest value being 96.0% for the 
relative density and  43.58 HV0.1 for the the highest microhardness, respectively. The densification of the 
composite decreases with increasing mass fraction and decreasing particle size of ceramic reinforcement. This 
improvement in microhardness was observed at 5 wt% composition and heating rate of 150 ºC /min. The 
coefficient of thermal expansion and frictional force of the composite material increased with increasing TiB2 
content and heating rate. The addition of micro/nano particles of TiB2 to graphite ï aluminum composite 
increases its corrosion rate but with improved passivation behavior  in 3.5 wt %NaCl solution. Nevertheless, 5 
wt.% nano TiB2 at 100oC/min does not affect the overall corrosion rate.   This work shows that we can take 
advantage of some of the properties of TiB2 to improve the performance of graphite - aluminum composite. 
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The Spark Plasma Sintering (SPS) has been developed for shaping materials by combining simultaneously 
uniaxial pressure (using direct contact with the sample) and the application of an direct electric field. Even 
though the key mechanisms controlling SPS are still debated, this technique shows a number of advantages ï 
(i) reduction of sintering time, (ii) rapid densification and (iii) grain growth suspension ï which are helpful for 
tailoring the microstructure of functional materials and thus optimize their electronic transport, mechanical and/or 
thermal properties.  
 
The diffusion rate of SPS conditions was reported to become extremely large at relative low temperatures due to 
the pulsed DC electric field. The mass transport occurring during the sintering process can be used for 
performing chemical reactions, especially as an alternative synthesis route for intermetallic and inorganic 
compounds, of which, some can be obtained only with difficulties by other techniques. The single-step synthesis 
of species starting from precursors can be provided by the diffusion-controlled reaction at SPS conditions. 
Several compounds were successfully synthesized, e.g. transition-metal oxides, binary and ternary borides, 
silicides, germanides [1ï4]. 
 
Recently, the successful chemical synthesis of the clathrate phases was performed in an SPS setup. They were 
obtained via a solid-state electrochemical variant of a redox reaction by using binary or ternary alkali-metal Zintl 
phaseôs precursors. Clathrate phases form by oxidation of Si4-4 at the anode while the alkali metal is reduced at 
the cathode. While the influence of applied current, temperature, alkali metal partial pressure, and relative size 
of guest and framework cages clearly influence the clathrate formation, a definitive understanding of the exact 
reaction mechanism is of great interest and is in focus of an ongoing study [5, 6]. 
 
1. I. Veremchuk, I. Antonyshyn, C. Candolfi, X. Feng, U. Burkhardt, M. Baitinger, J.-T. Zhao, Yu. Grin Inorg. 

Chem., 52(8), (2013), 4458. 
2. G. Kieslich, C. S. Birkel, J. E. Douglas, M. Gaultois, I. Veremchuk, R. Seshadri, G. D. Stucky, Yu. Grin, and 

W. Tremel J. Mater. Chem. A 1, (2013), 13050. 
3. G. Kieslich, I. Veremchuk, I. Antonyshyn, W. G. Zeier, C. S. Birkel, K. Weldert, C. P. Heinrich, E. Visnow, M. 

Panthöfer, U. Burkhardt, Yu. Grin, and W. Tremel Phys. Chem. Chem. Phys., 15, (2013), 15399. 
4. G. Kieslich, U. Burkhardt, C. S. Birkel, I, Veremchuk, J. E. Douglas, M.W. Gaultois, I. Lieberwirth, R. 

Seshadri, G. D. Stucky, Yu. Grin, and W. Tremel . Mater. Chem. A, 2 (2014) 13492.M. Beekman, M. 
Baitinger, H. Borrmann, W. Schnelle, K. Meier, G. S. Nolas and Yu. Grin J. Am. Chem. Soc., 131, (2009), 
9642ï9643. 

5. I. Veremchuk, M. Baitinger, M.Beekman, G. S. Nolas, Yu. Grin ISRS17, Bordeaux, 2011. 
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Potassium sodium niobate (KNN) is one of the most promising lead-free systems. However, undoped KNN has 
poor sinterability and by conventional sintering results in inadequate densification and, consequently, in inferior 
physical and electrical properties. The highly volatile alkaline sodium and potassium do not permit the increase 
of the sintering temperature somehow required to densify the niobium based ceramics. This conflict can be 
solved if the mass transport during the sintering step is enhanced, since the temperature and time needed for 
consolidation must be reduced in order to avoid volatilization. Among the methods reported for activation of the 
mass transport during the sintering process, the application of an electrical current through the sample during 
heating represents a promising technique for rapid densification of ceramics at relatively low temperatures [1]. 
The most novel and increasingly used among Field-Assisted Sintering Techniques (FAST) is Spark Plasma 
Sintering (SPS). SPS has been tried before to densify KNN ceramics. Dense SPS KNN ceramics with densities 
around 96 % presented enhanced dielectric properties (Ůr = 557) [2-3]. In what concerns the electromechanical 
performance of piezo and ferroelectrics, their dependence on the ferroelectric domain structure and 
crystallographic orientation is also well known. Because the microstructure of the ceramics determines average 
structural orientation and domain configuration, in this work an alternative FAST is used, i.e. Spark Plasma 
Texturing (SPT). SPS and SPT are quite similar, however in SPT, the sample is allowed to deform freely during 
the pressure stage [4]. Here we report the enhanced properties of KNN ceramics sintered by SPT. By using 
SPT, we were able to achieve denser ceramics (100 % densification) with a reduced average grain size (  = 
1.24 Õm). This ceramics present a moderate dielectric response (Ůr = 238), enhanced piezoelectric response 
(d33 = 125 pC/N) and unique ferroelectric response (Pr = 38 µC/cm2 and Ec = 14 kV/cm) (Figure 1). The 
comparison between SPT and SPS is established and the mechanisms discussed. 
 
[1] Teresa Hungria, Jean Galy, Alicia Castro, Spark Plasma Sintering as a Useful Technique to the 
Nanostructuration of Piezo-Ferroelectric Materials, Advanced Engineering Materials, 11, 8, 615 ï 631, 2009. 

[2] R. Wang, R. Xie, T. Sekiya, and Y. Shimojo, 
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method,ò Mater. Res. Bull., vol. 39, no. 11, pp. 1709ï1715, 
2004. 
[3] M. Bah, F. Giovannelli, F. Schoenstein, G. Feuillard, E. 
Le Clezio, and I. Monot-Laffez, ñHigh electromechanical 
performance with spark plasma sintering of undoped 
K0.5Na0.5NbO3 ceramics,ò Ceram. Int., vol. 40, no. 5, pp. 
7473ï7480, 2014. 
[4] R. López-Juárez, F. González-García, J. Zárate-
Medina, R. Escalona-González, S. D. De La Torre, and M. 
E. Villafuerte-Castrej·n, ñPiezoelectric properties of Li-Ta 
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Compd., vol. 509, no. 9, pp. 3837ï3842, 2011. 
[5] G. Noudem, D. Kenfaui, D. Chateigner, and M. Gomina, 
ñToward the enhancement of thermoelectric properties of 
lamellar Ca3Co4O9 by edge-free spark plasma texturing,ò 
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Figure 1 ï Comparison between SPS and SPT 
samples in terms of microstructure, dielectric and 

ferroelectric response. 
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Hafnium carbide and Tantalum carbide are ultrahigh temperature ceramics and possess superior oxidation 
resistance in oxygen rich and oxygen deficient environments respectively. This study focuses on synthesizing 
fully dense ceramic composites with 5 different compositions (Pure HfC, HfC-20 vol.% TaC, HfC- 50 vol.% TaC, 
TaC-20 vol.% HfC, and pure TaC) by spark plasma sintering without any sintering aids. A detailed analysis of 
the microstructural evolution with varying compositions is performed. In situ indentation at high load is carried 
out inside a SEM chamber to understand the deformation and cracking propagation mechanism in spark plasma 
sintered microstructure as a function of varying compositions. Preliminary findings of oxidation behavior of 
SPSed HfC-TaC compositions by exposing them to a high velocity plasma jet at temperature exceeding 2200oC 
are also reported.  
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We present the application of dynamic loading and rapid heating as controlling parameters for the spark plasma 
sintering of an ultra-high hardness and highly corrosion resistant Fe-based amorphous alloy 
(Fe49.7Cr17.7Mn1.9W1.6B15.2C3.8Si2.4), such that sintering temperature and time can be used as independent 
variables for devitrification.  We develop two types of in situ composites using the dynamic loading strategy and 
characterize the density, phase development, and microstructure.  We also develop and characterize ex situ 
composites by adding various crystalline powders to the amorphous metal powders and explore possible effects 
of particle size, volume fraction, and type of crystalline phase (W or Ta) on the design strategy.  From this, we 
propose a devitrification processing map that facilitates designing in situ and ex situ BMG composites.  In situ 
composites (formed by devitrification) or ex situ composites (formed by addition of a reinforcement phase) can 
facilitate improvement in toughness of these materials.  In addition, we will describe the consolidation response 
of amorphous metal foils of similar compositions as listed above.  The samples show unique microstructural 
features associated with the current flow and sparking in the material during processing. 
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Zirconium diboride is an ultra-high temperature ceramic (UHTC) with attractive material properties for use in 
extreme hypersonic flight environments and energy applications. The diboride phase is the basis for high 
temperature oxidation resistant UHTC composites using secondary phase reinforcements that also enhance 
high temperature properties of ZrB2-based composites. However, the mechanical properties are limited by the 
impurity content found in the diboride source powder. Thus our work focuses on developing a methodology to 
process the high purity ZrB2 using spark plasma sintering (SPS) and computational thermodynamics analysis 
coupled with high-resolution atomic scale electron microscopy. A clear path towards processing ultra-high purity 
ZrB2 ceramics is presented using a combined experimental and thermodynamically assisted processing method 
through thermal treatments and oxide reducing agents carbon and boron carbide (B4C). Computational 
thermodynamic phase diagrams consisting of the Zr-O-C ternary and Zr-B-C-O quaternary are developed to 
predict and explain the microstructures found after SPS. Scanning electron microscopy (SEM) and scanning 
transmission electron microscopy (STEM) analysis shows evidence of SPS-unique grain boundary cleaning and 
the potential to use current to further improve ZrB2+B4C purity. The effect of current density and computational 
simulations of predicted temperature during SPS will also be discussed.  
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The influence of nano-scale defects (grain/phase boundaries, pores, etc) can be significantly different from 
micro-scale features. We will discuss how interfaces in nanocrystalline materials interact with light (phonons) 
and heat (phonons) and how precise control of these defects can be used to tune materials properties. We will 
start by discussing how current activated pressure assisted densification (CAPAD) can be leveraged to produce 
dense nanocrystalline samples by effectively overcoming the grain growth challenge.  In particular the effect of 
the relevant processing parameters, pressure, time and temperature on grain sizes will be presented and 
density will be presented. We will present experimental as well as modeling results on property-nanostructure 
relationships.  In particular we will concentrate on light transparency in the visible range and thermal 
conductivity.  
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In this work we mathematically model the densification of ceramics under flash sintering using a model based on 
a system of nonlinear differential equations. Approaches to analyze the system either by numerical solutions or 
via bifurcation theory are presented. The shown model explains the two main features of flash sintering: A 
characteristic electrical field threshold dependent on the temperature, and an incubation time to flash sintering. 
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Field Assisted Sintering Technology (FAST) primarily known as Spark Plasma Sintering (SPS) developed in 
Japan since forty years. The difference with conventional sintering techniques under load is the heating of the 
sample which is performed by passing an electric current of high intensity through the pistons, the matrix and 
the sample when this latter is electrical conductor. In addition, a uniaxial charge may be successively applied at 
different moment. 
 
To reduce powder consumption, the parametric study to determine the sintering conditions is often performed 
small quantities of material. Therefore, it is necessary to define a method for conducting an up scaling in order 
to implement the conditions established from parts of small dimensions to parts of larger dimensions. To carry 
out this type of study, it is necessary to solve various problems like resizing tools, adaptability of the cycle and, 
the definition of the mode of filling powder ... for obtaining a homogeneous microstructure while reaching a 
controlled density. In this study, from several examples, we are interested to discuss such problems by relying 
from the simulation as often as possible. For each case, some mechanical properties were investigated to 
control the homogeneity on large metallic parts. 
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Hybrid heated FAST/SPS is a technique combining two separate, independently operated heating sources 
(direct electrical heating and induction heating) enabling more flexible and homogeneous heating of large sized 
parts. New tool concepts can be applied for example consisting of a die with inner hexagonal boron nitride 
(hBN) isolation. This hBN liner enables a complete pass through of the current across the densified material. 
Additionally, these results will be accompanied by the influence of a higher voltage source attached leading to 
ñFlash Effectò under FAST/SPS conditions. This will be demonstrated for ZrO2- and SiC-materials. The 
densification behavior as a function of the materialôs composition and densification parameters will be discussed 
in terms of the evolution of electrical resistivity of a sintering compact with increasing temperature, the 
temperature distribution monitored by measuring the temperature at different places, microstructural evolution 
and Finite Element Simulations. 
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High electric current has been shown to enhance sintering kinetics during consolidation of many 
ceramic and metallic based powder materials using the process known as Electric Field Assisted Sintering 
(EFAS) or Spark Plasma Sintering (SPS).  More recently, processes employing higher voltages and electric field 
strengths than these ñcurrent assistedò techniques have been shown to dramatically increase the sintering 
kinetics in ceramic materials in what has become known as ñflash sinteringò.  While much work has been 
conducted in the area of ceramics little attention has been paid to higher field processing of metallic powders, 
and in general, the fundamental mechanisms governing enhanced kinetics during field assisted sintering of 
metallic powders are poorly understood.  Furthermore, EFAS processes are typically complex and employ many 
variables which may include pressure, temperature, current, and electric field, the effects of which can be 
difficult to decouple.  

In this work aluminum 5083 (AA5083) alloy powders are processed using pressure-less sintering while 
applying DC electric fields ranging from 0-300 V/cm to examine the effect on the sintering kinetics of AA5083 
powder.  In-situ sintering kinetics were quantified using digital image correlation (DIC) and it was found that the 
application of a DC field results in a discontinuous change in volume at a critical temperature similar to the flash 
effect observed in ceramics.  Microstructural characterization was used to confirm the flash corresponds to 
formation of necks due to sintering in the material.  The temperature at which this phenomena occurs was found 
to decrease with increasing field strength.  Joule heating during the flash was quantified using full field IR 
camera measurements and found to not generate enough heat to account for the enhanced sintering kinetics 
observed.  Micromechanical modeling is used to quantify localized Joule heating at particle-particle contacts to 
further explore the possibility of enhanced kinetics due to localized thermal runaway, and to predict evolution of 
electrical conductivity with density of the compact. 
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Electroceramic devices such as varistors and capacitors are used in most of the modern day electronic 
appliances and constitute a multi-billion$ market. Conventional fabrication methods of these devices involve 
high sintering temperatures and long processing time. Since sintering controls the electrical properties, it is 
necessary to develop simpler and less demanding processing methods.  Microwave sintering (MS) was 
demonstrated to be a viable alternative for rapid processing electroceramics as they respond to the E-field 
component of the electromagnetic radiation. In a recent report on óflash sinteringô (FS) it was demonstrated that 
full sintering of dog-bone shaped  zirconia ceramics can be achieved at 850oC in just 5 seconds (at moderate E-
fields) rather than normally used 1450oC for few hours. This opens up the possibility of achieving significant 
energy savings during manufacture and the ability to produce fine grained ceramics. However the exact 
mechanisms by which this phenomena occur is not fully clear yet and the methodology is untested for the 
sintering of other complex functional materials. At Loughborough we investigated the feasibility of sintering 
nanocrystalline ZnO-varistors, BaTiO3-capacitors and CCTO dielectrics using both MS and FS methods along 
with simultaneous measurements of shrinkage, online thermal distribution mapping and atmospheric control. 
This allowed the fabrication of disc-shaped functional ceramic devices using both these techniques and the 
properties of the devices are compared with conventionally sintered components. This talk will review these new 
developments on FS along with the operative mechanisms in comparison with microwave processing. 
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It is well know that due to both localized heating and the reduced sintering time in Spark Plasma Sintering 
(SPS), processing can produce a significant energy saving and metastable microstructures if compared to Hot 
Pressing [1]. In order to further improve the energy saving we have developed a very rapid sintering technique 
called Flash SPS (FSPS) with heating rates in the order of 104-105 C/minute. Unlike the Flash Sintering based 
on high voltage, FSPS is based on low voltage and it can be up-scaled to samples volumes of several tens of 
cubic centimeters. Flash SPS allows densification of ZrB2 [2] up to 95% under a discharge time as short as 35 
seconds, which results in an energy saving greater than 95% compared to conventional SPS. A novel 
processing methodology that allows both preheating and FSPS of silicon carbide based materials (both of Ŭ and 
ɓ SiC) has been developed. We were able to densify a SiC disc (ʌ 20 mm) from initial density of 53% up to 96% 
with a discharge time as short as 17s (as shown in the Figure 1). In Figure 1, the rapid densification (i.e. 
normalized displacement) of SiC by novel FSPS is compared to the conventional SPS process. The developed 
methodology was scaled up to produce  samples as large as 60 mm as shown in Figure 2.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Following this recent work, we will present the first attempt of achieving materials flash sintered in contactless 
mode where the heating rate approaches 105 C/minute. Results on other types of materials (IP pending) may 
also be presented. 
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Figure 1 ïComparison of normalized 
displacement (SiC, ʌ 20mm) as function of 

time for Flash and Conventional SPS 

Figure 2 ï ʌ60mm flash sintered SiC 
sample 
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Ceramic powders are often produced by sol-gel method or by pyrolysis of some form of precursors.  This 
presentation will emphasize the consolidation of such powders using the Electrical Field Assisted Sintering 
(EFAS) method.  The role played by the external electrical field and/or the heating rate will be specifically 
investigated.  This observation will be supported by in-situ sintering studies inside a TEM in the presence of a 
biased electrical voltage.  
 
One can take advantage of the EFAS process to produce functionally graded material by using asymmetric die 
design.  Similarly, one can consolidate, as well as form to shape, ceramic components in-situ in the EFAS 
chamber by designing the die appropriately.  Since EFAS is a fast process, grain growth can be minimized 
during consolidation, leading to excellent optical transmission properties in nanoceramics.  Superplasticity in 
ceramics can be achieved at significantly lower temperatures.  This investigation was supported in part by ONR 
grant with Lawrence Kabacoff as the Program Manager.  
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Recently, extensive efforts were made towards investigation and development of spark plasma sintering (SPS) 
as a promising technique for rapid densification of ceramics at relatively low temperatures. In this respect, SPS 
was used for various processes and materials including fabrication of bulk metals and ceramics and their 
composites. Furthermore, this ólow temperatureô processing allowed consolidation of ceramics with strong 
covalent bonding to the full density. However, significant gap exists between the technological and fabrication 
achievements to the fundamental understanding of the SPS mechanisms. This gap is due to the complexity of 
the thermal, electrical and mechanical processes that may be involved during the SPS, in addition to their 
dependence on the SPS parameters, as well as a reasonable question of possibility of scaling up. The majority 
of reports provided in peer-reviewed journals usually focuses on the ceramic specimens not larger than 40 mm, 
which is a reasonable size even for more ñconventionalò consolidation method that of hot-pressing. 
Hence, the present work focuses on the natural scaling up processes for fabrication of a large size specimens 
approaching 100 mm in diameter and 20 mm in height, and provides an analysis for the densification process, 
structure evolution (including homogeneity), and, crucially, concentrates on the change in the mechanical 
properties that arises during scaling up process for high-temperature ceramics consolidated at temperatures 
higher than 1800 °C. 
. 
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Energy Coupled to Matter (ECM) is an emerging technology area that goes beyond the traditional limits of 
materials research by exploring the use of applied physics-based fields and their influence over material 
structures, phase development, processing, properties, and responses over multiple length scales (i.e. from 
atomic to macroscale). The U.S. Army Research Laboratory (ARL) defines ECM as fundamental research to 
discover, explore, and exploit interactions between materials and intense energy fields in order to enable 
significant property enhancements and unique property combinations that overcome traditional engineering 
tradeoffs, and allow for responsive on-demand structure-property modifications. These field-material interactions 
can produce outcomes that are otherwise unattainable, expanding materials-by-design and 
processing/manufacturing science capabilities beyond the current state-of-the-art. 
 
The use of ECM for field-assisted processing has led to advances in materials development. The application of 
external electromagnetic (EM) fields to materials using techniques such as electric field-assisted sintering, flash 
sintering, microwave sintering, and high magnetic field processing has led to rapid production and improved 
properties. These methods have a few things in common, in that they use EM fields to contribute energy to heat 
treatment of materials, enabling full densification at lower temperatures (i.e. by hundreds of oC) and shorter 
times (i.e. from hours to second) as compared to conventional methods.  The ability to rapidly densify materials 
under less extreme temperature conditions exemplifies one of the major advantages of ECM, as a smaller final 
grain size (i.e. nanoscale) can be preserved, resulting in enhancement of a number of physical and mechanical 
properties that are relevant to Army applications (i.e. strength, hardness, fracture toughness, etc.). 
 
As one example of successful ECM research at ARL, field-assisted processing has been used to investigate the 
development of transparent ceramics for laser host and protective system applications. In particular, single-
mode microwave sintering has been explored, using a specially designed cavity as a waveguide to separate the 
electric and magnetic field components, enabling exposure of the material to pure electric or magnetic fields at 
microwave frequencies. By comparing conventional pressure-less sintering to two different types of microwave 
sintering, multi-mode and single-mode, the effect of different types of microwave fields on the sintering behavior 
of erbium-doped Al2O3 was studied. For single-mode microwave sintering, the percentages of electric and 
magnetic fields that the sample was exposed to during sintering were varied by adjusting the position of the 
sample along the chamber. Results shown in Table I suggest that the microwave sintering parameters had a 
profound influence on densification and rare earth migration/phase stability. Sintering in single-mode with a 
30%E:70%H mixed field produced samples with significantly higher density than other samples sintered at 
1400°C (and equal to samples conventionally sintered at 1700°C). These samples also contained the least 
amount of unwanted second phase, indicating that more Er formed a solid solution with Al2O3. Our findings 
suggested that the magnetic component may play a critical role in the processing of weakly magnetic materials 
such as Al2O3, and that the dopant material (rare earth in this case) may play an important role in the material 
response to EM fields. 
 
 
 
 
 
 
 
 
 
 
 
 
  

Sample
Temp 

(°C)
Microwave Conditions

Density

(g/cm3)

Peak 

Height 

Ratio

Equivalent 

Vol%*

Er3Al 5O12

BL 1400 No microwave 2.80 7.31 2.62

BL-HT 1700 No microwave 3.88 7.32 2.61

MM 1400 Multimode 2.93 7.30 2.62

SM-100:0 1400 Single Mode 100%E:0%H 2.75 7.38 2.59

SM-60:40 1400 Single Mode 60%E:40%H 2.64 7.69 2.45

SM-30:70 1400 Single Mode 30%E:70%H 3.88 8.23 2.25

Table I. Microwave sintering conditions for baseline (BL), multi-mode (MM), and single-mode (SM) samples. 
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Recently, Field Enhanced Sintering (FES), or óflashô sintering has gained much academic and industrial interest, 
with many papers and articles spanning a variety of materials from engineering ceramics to traditional ceramic 
tiles. This is an exciting time for this developing technology with its applications continually expanding and being 
realized in a commercial setting i.e. on the manufacturing/production line. 
This talk will present the progress so far along the road to FES commercialization, with particular focus on 
tileware manufacture. Manufacturing ceramic tileware is an energy intensive process, with 100+ meter roller 
kilns being used 350 days/year at 1150ǓC.  Reduced operating furnace temperatures (a key feature of FES) will 
provide the benefits of significant cost saving and reduced carbon emission. It is aimed for ~30% energy 
reduction in ceramic tile manufacture.  

 
A system has been designed and developed to apply FES to 
ceramic tiles in a moving setting and is currently being scaled up 
for demonstration at a manufacturing scale. FES tiles are tested 
mechanically and with water absorption to assess against 
required performance. Microstructural analysis can also be 
performed to establish field effects within the material as/when 
compared to conventional results. 
From research lab to factory floor there are many challenges 
faced, both from a process engineering and materials science 
point of view. We will discuss how these challenges have been 
overcome and the progress so far in this work. Additional 
research in other industry sectors will also be discussed. 
 
  

Figure 1 ï Lucideonôs unique roller kiln; for 
manufacturing scale demonstration of FES 

technology 


