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ABSTRACT OF THE DISSERTATION

TIME-RESOLVED IN-SITU ANALYSIS OF
DENSIFICATION OF BORON CARBIDE
UNDER SUPERIMPOSED ELECTRIC AND THERMAL FIELDS
WITH ENERGY DISPERSIVE X-RAY DIFFRACTION

by Hulya Bicer

Dissertation Director: Professor Thomas Tsakalakos

Boron carbide (B4C) is characterized by high melting temperature, high hardness, and low
density. Such exceptional properties make B4C is an important covalent solid which is considered
the foremost material of choice for high-technology applications. However, low diffusivity caused
by the highly directional and stiff character of the covalent bond makes the thermally activated
sintering of B4C difficult. Highly covalent bonded ceramics are sintered with hot pressing and
spark plasma sintering (SPS) to achieve high densities. However, these two techniques are limited
to simple shape components and costly, involving expensive equipment. Pressureless sintering
of B4C is desired to avoid expensive die designs and post sintering diamond machining, but very
high sintering temperatures close to melting point is necessary to obtain high densities.

Recently introduced flash sintering technique is a low voltage two electrode method
which enhances the densification of ceramics. The sintering time and temperature can be
reduced substantially with flash sintering that provide essential energy savings. In this study, the
feasibility of flash sintering of nanoparticulate boron carbide is investigated. Firstly, we analyze

the thermal expansion of boron carbide under different constant electric field strength to obtain



fundamental data to provide insight into understanding of flash sintering. The electric field
strength has an effect on the non-linear thermal expansion coefficients of B4C, and expansion
becomes more non-linear with the increase of applied e-field. Secondly, the variety of non-
isothermal and isothermal flash sintering experiments have been performed to achieve
densification of B4C. By using low voltage, densities up to 95% of the theoretical density have
been accomplished at temperatures as low as 711°C and short times on the order of few minutes.
The very low process densification temperatures and time clearly indicate that mass transport in
this nanoparticulate system under the action of both thermal and electrical fields are of an
electrochemical origin. The implementation of ultrahigh energy EDXRD method in flash sintering
of B4aC enables us to monitor the evolution of nanoparticulate matter at the unit cell scale that is
otherwise not possible with conventional Bragg-Brentano-method. EDXRD analysis reveals the
transient anomalous unit cell expansion which is consistent with the flash sintering phenomena,
and we demonstrate that flash sintering of B4C is possible with help of new coupling mechanism
called the galvanomechanical effect. Moreover, we investigate the effect of different flash

sintering conditions on densification of B4C.
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1. Introduction

Boron carbide is an important non-oxide material with high melting temperature,
outstanding hardness, high neutron absorption cross-section, and light weight. Such
unique combination of properties make B4C good candidate in structural ceramic
applications (armor material, wear-resistant components, and reactor control rods).
However, due to the highly covalent nature of B4C, it has very low sinterability.
Conventional densification of B4C has been performed mostly with hot pressing of high
quality powder with temperatures > 2200°C and 12-48 hours. Therefore, densification of
B4C without pressure requires even higher temperatures and very long sintering time [2-
11].

The electric field assisted sintering has effect on thermodynamics and kinetics of
densification mechanisms. Spark plasma sintering (SPS) is one of the field assisted
sintering techniques that reduce sintering temperature and time compared to other
conventional methods. The application of additional thermodynamic driving force, which
is the application of high power in SPS, provides additional energy to particulate matter.
SPS is steady state process which is based on Joule heating. The disadvantage of SPS is
that the equipment used in technique is expensive and it is limited to simple shape
components [67-70].

The recently discovered flash sintering which is based on two electrode method
shows profound development in sintering technologies. It has been shown in several
studies that the radical reduction in sintering temperatures with the application of very

low fields can be accomplished on time scales that are at least 1-2 orders of magnitude



shorter than conventional methods. Most of the flash sintering studies up to date have
been performed with oxide ceramics and there is not enough study on the flash sintering
of covalent bonded materials, except preliminary results on SiC and ZrB.. In this study,
the densification of highly covalent boron carbide with two electrode flash sintering
method is attacked to reduce sintering temperature and time in an absence of pressure
[90-95].

The unique experimental method used in this study is energy dispersive x-ray
diffractometry (EDXRD) with an ultrahigh energy polychromatic synchrotron probe which
has strong penetration; therefore, the diffraction data can be collected from body center
of the sample of interest. A time resolved in-situ EDXRD study of flash sintering of boron
carbide is reported herein, enabling one to observe the evolution of densification at the

unit cell level in addition to well established macroscopic description.

2. Literature Review

2.1. Boron Carbide

Boron carbide is a polaron conductive covalent bonded ceramic which exhibits
very attractive properties for high-technology applications. Properties and applications of
B4C will be reviewed in this chapter.
2.1.1. Phase Diagram and Crystal Structure of B4C

A commonly accepted phase diagram of boron and carbide, which was developed
by Beauvy, is depicting boron carbide (B4C) as the stoichiometrically stable phase
between 8.8 at % to 20 at % (see figure 2.1). The melting temperature of B4C is reported

as 2450°C. In the carbon rich region (C % > 21.6), there is a eutectic point at 29 at.%C,



2375°C. In the boron rich region, there is a peritectic point of 0.1-0.2 at.%C at 2075°C [1-

6].
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Figure 2. 1. Phase diagram of the boron-carbon system as proposed by Beauvy [1].

In the compositional range of 0.088 < x < 0.200 boron carbide crystallizes (B1-x Cx)
with rhombohedral structure D34 — R3'm. The structure consists of 15 atoms; 12-atoms
on the corners of the deformed icosahedra and linear 3-atom chains, and the atoms on
icosahedra are connected with covalent bond to atoms in neighboring icosahedra (Fig.
2.2). Occupancies of sites in the structure by carbon and boron atoms are controversial
because of electronic scattering cross-section similarities of boron and carbon isotopes.
Therefore, most characterization techniques are inadequate to fulfill this identification.

There are four different atomic configurations that are proposed in the literature; the



chain model (CCC chain, B12 icosahedron), the polar model (CBC chain, B11C
icosahedron), the equatorial model (CBC chain B11C icosahedron model), the same
configuration with the equatorial model but Cin polar site (CCB chain, B11Cicosahedron).
The accepted stable phase of B4C stoichiometry with 20 mole % carbon is mostly
identified with B12 (CCC) configuration [7].

The lattice parameters of the rhombohedral boron carbide unit cell can be
computed from parameters of the hexagonal unit cell which is considered to be easier
than solving complicated rhombohedral system. As shown in Figure 2.3, a1 (H), a2 (H), and
¢ (H) axes of the hexagonal cell can be assigned as rhombohedral axes of a1 (R), a2 (R), a3
(R). Boron carbide has hexagonal lattice parameters ap=5.60 A and co= 12.07 A with co/ao=
2.155 A. Size of the boron and carbon atoms are close enough that they can substitute
each other. However, as boron is replaced by carbon, the unit cell of boron carbide shrinks

slightly due to the small difference between atomic radius of boron and carbon [8, 9].
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Figure 2. 2.The crystal structure of boron carbide, showing boron and carbon
atoms that are distributed within icosahedra [7].



Figure 2. 3. Schematic showing the interrelation between rhombohedral and
hexagonal unit cells [8].

2.1.2. Chemical Properties of B4C

Boron carbide is chemically inert to most organic compounds, and it has very good
resistance to acids and alkalis. The weight loss arises from exposition of B4C to widely used
mineral acids and bases is very limited in B4C system. Hydrofluoric-sulfuric (/nitric) acids
mixture attacks B4C slowly. B4C also reacts with O; at elevated temperatures (around
600°C), and such reaction grows into serious point at 800°C and 1000°C. Oxidation starts
with formation of glassy B,O film on the surface of the particles. Hot oxidizing acids and
fused salts lead oxidation of boron carbide. Chlorine and bromine attacks occur at 600°C

and 800°C, respectively [10-11].



2.1.3. Physical Properties of B4C

2.1.3.1. X-ray Density

One of the most important properties of boron carbide is its low density as
compared to other structural materials such as alumina, silicon carbide, etc.. With
increasing carbon content, the density of BsC increases linearly in the compositional range
of 8.8 at.% - 20.0 at. %. Boron carbide with 20 at. % C has a density of 2.52 gr/cm3. A
widely accepted equation showing the relationship between carbon content and density

is [10];
d (%)z 2.422+0.0048 [C] at% (2.1)

The low density of B4C makes it an important structural material for defense applications
as it concomitantly exhibits ultrahigh hardness, high conductivity (electrical and thermal),

and high melting temperature [4, 10].

2.1.3.2. Thermal Expansion Coefficient of B4C

The lattice parameters of rhombohedral (or hexagonal) B4C increases nonlinearly
with temperature, which can be modeled by the use of a second order polynomial of
temperature. The average thermal expansion coefficient in the temperature range of 298-
1073 K is reported as 4-8 10° in Thevenot’s review paper, while Pilladi has reported
average thermal expansion coefficients in the temperature range of 298-1773 K for nano
and microcrystalline boron carbides as 7.76x10® K?! and 7.06x10°® K, respectively

[10,14,15].



2.1.3.3. Thermodynamic Properties of B4C

Table 2.1 shows the calculated thermodynamic properties of boron carbide, such
as heat capacity, entropy, free energy function, and enthalpy change. Matsui reported
that the heat capacity and electrical conductivity of B4C were measured by direct heating
pulse calorimetry and thermal conductivity of B4C was calculated from the heat capacity
values and thermal diffusivity data from [17]. Such information for B4C was for analyzing
the energetics of the burst mode sintering in B4C as discussed in section 6. The
temperature dependence of isobaric heat capacity is reported as (T in Kelvin);

c,(cal / molK)=22.99+5.40x10"°T -10.72x10°T * [10].

Table 2. 1. Thermodynamic quantities of B4C [16].

T C, g0 (G -HY )T HY' - HY,
(K} Umol 'K (Jmol"'K ") Jmol 'K°" Jmol ")
298,15 49.82 2718 1718 0 T
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1400 127.47 174.87 42,73 14993
1500 130,29 183.76 ug.5| 127881
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17041 135.88
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2.1.3.4. Thermal Conductivity of B4C
Boron carbide is a good thermoelectric material for high temperature applications
because of its high thermal conductivity. Figure 2.4 depicts the thermal conductivity of

boron carbide as a function of temperature and carbon concentration. Boron carbides



with lower carbon concentration have smaller thermal conductivities and show weaker
temperature dependence. That is because unoccupied sites by carbon distort the B4C
lattice. On the other hand, boron carbides with higher carbon concentration (x=0.2, B4C)
exhibit high thermal conductivity (298K, 30W/m.K) since carbon atoms occupy all sites,
resulting a well ordered structure. In such boron carbides, the thermal conductivity of B4C

decreases with increasing temperature [17-20].
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Figure 2. 4.The thermal conductivity of boron carbide as a function of
temperature and carbon concentration [17].

2.1.3.5. Electrical Properties of B4C
The energy band scheme of boron carbide is depicted in fig. 2.5. There are various

reported in the literature for the band gap of B4sC; Werheit reported Eg=2.09 eV as seen



in the fig. 2.5 based on optical absorption, luminescence, and transport properties. The
reported exciton energy is 1.560 eV. Yamazaki reported Eg=2.5 eV originated from
occupied and unoccupied sites. The relatively small band gap as compared to other

ceramic materials is believed to be the reason for low electrical resistivity of boron carbide
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Figure 2. 5. Energy band scheme of Boron Carbide. Arrows indicate the direction
of the measured transitions [21, 22].

Reported seebeck coefficients of boron carbide indicate p type conductivity and
increase with increasing temperature. Analysis of conductivity with Hall mobility and
Seebeck coefficient measurements suggest that the charge carriers are holes in boron
carbide, and such carriers form small polarons. Polarons move through the crystal
structure by phonon assisted hopping motion between inequivalenty located carbon
atoms. The effect of the pressure on this motion is significant due to decrease of
intericosahedral distance with application of pressure. Hence the increase of hopping
activation energy with increasing pressure. Figure 2.6 shows the temperature

dependence of the electronic conductivity of B4C at different pressures. The graph also
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depicts the conductivity behavior as a function of temperature [24]. The conductivity of
B4C increases with an increase in temperature. The temperature dependence of electrical
conductivity by the small polaron hopping mechanism of B4C conventionally expressed

as,
_A_(E

where A is the pre-exponential factor, k is Boltzmann constant, and E, is the activation
energy.

As the temperature increases above 400 K, the temperature dependence of the
conductivity changes slightly from non-Arrhenius to Arrhenius behavior. Activation
energy of the boron carbide conductivity is 0.16 eV in the Arrhenius regime. At very high
temperatures (1400 K - 1750K) the conductivity increases sharply and follows a power
law. The temperature dependence of the hopping conductivity decrease and due to high
temperature and high carrier density saturation of hopping conductivities and hopping
suppression are observed. In this regime, activation energy increases to 0.6 eV. Such
electrical conductivity behavior can be explained by the small polaron hopping

conductivity [25, 26].
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Figure 2. 6. Arrhenius plot showing the temperature dependence of the
electronic conductivity of B4C at three pressure [24].

2.1.3.6. Mechanical Properties of B4sC

Boron carbide is among the hardest materials; third one after diamond and cubic

boron nitride. Besides its outstanding hardness it has low density which makes it very

desirable for applications requiring low inertia such as ballistic armor. The preparation

method, stoichiometry, porosity, and impurity content affect the mechanical properties

of boron carbide as any other ceramic materials. Table 2.2 compares mechanical

properties of hot pressed and pressureless sintered B4C so as to emphasize the

importance of processing at mechanical properties.
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Table 2. 2. Properties of hot pressed and pressureless sintered samples [33].

Property Hot-pressed B,C  Sintered B;C

B,C-1wt.%C B 3wt.%C

Total carbon content? (wt.%,) 21.7 22.5 24.8
Porosity (%) <0.5 <2 <2
Bulk density (g em™%) 2.51 2.44 2.46
Mean grain size (um) 5 8 7
Flexural strength (four-point bend) (MN m ™~ %) 480 + 40 351 +40 353+30
Young's modulus (GPa) 441 390 372
Shear modulus (GPa) 188 166 158
Poisson's ratio 0.17 0.17 0.17
Fracture toughness (K. (SENB)) (MPam'/?) 36+0.3 33+02 3.2+0.2

Deviation from the B4C (B12 icosahedra, C3 chain) alters mechanical properties in
the B-C system. As in content increase in boron in the B4C structure reduces hardness and
fracture toughness by diminishing bond strength between B and C groups. B4C with %20
C provides the highest hardness and fracture toughness. Nevertheless, fracture toughness
of B4C is low and is only 3-4 MPam'/2, The Knoop micro-hardness is HK200g =2941.5 GPa in
hot-pressed samples of B4C. The elastic modulus and shear modulus also vary with boron
carbide stoichiometry and decrease with increasing B in the boron carbide structure. The
elastic modulus, shear modulus, and poison ratio of B4C (20% C) are typically reported as
450-470 GPa, 188-200 GPa, and 0.14-0.18, respectively.

Porosity and grain size also affect the mechanical properties of boron carbide.
Increase in the porosity and grain size decrease the strength profoundly. Porosity leads
to the failure at low stress levels, which is why sintering of boron carbide to higher

densities is extremely important [27-35].
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2.1.4. Applications of B4C

During the Vietnam War, ceramic armor utilizing Al;0s, SiC, AIN, B4C, and TiB; was
developed by the DOD for the US Military to protect helicopter pilots and key payload.
Today, B4C is considered the best ceramic armor due to its outstanding hardness and low
density. Table 2.3 provides a comparison between properties of most common ceramics
for armor applications. In 1966, first boron carbide personnel armor was developed for
the ground operations. For instance a quarter inch plate of B4C can stop a 30 caliber armor

piercing projectile with a tungsten carbide core [36-39].

Table 2. 3. Critical properties of common armor ceramics (37).

Property unit SiC B,C ALO;
Density glec : 13 \ 45-3.
Hardness Knoop

Young’s Modulus | x10° psi

Sonic Velocity meter/sec

Flex Strength x10’ psi

Boron carbide is also used for borinizing of steel so as to harden steel surface. In
this process boriding mixture, which consists of the boriding agent (B4C), the activator
(fluoroborate), the diluent (SiC), and metal are heated to ~900-1000°C [40, 41].
Moreover, B4C is used in sand blasting technology- a surface treatment process which is
used for surface modification and surface strengthening-. Maximum efficiency can be
achieved with B4C abrasive air jet nozzle because of low wear rates and long lifetime of
B4C nozzle. Hence, optimization of cost and performance makes BsC most favorable

material for sand blasting process [42-44].
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In the nuclear industry, boron carbide has been used as control rod, shielding
material, and as neutron detector because of its high thermal neutron capture cross
section of the 1°B isotope. Boron carbide is resistant to radiation damage, and exhibits
self-healing properties against secondary damage caused by radiation. Its high melting
point provides integrity within the core of the nuclear reactor [45-47].

2.2. Sintering and Densification of B4C

Sintering is the process in the fabrication of technical and conventional ceramics
in which the shaped powder is heated to a temperature around % of the absolute melting
point to induce densification so as to obtain a desired end density. In other words
sintering causes a particulate compact to transform into a dense polycrystalline solid with

some residual porosity.

2.2.1. A Brief Review of Sintering Theory, Stages and Mechanisms

Sintering is thermally activated and time dependent process under the driving
force of which is the excess surface energy of a particulate system. The driving force is
due to i) surface curvature, ii) outward pressure, and iii) gradients in chemical
composition. In particulate system, individual small particles with large surface area
promote the forming joining point which are called necks that eventually lead to the
formation of grain boundaries. The neck formation causes stress gradients across the
particles, which influences the local chemical potential of the atoms, causing mass
transport towards neck to eliminate stress (also known as sintering stress). [39, 48-50].

Sintering is accompanied by continues change in microstructure until densification

stops. Traditionally, sintering thought to take place in three stages; the initial,
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intermediate, and final stage. In the initial stage, there is an increase in the interparticle
contact area due to neck formation at the contact points. In this stage, specimen densifies
by ~10%. In the intermediate stage, particle contact area grows and pores become
interconnected along the grain edges. Most of the increase in density occurs in this stage,
which is corresponds to additional densification by ~30%, or to a total of about 95% of
the theoretical density (TD). Small isolated pores on the grain boundaries and in the grains
may remain at the end of this stage. Final stage begins around 95% of the TD when pores
are isolated at the grain corners. Elimination of the porosity along grain edges is done
with mass transport through grain boundaries, but this could also give rise to grain growth
since this process requires broad time. Pore elimination in the final stage increases the
density to 2 99% of the TD at the end of this stage [48, 51-55].

Mass transport can occur via different paths but not all paths result in
densification. Each path corresponds to a different mass transport, and these paths are
called the sintering mechanisms. Some of these mechanisms lead to densification while
the non-densifying mechanism have indirect effect on the densification rate by promoting

mass transport (diffusion) mechanisms. Such diffusion routes are depicted in Fig. 2.7.
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Figure 2. 7. The mass transport paths and the associated six mechanisms —
surface diffusion, lattice diffusion (from the surface), vapor diffusion, grain
boundary diffusion, lattice diffusion (from the G.B.), and plastic flow- [48].

Surface diffusion, lattice diffusion from surface, and vapor transport (evaporation
and condensation occur at surface of the particles) mechanisms involve neck growth
without causing densification. However, they are still important since they reduce the
curvature of neck surface (driving force for sintering). At the beginning of densification,
surface diffusion is controlling the process since surface atoms have weaker bonds.
Hence, the activation energy for surface diffusion is lower than other sintering
mechanisms. Grain boundary diffusion and lattice diffusion from grain boundary are
essential for densification to become a dense polycrystalline materials. These paths lead
to shrinkage and densification. Mass transport is originating in the particle volume or at
the grain boundary, and the matter is moving from grain boundaries to pores which are

on or near grain boundary. If plastic flow is possible as in the ease of alloys, mass transport
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along dislocations (dislocation type diffusion) within the neck region takes place, which is
also considered as a densifying mechanism [56,57].

The increase in the average grain size is in polycrystalline materials called as grain
growth. In the content of sintering, grain growth is closely related to analyze pore-grain
boundary interaction. Mass transport occurs from grain boundaries to the pores, and
pore shrinkage is accompanied by grain growth. Higher densification can be achieved with
restraint of grain growth. That is so because grain growth also consumes the excess
surface free energy but does not result in densification (see Fig. 2.8).

The commonly accepted phenomenological equation describing grain growth is;

dp K

Q|-

where G is grain size, p is density, m is equal to 3 for lattice diffusion and 4 for grain
boundary diffusion, and K=(2aMbygb)1/2 with M} as the mobility of the grain boundary,
Ygb s the specific grain boundary energy, and a as a geometrical constant which depends
on shape of the boundary. The radius of grain boundary curvature is inversely
proportional to grain growth, the resulting in a typical grain growth law in the form;
G-G,=Kt" (2.4)
where n varies from 1/3 to 1/2, G, is the grain size at t = 0. As an example, the plot of
log grain diameter versus log time for grain growth in high-purity alpha brass is shown in
Fig. 2.9. The grain growth follows equation (2.4) until the grain size approaches the

limiting which is about 2 mm.
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Figure 2. 8. Movement of the grain boundary towards its center of curvature
whereby pore volume is minimized and sometimes completely eliminated [48].
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Figure 2. 9. Grain diameter versus time for grain growth in high-purity alpha
brass [50].

When grain growth and pore growth occur simultaneously during sintering, it is
called as coarsening. Some of the diffusion mechanisms (surface diffusion, vapor
transport) mentioned earlier do not lead to densification and instead they cause
coarsening of the grain size, reducing the driving force for sintering thereby. Figure 2.10

shows the difference between two microstructure where the dominant mechanism was
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densification (a) and coarsening (b), respectively. Figure 2.10.a shows fully dense sample
(TD=100%) where all pores are eliminated while Fig. 2.10.b demonstrates a network of

pores in the microstructure due to coarsening [58, 59].

Figure 2. 10. (a) The surface of an Al203 ceramic without porosity (b) The sintering of
Silicon with a continuous network of solid material (white) and porosity (black) [59].

2.2.2. Sintering of Boron Carbide
Boron carbide is a highly covalent ceramic where atomic mobility is low due to the highly
localized bonding and stiff character of the covalent bond. To enhance diffusivity a
multitude of processes are used for sintering to promote densification which we as
surveyed below.
2.2.2.1. Hot Pressing

Hot pressing is a commercial method for densification of boron carbide. In this
process, the die assembly is in high temperature furnace, and the specimen is uniaxially
pressed with a static load while heated to a high temperature than isothermally held for
a long time. Figure 2.11 shows the basic configuration of hot pressing system. Hot
pressing lowers the sintering temperature, and consequently suppresses grain growth or

secondary recrystallization, relatively. While hot pressing results in ~100% density and
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small grain size (~1micron), hot pressing is very long process, and it is not cost efficient.
The dies used in hot pressing are expensive and do not have a long service life. Moreover,
hot pressing is limited to forming simple shaped components; such as cylinders and
blocks. More complex shaped components require high costs specialty dies. Graphite is
the most common die material for hot pressing [60, 61].

B4C powders are densified >90% theoretical densities under inert atmosphere or
vacuum at 2173 to 2473°K with application of 30-50 MPa for up to 48 hours. Studies show
that full densification requires high temperatures >2400K provided that the powder is of
good quality. Although high pressure accelerates densification, at very high temperatures

it is not as effective and cannot prevent grain growth to any substantial extent.

Furnace

Insulation

Die

Ceramic powders
P ﬁ

Figure 2. 11. Schematic of hot pressing furnace [61].

An alternative method for sintering B4C is hot isostatic pressing (HIP) which has
advantages over hot-pressing process such as the ability to sinter complex shapes under

3D hydrostatic state of stress. The densification temperature in HIP is relatively lower than
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hot-pressing, while the applied pressure usually is 100-300 MPa which is higher than
pressures used in hot-pressing. Needless to say, the densification rate is proportional to
the magnitude of the applied stress. The needed-hydrostatic pressure is applied in an
autoclave using an inert gas. B4C densification to > 95% at 1200-1750°C with sintering aids
is possible by hot isostatic pressing with 30-60 min [62-67].
2.2.2.2. Current Activated and Pressure Assisted Densification

Here, electric current is used to enhance mass transport and to lower the
densification temperature. The electric current may be applied in pulse mode or
continuously. A typical apparatus is schematically shown in Figure 2.12. One of the most
commonly used electric field assisted sintering technique is spark plasma sintering (SPS).
The major differences between SPS and hot pressing are heating rate and heat transfer.
In addition to the applied field three main parameters define the SPS process; (i) heating
rate, (ii) applied pressure, and (iii) applied current. The uniaxial load as well as the current
are applied by pistons made out of graphic. A low voltage (10-15 V maximum), very high
current (1000 A to 10,000A) are used, which leads to joule heating which provides the
necessary thermal activation for densification. The applied pressure typically varies
between 30-200 MPa. The application of electric current enhances the known sintering
mechanisms and/or activate new mechanisms via electromigration, increase in point
defects concentration, superplasticity, and the reduction of activation for migration of
defects. Electric current creates a spark discharge at particle contact points, resulting
extreme local heating at particle surfaces. With the SPS technique, even non-conductive

materials can be sintered because heat can be transferred to material easily. Grain growth
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can be controlled by minimizing the sintering time at high temperature from the graphite

die [68-71].

Load

Vacuum chamber
(typically water cooled)

Top electrode

@

Spacers

Bottom
electrode

Figure 2. 12. Main components of current activated, pressure assisted
densification apparatus [69].

Table 2.4 summarizes the different reported process parameter in SPS for
sintering of B4C. For full densification a temperature over 1800°C is needed under 30-100
MPa pressure. As expected, the increase in temperature, applied pressure and holding
time result in higher density. Hayun, et al (2010) observed grain coarsening at
temperatures ~2200°C. SPS process is also limited to simple symmetrical shaped samples
and very high dc current supply is needed which makes SPS a costly hot consolidation

process [72-76].
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Table 2. 4. SPS parameters for B4aC densification reported in different research articles

Heating Rate Temperature Hold time Pressure
Reference (°C/min) (°C) (min) (MPa) TD %
Tamburini
[72] 200 1600-1700 10 70 98
Sairam 100 1800 5 91
[137] 10 96
15 full
1700 15 94.4
96.9-
Xu [73] 100 1800 5 50 98.4
Hayun [74] 1900-2200 32 80-full
Hayun [75] 50 2050 10 32 full

2.2.2.3. Pressureless Sintering of B4C

Densification of boron carbide with traditional sintering methods is extremely
difficult due to low diffusivities in covalent solids. Due to the limitation of pressure
assisted method in producing complex shape components, pressureless sintering is
desirable considered to avoid expensive die designs and post sintering diamond
machining. On the other hand, very high temperatures approaching the melting point and
very fine powder are required to obtain high densities, but in most cases coarsening is
inevitable. Various additives have been used to enhance sintering behavior of B4C by
eliminating pore growth, but the resultant second phases have deleterious effects on
mechanical properties. Most commonly used additive is carbon, although dopants such
as Al, AlFes, Ni, Fe, Cu have been used to enhance the sinterability of boron carbide.
Coarsening in pressureless sintering of B4C has been suggested to B,0s layer in starting

powders surface. It is believed that the B,O3 nondensifying mechanisms in sintering which
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leads to coarsening. Addition of carbon eliminates B,0s coating by reducing it

carbothermically [77-84].

2.3. Flash Sintering

As explained in the previous section, it is extremely difficult to densify B4C without
pressure assistance. Early work on 3 % ytrria doped zirconia by Raj and Conrad shows
drastic reduction in sintering temperature with a low dc electric field (20V/cm), also
keeping the grain size small due to faster sintering rates[85]. The recently discovered flash
sintering method by Cologna and Raj has shown that with application of sufficient electric
field directly to a sample can reduce sintering temperature several hundred degrees
below conventional sintering and reduce sintering time from hours to seconds. Flash
sintering requires low power, and it promises exciting reduction in energy consumption
for sintering. The method basically consist of applying a DC field across the ceramic body
by two electrodes while heating in a furnace [87]. This technique has been demonstrated
for wide range of materials including ionic conductors, semi-conductors, and electronic
conductors; such as 3Y-TZP and 8Y-TZP [87, 88], Gadolinia-doped Ceria [89], MgO-doped
Alumina [90], Co2Mn04[91], SrTiOs [92], BaTiOs [93], SnO2 mixed to MnO; [94], SiC [95],
etc. Figure 2.13 shows the sintering temperature versus different dc field values, and
corresponding shrinkage. In 3Y-TZP two regimes are demonstrated in the graph; first one
is at low fields where densification is gradually completed, and in the second regime,
increase of dc field lowers sintering temperature, and this second region is called as flash
sintering regime. A summary of the behavior exhibited by of 3% Yttria doped zirconia as

a function of dc electric field is shown in figure 2.14 where flash sintering was
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accomplished at 1275°C and under 75 V/cm [96]. The sudden increase in power which is
shown in figure 2.14 (c) is the signature of flash sintering experiment. Here conductivity
of the material increases during heating. When peak power is reached the current is
limited, and at certain temperature the material absorbs electrical power, and one
switches from voltage to current control. Under current control, the system goes into
steady state. Flash sintering is divided into three stages by many; (i) the first stage is called
as the incubation time which is the region just before the flash, (ii) the second stage is
where transient effect occurs and ultimately the system is switched from voltage to
current control, and (iii) the last stage is the steady state under current control where
joule heating occurs. All stages are represented in figure 2.14. Controllable variables in
the flash sintering process are heating rate, electric field, current limitation in power

supply, and holding time in the steady state region during overall process [97, 98].
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Figure 2. 13. Relation between applied dc fields and sintering temperature [87].

Furnace temp. (Tg) 1275 °C

%_ 100 - a) DC electric field 5
§ 50 t Voltage control - \‘_-_——\—-
> 0 i

¥ 100 .
£ SOF b) Current density J__Current__ -
o 0 control .
£

L)
£ 200
£ 100 c) Power
=
z 0!
< 0.00 1
:'g -0.09 E d) Linear shrinkage strain E
€ .0.18 — T —

0 100 150 200 250 300
time (s)

Figure 2. 14. Isothermal flash sintering variables at 1275°C under 75 V/cm [96].
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Flash sintering was critically compared to Spark Plasma Sintering has been
guestioned. In the SPS method, the field is applied to a graphite die, therefore the
majority of the current is passing through the die, and in some degree it passes through
the depending on the material’s conductivity. The applied electric fields are relatively low
in SPS, however, current values reach as high as 100,000 Amperes which leads very high
power density and high joule heating. On the other hand, in flash sintering, dc field is
applied directly on the sample by two electrodes and all the current flow is through the
sample. Another point is that flash sintering is a process low dc field, current is extremely
low comparing to SPS method, and so is the power density imposed on system.

The reasons behind the anomalous enhancement of the mass transport flux in
flash sintering is not fully understood yet. One wonders if flash sintering causes localized
Joule heating at particle/particle contacts in the green body. Studies by Raj et al.,
however, clearly show that the increase in temperature due to transient power passing is
not high enough to complete densification processes for flash sintering a wide range of
material. Raj et al. demonstrated that the joule heating from the applied field in flash

sintering obeys the Stefan Boltzmann law for black body radiation.

AT AW

T, doTy (29

where Tpis the specimen temperature without electric field, AW is the electrical energy

(in Watt), A is the surface area of the specimen, and o is a constant. Based on eq. (2.5),
the typical AT =0.01T,, which corresponds to only 1% increase in temperature. Hence,

joule heating is not the root cause for flash sintering [99-102].
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In the case of oxide ionic conductors, the electric is hypothesized to alter the
defect because of electrostatic charge neutrality consideration. It is assumed that
changed Frenkel pairs erected. These vacancies and interstitials are separated by
electrostatic forces, and vacancies migrate toward grain boundaries, altering diffusional
process thereby.

Following the discovery of flash sintering by Raj et al. in yttria stabilized zirconia
(YSZ), the Rutgers group first focused on understanding of flash sintering mechanism in
yttria stabilized zirconia using in-situ energy dispersive x-ray diffraction study to probe
densification at the unit cell level. Yttria stabilized zirconia sample was heated with
9°C/min heating rate, and x-ray data is collected with 1s intervals under 215 V/cm dc
electric field up to 930°C. Figure 2.15 shows the 2D topographic image of position
dependence spectra along yr axis of the hot stage which is obtained at the X-17B1
beamline of National Synchrotron Light Source in the Brookhaven National Laboratory.
The top and bottom spectra belong to insulator plates, and between insulator and the
sample platinum electrodes are detectable with scan. Between insulator plates, the

sample is seen with all major reflections of 8 % Y,03-Z:0; present.
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Figure 2. 15. Position dependence spectra, taken along yr axis of the hot stage [103].

Figure 2.16 shows variation of current as a function of time under 215 V/cm
electric field. Current draw is observed at 876°C and it reached to 3 A at 905°C (power
absorption ~513W/cm3) in 199 seconds. During this transient stage, YSZ powder is

densified to 97% of the theoretical density.
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Figure 2. 16. Time dependence current draw by 8% Y,03-ZrO; during flash
sintering between 876 °C and 930 °C [104].

In Figure 2.17, the natural response of the unit cell volume of the tetragonal unit
cell is depicted. Unit cell expands monotonously without current draw due to thermal
expansion up to 876°C. However, a current induced singularity is observed at 905°C which
corresponds to 2.35 % anelastic unit cell volume expansion. A second singularity at 847°C
is also seen which spontaneously and anelastically relaxes to thermal expansion baseline

following an anelastic expansion.

Flash sintering of 8%YSZ has been performed under different dc electric field as
well, and the effect of applied electric field on sintering temperature of YSZ is depicted in
Fig. 2.18. The increase in the applied electric field during nonisothermal flash sintering
experiments lower the sintering temperature of YSZ. The maximum observed current
draw is 3 A when applied electric field is 183 V/cm at 841°C which happens to be the

optimum electric field strength for flash sintering of the YSZ [103,104].
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Figure 2. 17. Variation of the unit cell of 8% yttria stabilized zirconia as a function
of time during flash sintering under 215 V/cm dc electric field [104].
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Figure 2. 18. Electric field effect on flash sintering temperature and current draw
in yttria stabilized zirconia system (in review).

Figure 2.19 depicts the variation in the full width at half maximum of the

representative (112) bragg reflection in YSZ as a function of time under 215 V/cm dc field.

A singularity is observed at 980°C that is indicative of defect process occurred at the point
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of flash. During transient state, where current draw is observed and reach to 3 A, mass

transport and defect process are coupled [104].
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The flash process is overall provide energy reduction comparing to other sintering

methods due to reducing sintering time and temperature. Basic furnace design and low

power supply are sufficient to perform densification. Wide range of materials can be

densified with this method, and specimen geometry is not limited to simple shapes. The

flash sintering process is still under investigation, but it has great potential for industrial

application in near future.

3. Thesis Objective

The primary goal of this study is to assess the possibility of densifying our ultrahigh

melting temperature ceramic, B4C, at low temperature to high density at the shortest

time possible by Flash Sintering. Secondly, yet another main goal is to determine why
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mass transport rates involved in the densification reach unprecedented level by what

burst mode densification of B4C in general.

3.1 Scope

The study presented herein covers in-situ experiments that were conducted in
Brookhaven National Laboratory, Upton, NY where the purpose was to gain more insight
into densification of B4C at the unit cell level. For that purpose, high temperature energy
dispersive x-ray diffractometry with an ultrahigh energy polychromatic synchrotron probe
was used. Using this advanced analytical technique, the following tasks were

accomplished:

3.1.1. Thermal Expansion of Boron Carbide as a function of E- field:
Thermal expansion is an anharmonic crystal property. By following the electric
field dependence of the thermal expansion coefficient, we hope to gain insight into flash

sintering phenomena at the unit cell level.

3.1.2. Densification of Boron Carbide and comparison of densification of BsC under
both isothermal and non-isothermal conditions:

Both isothermal and non-isothermal flash sintering experiments are performed to
achieve densification of B4C at low temperature and in a shortest time possible without
grain growth. In so doing, one has the possibility to determine if the soret effect has a

significant influence on flash sintering.
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3.1.3. Comparison of densification of B4C under different electric fields:

Sintering used in this study is recently discovered, a thorough analysis of the
experimental parameters is carried out to assess the optimum condition for flash
sintering of B4C by burst mode densification. For that purpose in situ experimental work

was performed at Brookhaven National Laboratory.

3.1.4. Characterization of Densified Sample:

While energy dispersive x-ray diffraction is the main tool of analysis in this study,
other characterization techniques were also brought to bear to analyze sintered B4C
samples. Additional characterization studies include density measurement,
microstructure examination, and angle dispersive x-ray diffraction. Comparison of the
properties of B4C that was densified with burst mode densification and conventionally

sintered B4C was also made.

4. Experimental Methods

4.1 Sample Preparation

This study is solely focuses on Boron Carbide (B4C). The nano-particulated boron
carbide powder with 50 nm median particle size was provided by Dr. C. Haines of Picatinny
Arsenal, New Jersey. Powder did not require additional powder processing such as
grinding, milling, etc. The as-received powder was uniaxially pressed into disk shaped
body with diameter of 12 mm with a series of thicknesses from 1.5 mm to 3.5 mm. The
high quality of powder enables us to press samples without binder, which was an

advantage because the use of binder makes the densification more complicated due to
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the arduous binder burn out process. The as-pressed densities of the specimen were 60-

65 % of the theoretical density.

4.2. Parallel Capacitor Hot Stage for Field Assisted Densification Study

The furnace (hot stage) for in-situ flash sintering studies was custom made by
Rutgers Nano-Materials group [136] exclusively for in-situ experiments at Brookhaven
National Laboratory. As depicted in Fig. 4.1, the sample was placed between two spring
loaded ceramics (insulator) made out of high temperature alumina (Al>Os) in all
experiments. Resistance wire was wrapped around ceramic insulator, and connected to
power supply (Power Designs Inc -Model 6150- Universal DC Power Source) to heat the
specimen. The electric field was applied to the sample in the parallel plate geometry.
Platinum foils were used as an electrode on both sides of the sample, and platinum wires
were used to apply electric field. The power source (BK Precision -Model 9115- Multi
Range DC Power Supply) which was used in boron carbide experiments was capable of
delivering 1200 Watt and current limitation was set at 10 Amperes in all experiments.
Temperature was measured with a thermocouple that was placed very carefully in the
vicinity of sample (3-5mm). Voltage, current, and temperature data were recorded
concomitantly with in-situ energy dispersive xrd experiments. An inert gas dynamic

atmosphere (Ar) protected the specimen from oxidation.
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Figure 4. 1. Specialty hot stage designed and fabricated by the Rutgers Group for
in situ analysis of Burst Mode Densification using ultrahigh energy dispersive x-
ray diffraction [103, 136].

The hot stage was mounted on the sample positioning stage in the hutch of the
X17-B1 beamline station as shown in Fig. 4.2., and exposed to beam with the Laue mode
(transmission). Diffracted patterns were collected from body center of the sample by
placing gauge volume (diffraction volume) on the body center after a delicate calibration
procedure. The nominal heating rate was 25-40°C per minute. Since the primary aim of
this study is the discovery of boron carbide’s response to flash sintering, non-isothermal
experiments were conducted first. Several dc electric fields were applied on samples
while heating and data was collected as will be discussed later. Once the temperature
ranges of interest were obtained in nonisothermal experiments, isothermal experiments
were also performed at different temperatures. The applied dc electric field was varied

between 1-14 V/mm. X-ray data was collected every 2-3 seconds intervals from room
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temperature to the sintering temperature as well as during cool down to room

temperature.
4.3. Energy Dispersive X-ray Diffraction Method (EDXRD)

4.3.1. Preliminary considerations: Synchrotron Radiation

When charged particles are accelerated, electromagnetic radiation is produced.
Electron or positron storage ring consists of an array of several magnets that keep charged
particles on the radius path in a high vacuum pipe. When electrons pass through these
magnets, they emit electromagnetic radiation x-ray tangentially to the plane of the orbit,
and x-rays are directed along beamlines, and well-directed and intense x-rays are
provided into the experimental areas. Simple image of storage ring (second-generation)
is shown in Figure 4.2. Synchrotron radiation has very high intensity that is four to twelve
orders of magnitude higher than conventional sources. Flux is determined with the
number of photons per second; but for high intensity, the cross sectional size of the beam
and distribution of the beam intensity as a function of wavelength should be taken into
account. Any desirable wavelength (energies) can be chosen in synchrotron radiation due
to high intensity from less than 1keV (1.4nm) to more than 70keV (~0.02nm), and
experiments can be conducted with white radiation or any single wavelength by the use
of monochromator. A conventional x-ray sources use few standard wavelengths with
target materials of Cu-Ka (1.54184 A) or Mo- Ka (0.71703 A). Synchrotron radiation is
highly collimated with fraction of miliradian, and produces very intense beam (high
brightness and brilliance) and provide high resolution in diffraction study. Since

synchrotron radiation is emitted when electrons pass through magnets, the radiation is
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in pulses, not continues. These pulses can range in the picosecond to nanosecond
depending on the properties of electron bunches in the storage ring. The acceleration of
electrons leads radiation to be linearly polarized in the plane of the electron orbit

[105,106].

<electron beam

bending
storage magnet
ring
B
v
synchrotron
radiation

Figure 4. 2. Basic representation of a second-generation storage ring with output
of synchrotron radiation from bending magnets [105].

4.3.2. Energy Dispersive X-ray Diffraction

In the energy dispersive x-ray diffraction (EDXRD) method, a diffraction pattern is
obtained at a fixed Bragg angle (2-3° typically) using a polychromatic X-rays from
synchrotron. This is in contrast to Bragg-Brentano method where the diffraction is
obtained at constant wavelength. Schematics of angle and energy dispersive x-ray

diffraction methods are shown for comparison in Figure 4.3.
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Multichannel solid state detectors allow simultaneous acquisition of whole
diffraction in very short times thanks to the high brightness of synchrotron x-rays. This
capability is especially important for high pressure in-situ experiments analyzing phase
transition, sintering, chemical reactions, etc. Another important property of synchrotron
EDXRD for in-situ experiments is the counting time which is at least one order of

magnitude smaller than the ones associated with conventional method.

The EDXRD technique uses polychromatic radiation at fixed angle to fulfill the

Bragg condition,
2dsinéd=nA (4.1)

The relation between the energy of a photon ( E) and its frequency (V) is given by the

Planck-Einstein equation;
E=hv (4.2)

where h is the Planck’s constant, and for an electromagnetic waves, one has;
V=— (4.3)

where c is the speed of light in vacuum (2.997x10% m/s) and A is the wavelength of the

photon. If we combine equations (2.6), (2.7), and (2.8) one obtains;

. 6.199 (keV.A
dyySing,, = E( )
hkl

(4.4)
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In eq. (4.4), Enw is the measured quantity and hkl refer to the miller indices of the Bragg

reflection of interest.

Qhkl|: L , Where ‘Qhkl‘ is the

According to diffraction theory we have; S
hkl

magnitude of the reciprocal lattice vector associated with the atomic plane (hkl).

Therefore,

Qi ‘ is measured directly in an EDXRD experiment making it a very accurate
method compared to angle dispersive x-ray diffraction where d,,, oc sin*4g,, . Even small
errors in the conversion of &, to sin SING,, results in large error in the calculation

of dhk| values due to the reciprocal relationship between dng and Ong. The EDXRD

technique is a transmission mode (Laue) technique. One advantage of transmission mode
is the elimination of the specimen height displacement errors that plague Bragg-Brentano
methods. Also, the transmission mode enables strain field profiling/mapping of local
strain field gradients in the materials with thicknesses of as high as 150 cm in aluminum,

2.54 cm in steel and 0.5 cm in tungsten.

a) Conventional X-ray b) EDXRD
Diffraction

-3
-~

SNa

e
—-«—---_—-——\---.‘——----—
~

o

Figure 4. 3. Comparison of angle-dispersive and energy-dispersive diffraction [110].
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Elastic strain can be measured at any given point in a 3D object of suitable thickness via,

o En (4:5)

According to equation 4.5, the change in interplanar spacing or energy of given peak
position can be measured as a shift in peak position on the energy scale in an EDXRD
experiment. The elastic strain measurements can be computed under an applied stress
in-situ. Moreover, with this technique, multi-phase system can be analyzed in a phase-
specific manner with 1 second temporal resolution, and each phase can be identified
separately. Therefore, EDXRD utilizing a synchrotron probe is ideal for micromechanics
studies, for instance the effect of the applied stress on each component of the multi-
phase system can be examined individually [107-114].
4.3.3. In-situ EDXRD analysis

In situ energy dispersive x-ray diffraction (EDXRD) measurements were performed
in the National Synchrotron Light Source (NSLS) superconducting wiggler beam line X17-
B1 in Brookhaven National Laboratory, Upton, New York. The experimental setup is
illustrated schematically in Fig. 4.4. The photon (white beam) is produced by accelerating
electron or proton to very high speed from which high energy x-rays are obtained (up to
200keV). A high resolution solid state Ge detector is used to collect spectra. The Ge
detector is at liquid nitrogen cooled during measurements. In EDXRD technique, bragg
angle is fixed to 26. The incident and diffracted beams from rhombic shaped gauge
volume (GV) which is the diffraction volume. The GV is stationary and can be tuned by the

incident and scattered beam collimating slits (2mm thick tantalum slits). The z dimension
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of the GV (direction along the transmission) can be controlled by Bragg angle, hence, the
higher the Bragg angle the shorter the GV. The following simple expression relates the

gauge length (GL) to the slit opening, h and Bragg angle

2h 2h

s LS,
L sin29  tan20 (4.7)

where S; and S; are the slit openings in the x-y plane perpendicular to the z-axis. The S1
has horizontal and vertical components along the x and y axes of the Cartesian coordinate
system. Hence, the shape of the S1 openings on the specimen’s face is a rectangle whose
dimensions can be adjusted as needed. The Bragg angle used in this study was typically
206=3° which resulted in a gauge length of ~1 mm as the typical S1 y-axis opening used,
i.e. 75 um x 75 um. (slit size). The slit opening determine the space resolution of the x-ray
experiment. However, one needs to be extended to sample enough grains in a

polycrystalline solid [113-119].
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Figure 4. 4. Transmission (Laue) mode diffraction with a stationary diffraction volume in
space makes the Rutgers approach very suitable for in-situ studies.

4.3.4. Energy Calibration and Data Analysis of Energy Dispersive X-ray Diffraction
Technique

Energy calibration for the aforementioned EDXRD method was carried out with
tungsten, gold, germanium, cerium oxide, and lanthanum hexaboride (LaBs) (NIST SRM

660) standards. The spectrum of the LaB6 standard is shown in the Fig. 4.5
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Figure 4. 5. The spectrum data of the LaB6 standard taken in the Rutgers EDXRD
experiment [103].

Each channel number in the Germanium detector represents a certain energy
point which then needs to be mapped on the known d-spacing of LaBs and other
standards. The range of channel number was from 0-8192 corresponding to an energy
range of 0-200 keV. Kai, Kaz and KBi lines of X-ray absorption (fluorescence lines)
standards are used for calibration of the channel numbers against the energy scale up to
~40keV. For higher E CeO; and other standards are used. The instrumental broadening is
~1% which is dominated by the detector’s contribution to the peak breath. It is measured
as AE/E,, where AE is the width of the peak of interest at 50% of maximum intensity and
Eo is the centroid coordinate of the peak. This instrumental error can be corrected with

calibration using a LaBe standard.

Figure 4.6 displays a representative calibration result where a linear calibration

curve which is obtained to map the measured channel numbers to the energy scale.
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Figure 4. 6. Energy calibration result of the EDXRD set-up [103].

The final step in energy calibration is to obtain the governing equation for energy

dispersive x-ray diffraction as,

6.199 (keV.A)
E (4.8)
hkl

d,,Sinéd =

where dh is interplanar spacing of the (hkl) reflection, 0 is the bragg angle (26=3°), and
Enk is the corresponding scattered energy from the (hkl) reflection which is measured
guantity. Determination of the dny values enables us to compute unit cell parameters of
the rhombohedral cell boron carbide as a function of time, temperature, and electric field.
All peaks from spectrum of B4C were used to calculate lattice parameters. A non-linear
least squares cell refinement program was used to determine hexagonal lattice
parameters of boron carbide (an and c) from do12), d(oo3), d(101), d(021), d(104), and d(110)
reflections. Then, rhombohedral lattice parameters of B4C (ag, a) were computed by using

the following equations,
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1
a, = 5«/3aH2 +c? (4.9)

.o 3

sin— =
2 2/3+(c/a,) (4.10

V = a%y/1-3cos?a + 2cos’a (4.11)

The shift in peak position measured as a change in channel number, defines the

volumetric unit cell variation as a function of time in the studies presented herein.

AV _ channel of peak -channel of peak,
V, channel of peak,

(4.12)

Channel of peak is the data taken from the sample under test and
channel of peak, is the reference channel number. Moreover, the peak breadth is
obtained by a profile shape function (pseudo-Voigt) from where defect process were

monitored [113-119].

4.4. Other Characterization Techniques

4.4.1. Density Measurement

Densities of the as-sintered samples were measured with the Archimedes method.
All samples were wiped with ethanol to remove surface residual prior to weighting, and
dry weighted five time with Adam PGW analytical balance with 0.001g accuracy. Next,

samples were suspended in a water, and weighted five times. The average of the
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measured dry and suspended weights were taken, and density was calculated by using
the following equation.

dry weight
dry weight - suspended weight

p(g/cm®)= (4.13)

where the density of pure water was taken as 1 g/cm?.

4.4.2. Scanning Electron Microscopy

The morphology of the powder particles and the microstructure of as-pressed,
and as-sintered boron carbide samples were analyzed with scanning electron microscope.
Zeiss Xigma field emission scanning electron microscope (FESEM) was used throughout
this study.

All specimens were attached to an SEM stud with carbon tape. Powder was
sprinkled on carbon tape and excess powder was removed with compressed air. No
carbon or gold coating was issued since boron carbide samples were conductive. All
samples were stored in a vacuum desiccator prior to use to eliminate moisture or
contamination. Imaging was accomplished using secondary electrons and two detectors;
a conventional secondary electron detector and an in-lens detector. The acceleration
voltage range was 5V-20kV. Scanning was performed in the 1,000-20,000X magnification
range to obtain the best results on boron carbide microstructure possible.

4.4.3. Qualitative and Quantitative X-ray Phase Analysis

As received nano boron carbide powders from each provider were examined with

powder diffraction technique for phase purity. Measurements were performed with a

Panalitical X'Pert X-Ray Diffractiometer. The powder mount (zero background) for Bragg-
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Brentano was filled with boron carbide powder and powder was pressed with glass slide.
Collected data from x-ray diffractometry was analyzed with the software, MDI Jade. Full

pattern fitting was used for phase analysis.

5. Thermal Expansion Analysis

Thermal expansion is an important anharmonic material property for structural
and mechanical applications as it is intimately related to the thermal stability and strength
of the material. The thermal expansion coefficient (TEC) could be positive or negative
under specified conditions but is usually positive. Most reported values for thermal
expansion coefficients of materials are determined under constant pressure and zero
electric field.

In general, thermal expansion can be defined with parameters; volume (V),

temperature (T), and pressure (P) and V=f (T, P). The Pfaffian of V is

dv:(ﬁ) dT+(ﬂj dp (5.1)
ot J; oP ),
and
1(oV . . . . . .
a:\T[_j is isobaric volumetric thermal expansion coefficient, and (5.1.1)
0 P
1(oV) . . s
ﬂ=—\7(¥j is isothermal (bulk) volume compressibility. (5.1.2)
0 T

If we substitute (5.1.1) and (5.1.2) into (5.1); then P-V-T equation of state becomes
dV(T,P)=aV,dT - pV,dP (5.2)

where a= f (T, P) and B= (T,P) in general.
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(5.3)

(5.4)

(5.5)

(5.6)

Thermal expansion behavior of boron carbide has been reported in several

articles. Average thermal expansion coefficient in the 298-1073 K temperature range is

reported 4-8 10 K in the Thevenot’s review paper, and Pilladi reported that average

thermal expansion coefficients in the 298-1773 K temperature range for nano and

microcrystalline boron carbides are 7.76x10° K*and 7.06x10° K%, respectively [10,14]. In

this study, we used the advantage of in-situ flash sintering experiments conducted at

NSLS, BNL to determine thermal expansion coefficient of boron carbide under different

electric field strength. Data collection from body center of the sample enable us to
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measure unit cell parameters while heating the sample under a constant electric field.
Advantages of the x-ray method over classical measurements of thermal expansions as
follows; the measurement excludes the effect of the impurity on thermal expansion in
the sample by measuring directly the unit cell variation of the material, specimen size is
not important, and single experiment is enough to determine the thermal expansion
coefficient of material [121-123].
5.1 Experimental

Nanocrystalline boron carbide samples have been analyzed in X-17B, NSLS,
Brookhaven National Laboratory. Experimental setup is explained in Section 4. Bragg
angle of 26 value was set at 3°. Electric field is varied between 0.0 V/mm to 12.73 V/mm
for nanocyrstalline B4C samples. Data is collected every 2-3 seconds that yields overall
more than 1000 spectra for each experiments, but diffractions belong to specific
temperatures are chosen for final determination of thermal expansion coefficients.
Temperature range differentiates for each measurement from room temperature to up
to 1010°K. Thermal expansion was measured in the absence of electric field as a baseline
with temperature interval of ~100K. Experiments are performed at 0.0 V/mm, 5.3 V/mm,
6.9 V/mm, and 12.7 V/mm for nano-boron carbide samples with the temperature range
from room temperature to 1010°K, 875°K, 730°K, and 615°K, respectively.

Lattice parameters of boron carbide were computed accurately with UnitCell
software which is used to refine hexagonal cell parameters for boron carbide by using all

six peaks [(101),(003),(012),(110),(104), and(021)] in the spectrum data. Pre-estimation
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of lattice parameter is not necessary for UnitCell program which uses non-linear least-
squares method [121].
5.2. Results

Figure 5.1 shows the room temperature (298K) energy dispersive x-ray diffraction
(EDXRD) pattern of the as-received nanocrystalline boron carbide powder as a function
of Energy (keV) for 206=3°. The room temperature lattice parameters of boron carbide are
ar=5.1684 A and ar=65.7046° that are obtained from EDXRD spectrum. The as-received
powder was also assessed by quantitative x-ray phase analysis using whole pattern fitting
of Bragg-Brentano diffraction spectrum (Fig. 5.2). Whole pattern fitting phase analysis
indicated that 2.1 % free carbon was present in the as-received powder. Chemical analysis

of the boron carbide that is used in this study is shown in Table 5.1.
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Figure 5. 1. The energy dispersive x-ray diffraction spectra of as-received boron
carbide at room temperature (298K) as a function of channel number.
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Figure 5. 2. Bragg-Brentano diffraction spectrum of as-received B4C powder.

Table 5. 1. Chemical analysis of nanocrystalline boron carbide presented in this study

Sample Boron Carbon Phases present
name (wt.%)  (wt.%) in XRD analysis
N-B4C 74.7 25.3 BsCand C

Figure 5.3 depicts the variation of the rhombohedral unit cell parameter of nano-
B4C as a function of temperature (K) under various applied dc electric fields. Lattice
parameter (ar) increases monotonously while temperature increases. The variation is
parabolic and not linear despite the fact that the temperature range of interest is < Tm.
The TEC was found to exhibit E-field dependence as well as can be also verified in Fig. 5.3.
The variation of the lattice parameter with temperature becomes more nonlinear as the

electric field strength is increasing.
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Figure 5. 3. The variation of rhombohedral B4C unit cell parameter, a (A), as a
function of temperature (K) under various applied dc electric field (V/mm).

On the other hand, the rhombohedral angle of B4C is invariant and only fluctuates
with respect to a temperature increase and the applied field has no effect whatsoever. As
seen in figure 5.4, this invariance suggests that the expansion of unit cell of B4C is
hydrostatic with increasing temperature.

The variation of the unit cell volume of the rhombohedral B4C is shown in Figure
5.5. The effect of the applied electric field is same as discussed for lattice parameter (ar)
of B4C, and with increase of electric field, the dependence of unit cell volume on

temperature becomes more non-linear.
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Figure 5. 4. The variation of the rhombohedral angle (a) of B4C as a function of
temperature (K) under various applied dc electric field (V/mm).
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Quadratic fitting of lattice parameter versus temperature (K) data (in Fig. 5.3)

reveals following equation for each specimen;
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0.0 V/mm (298K-1010K); a, =5.1684+2.492x10° (T -298)+3.778x10° (T - 298’ (5.7)
5.3V/mm (298K-875K); a, =5.1684+12.663x10° (T -298)+1.131x10° (T - 298)° (5.8)
6.9 V/mm (298K-730K); a, =5.1684+2.758x10° (T -298)+1.992x10° (T - 298’ (5.9)
12.7 V/mm (298K-615K); a, =5.1684+3.195x10° (T - 298)+3.277x10° (T - 298’ (5.10)

The equations (5.7-5.10) can be written as; a; = a, + AAT + BAT?, so the first and
. . . . 1 — A _ 2 — B
second coefficients of thermal expansion will be @, —g (K1) ando ™ = g (K2),

A B
respectively. The variation of the ¥ = g and ¥ = g as a function of applied E-field

are depicted in Fig. 5.6, and as seen from the graph, the increase of the electric field
strength on material will increase the first and second coefficients of thermal expansion

of B4C.
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The first («,®) and second (¢, )thermal expansion coefficients as a function of

applied electric field is also fitted to second degree polynomial (Fig. 5.6 ) that give the
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relation between electric field and thermal expansion coefficients that are presented in

Table 5.2 and with equations below;

o (T’E):a(l)T (T)E:o +(P1(E'Eo)+(P2(E'E0)2 (5.11)

o' (TE)=a?, (T)._, +C, (E-E)+&, (E-E, ) (5.12)

Table 5. 2. The relation between thermal expansion coefficients of B4C and electric field
strength in which thermal expansion measurements were performed.

a(T) Coeff. 1 Coeff. 2
E=0
I -6 -8 9
a (TE) 4.821x10 3.30x10 5.8x10
a (T.E) 6.653x10 3.24x10"° 9.87x10™"

5.3. Discussion and Conclusion

In-situ energy dispersive x-ray diffraction study on lattice parameter of boron
carbide under various electric field while heating the specimen shows that the lattice
parameter ag increase monotonically with temperature while ag remains unchanged. For
polycrystalline materials the grain orientation is random. Although individual grains
behave anisotropically, the property differences tend to average out and at larger scale
polycrystalline material will be approximately isotropic.

The linear thermal expansion coefficient for N-B4C is 4.821x10° at E=0 which is
in reasonable agreement with the value reported in the literature. Moreover, we have
shown that the application of the electric field across the sample in the parallel plate
capacitor geometry while heating the sample has impact on the thermal expansion
coefficients of the material. If we increase the electric field strength on the sample, the

first and second thermal expansion coefficients of boron carbide gain higher values, and
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such relation was shown with quadratic regression of the lattice parameter versus
temperature (K) data. While temperature affects the anharmonicity of the lattice
interaction potential by itself, conjugated effect of the thermal and electric field have
higher impact on interatomic separation. The impact of the superimposed thermal and
electric field on thermal expansion coefficients of boron carbide was determined by the
guadratic fitting of the thermal expansion coefficient versus the electric field data. Such
non-linear behavior reveals two separate coefficients for the correlation between applied
dc field and the coefficients of thermal expansion as summarized in Table 5.2. The results
shown here are fundamental data for boron carbide, which is used in applications varies
from structural to electronics. Moreover, the effect of the applied electric field on
material while heating could be necessary to put more insight for flash sintering

processing for the material system of interest.

6. Densification of Boron Carbide under Superimposed Thermal and Electric Field

Highly covalent bonded ceramics have low diffusivity and require high
temperatures, long time, and pressure assistance to obtain full densifications as discussed
earlier. Electric field assisted densification processes are studied to enhance densification
by providing driving force to induce nucleation and densification in such ceramic systems
(68, 102, 124, 125].

In this chapter, we demonstrate the first experimental study for densification of
boron carbide specimen under electric field strength while heating the specimen with

constant heating rate.
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6.1. Experimental

Nano boron carbon powder (~100nm) was pressed into ~2.5 mm thickness. The
specimen was sintered in a flowing argon gas atmosphere at 1 atmosphere by heating
them with 30 °C/min rate under 4.5 V/mm. The limiting current was set 10A in the
beginning of the experiment. The in situ synchrotron x-ray diffraction was performed with
a fixed Bragg angle of 20=3°. The specimen was heated under electric field while
diffraction from full x-ray spectra was collected in the Laue mode every 2 second. All
observed Bragg reflections were fitted with a pseudo-Voigt profile shape function (pV
PSF). Experimental details can be found in Section 4 and see Appendix 1 for methodology
of current-induced enthalpy increment.
6.2. Results

The variation of electrical power density absorbed by B4C under 4.5 V/mm
constant dc field as a function of time was shown in Figure 6.1 (data shown from 850 s
onwards for illustration purposes). The sample was convectively heated with ~30 °C/min
heating rate from room temperature (to=0) to 711 °C (t=1324 s). Firstly, up to 501°C
(ambient temperature) an incubation period of 1000 seconds is observed during which
the current drawn by B4C remained well below 0.1 A. Secondly, the spontaneous current
draw reached 0.74 A during a linear onset stage which is observed from 501°C to 688°C.
Thirdly, between 688 and 711 °C, a spontaneous rapid rise in current from 0.74 to 10 A is
observed. Once the current hit its maximum value of 10A, the voltage started to decrease

because of the reduction in resistivity of specimen while it sinters, and system eventually
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reached to steady state where current and voltage remain constant. At this point, we shut

down the power source to eliminate possible joule heating causing by the steady state.
The maximum peak power density absorbed by B4C specimen was ~350 W/cm? at

711 °C and 10 A. The third range, transient power pass through the specimen only takes

place in 28 seconds, resulting in an increase in density from 65 to 95% of the x-ray density.
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Figure 6. 1. The time evolution of electrical power absorption density in the
sintering of B4C with 4.5 V/mm in 1 atm pure argon atmosphere.

Figure 6.2 shows a scanning electron micrograph (SEM) of a pristine fracture
surface in a 95% dense B4C obtained in this study. A grain size of ~100 nm is observed as
seen in figure, indicating that no grain growth occurred since the initial powder particle

size is commensurate with the final grain size of the ceramic.
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Figure 6. 2. The field emission scanning electron micrographs of pristine fracture
surfaces of sintered B4C by Burst Mode Densification

We have carried out in situ energy dispersive x-ray diffraction to provide
explanation for the evolution of densification in boron carbide at unit cell scale.
Therefore, we were able to observe the current-induced changes in the B4C unit cell with
At = 2seconds during flash sintering under 4.5 V/mm. Figure 6.3 depicts the variation of
B4C unit cell volume with time under a 4.5 V/mm constant electric field. When we also
add the current variation with time on the same graph, it is remarkably noticed that the
B4C unit cell volume follows the identical 3-stage temporal evolution that was observed
in the macroscopic variation of power density with time (See Fig. 6.1). There is a
monotonous unit cell expansion over the incubation period (Stage I) as the current flow
through the B4C lattice is less than 0.1A by basically following thermal expansion
coefficient. The B4C unit cell expands faster from 501-688 °C and the expansion shows
0.9% increase when the spontaneous current draw increased from 0.1 to 0.74 A in 296
seconds. In the third stage, where the transient current flow through specimen was
observed, the B4C unit cell undergoes an anomalous very large expansion of 1.12%. During

Stage lll, the current increases from 0.74 A (688 °C) to 10.0 A (711 °C) in only 28 seconds.
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The cumulative unit cell expansion which is corresponded to stages Il and Il is a 2.02%.
For t >1324 s nonisothermal anelastic relaxation is observed even though the heating

continues as the decrease in B4C unit cell volume is time dependent [129].
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Figure 6. 3. The current-induced unit cell expansion in rhombohedral B4C as a
function of time and current.

Figure 6.4 shows that the rhombohedral angle of B4C is not subject to change with
time and also shows no dependence on current. The current driven unit cell expansion of
boron carbide is isotropic due to invariance of the unit cell shape while it expands, and it
exhibits spherical symmetry (Curie group oocom) [130]. Furthermore, Figure 6.5 reveals
that there is no discontinuity in full width at half maximum (FWHM) of the Bragg peaks as
a function of current during transient state (exemplified here by the FWHM of (021) and
(003) reflections), which is in complete contrast to what was observed in the yttria
stabilized zirconia system. In zirconia, current driven unit cell expansion is due to

migration of point defects, however, such invariance in FWHM for B4C confirmed that the
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current-driven unit cell expansion is solely due to the burst of small polarons through the

B4C lattice. Only a slight decrease with increasing time in the FWHM vs time traces were

seen under 4.5 V/mm during overall experiment due to densification [131].
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6.3. Discussion and Conclusion

When one works on flash sintering, one question immediately comes to mind: the
contribution of Joule Heating, especially during transient state (Stage Ill). Our approach
for investigation of the input of Joule heating to observed fast atomic transport rates was
relied on assumption that electrical energy was absorbed by B4C from 0.74 A (688°C) to
10A (711°C) adiabatically. Power-time relation of B4C (Fig. 6.1) was integrated and the
enthalpy increment was calculated by using thermodynamic data of B4C as described in
Appendix 1. The current-induced enthalpy increment was found as AH(J)=89.5 kJ/mol for
Stage Ill. The enthalpy increment accompanying with thermal field is AH(T)= 85 kJ/mol
between 25-711 °C. Combination of thermal and current induced enthalpy increment
results AH°(T,J)=174.5 kJ/mol which is corresponded to 1312°C, adiabatic internal
temperature of B4C. Such internal temperature is not sufficient for the observed colossal
unit cell expansion and thermally activated mass transport in just 28 seconds. Moreover,
we performed basic calculation of required temperature rise to reach the observed unit
cell expansion in Stage Il by using thermal expansion coefficient of B4C in the absent of

electric field;

n BC —482%10° °C :av -B,C ~3aLB4C

= a"% ~14.46x10° °C™,
&) % =1.12% (transient stage)
nBA —14.46x10° °CIAT* = AT* =775 °C
AT®® = 23°C = AT®® £ AT

The above result also shows that joule heating cannot be solely the cause of observed

colossal unit cell expansion in Stage Il with At=28 seconds.
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Boron carbide is not an ionic conductor, therefore there is no direct coupling
between electric field and mass transport via electrochemical potential. Also, B4C does
not present magnetoelectricity and magnetoristriction causing by the coupling
mechanism between electric field and elastic strain. The current driven unit cell expansion
in B4C is due to small polaron transport through rhombohedral lattice, and such transport
is thermokinetic phenomenon. We name this new direct coupling mechanism between
electric current and unit cell volume the galvanomechanical effect (GME). Moreover,
there is a correlation between current driven unit cell expansion and the diffusivity of rate
limiting species in B4C during transient range considering most of the densification occurs
during Stage lll. Therefore, it is concluded that the current driven unit cell expansion
induces the densification of B4C. From first principles based on random walk theory, the
diffusivity of a species (Di) in a crystal lattice depends on the unit cell parameter (a) of the
host as Di~a2, which results in a unit cell volume (V) dependence of Di~V%3 . In Stage IlI,
regression analysis to the temporal time evolution of unit cell volume (Fig. 6.3) shows
V~t3 dependence, and a parabolic time dependence of diffusivity, Di~t>[133-135]. The
observed density increase in 28 seconds in Stage Ill can be explained approximately with
a~800% increase in diffusivity of the rate limiting species in B4C.

Due to the reduction in sintering temperature and time, flash sintering of high

temperature ceramics promises potential energy saving in the sintering process.
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7. The Investigation of the Effect of Different Flash Sintering Conditions on Densification
of B4C

In the previous chapter, we analyzed the feasibility of flash sintering of B4C by
using particular example under 4.5 V/mm nonisothermally. Flash sintering is a new
method which requires extensive research for optimization of process variables to obtain
full density and best mechanical properties. For this reason, we have conducted several
in-situ flash sintering experiments both isothermally and nonisothermally under different
electric fields. In the first section of this chapter, the discussion on the effect of the
sintering condition will be presented by showing the results of non-isothermal and
isothermal experiments. In the second part, the effect of the application of different

electric field under nonisothermal condition will be discussed.

7.1. Isothermal and Nonisothermal Flash Sintering of B4C under Similar Electric Field
Flash sintering of boron carbide was performed under nonisothermal and
isothermal conditions at both Rutgers and NSLS, BNL. Upon successfully densification of
nano particulate B4C specimen at 880°C non-isothermally with the application of constant
electric field of 3.8 V/mm, isothermal experiment was designed at 870 °C with similar
electric field (3.6 V/mm) on identical sample to define the influence of temperature in
sintering process. The experimental procedure is same as previous section except for
specified dc fields and temperatures during chapter. In addition to the knowledge of the
temperature at which power rises for aforementioned e-field, similarity of experimental

parameters between isothermal and non-isothermal experiments (such as applied
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electric field, heating rate, and current limitation) promotes understanding of burst/onset

time duration and unit cell response to current change in a manner.

7.1.1. Results

Figure 7.1 depicts the power density absorption by B4C for nonisothermal and
isothermal flash sintering conditions under applied field of 3.8 V/mm and 3.6 V/mm,
respectively; here the data starting time is set to Osec at beginning of the current draw
for comparison purpose. Power density variation under a constant electric field of 3.8
V/mm while heating with 30°C/min heating rate does not show any current draw from
room temperature to 770°C. From 770°C to 863°C the current monotonically and
spontaneously increases from 0.1A to 1 A in 151 seconds. The third range which is also
called as ‘transient burst’ depicts the spontaneous rapid rise in current draw from 1 A to
10 A in just 12 seconds. The maximum absorbed power density is ~334 W/cm? at 880°C.
The temperature increase during transient burst is very low and is from 863°C to 880°C
only. In the isothermal experiment, 3.6 V/mm electric field is applied instantaneously at
870°C and current draw reached 0.1A as soon as the electric field is applied; see Figure
7.1. Onset time between 0.1 A to 1 A is 288 seconds during which no significant
temperature increase is observed (AT 5°C). The peak power density reached to ~320
Watt/cm?3 in just 21 seconds based on transient burst between 1A to 10A. Observed
transient stage caused the increase of the temperature from 875 to 896.7 °C. In both
experiments, once 10 A is reached, the power supply was switched from voltage control
to current control (not shown in Fig. 7.1). In other words, the electric field was decreased

since the resistivity of the sample decreases with increasing temperature. The current
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control stage is the steady state range over which Joule heating is expected to occur.
Therefore, power source was switched off to prevent joule heating. The data in hand
suggest that there is no major difference in burst mode between isothermal and
nonisothermal conditions, and maximum absorbed power density was similar in both

case.
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Figure 7. 1. The comparison of absorption of power density by B4C samples
between nonisothermal and isothermal flash sintering conditions.

Here (Fig. 7.1), one observes that the onset time from 0.1 to 10A is longer for
isothermal condition even though applied electric field is approximately the same in both
experiment. Moreover, the transient state also occurs faster under nonisothermal
condition than the one under isothermal condition. The temperature increase during the
transient state for nonisothermal and isothermal conditions are 17°C and 21.7°C,
respectively. Such a difference is the result of a longer transient state in the isothermal

process causing higher power absorption by the material leading to increase in
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temperature by joule heating. The current induced energy absorption for both
experiment and for two regions (onset stage and transient stage) are found by integrating

the data from Fig. 7.1 as follows;
Non isothermal condition with 3.8V/mm;

t,=165 (7 1)
W(t)= [ P(dt=W(At)=1245543 — 68.72 kJ / mole, :

4,=0

W(t)=t2=jm P(t)dt =W(A)=526.53 —> 29.5KkJ / mole. (7.2)

Isothermal condition with 3.6 V/mm;

t,=312 (7 3)
W= [ P(dt=W(At)=2944.45] — 18161k /mole. .

t,=0

1,=312 (7 4)
W)= [ P(dt=W(A)=1008J — 6217 kJ /mole. :

,=291

Figure 7.2 depicts the variation of B4C rhombohedral unit cell volume and current
through the sample as a function of time under 3.8 V/mm. The unit cell volume variation
is in agreement with current draw and follows all three stages that were observed as a
function of time (see Fig. 7.1). From 0.1 Ato 1 A, a 0.25% unit cell volume expansion is
observed. The volumetric expansion corresponding to the rapid current draw from 1A to

10A is 0.66 % in 12 seconds.

Figure 7.3 depicts the time dependence of the B4C unit cell volume change under
3.6 V/mm at constant temperature of 870°C. The unit cell volume increases up to 870°C
with E=0 V/mm is due to thermal expansion which is not shown in the graph; here time

scale was set to 0 from 870°C (at the time at which e-field is applied) for illustration
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purpose. B4C unit cell volume is nearly invariant at 870°C under 0.0 V/mm electric field.
However, unit cell started to expand with the application of 3.6 V/mm, which is
accompanied by a 0.1 A current draw through sample. The expansion reached 0.36%
during onset period (0.1-1A) in 288 seconds. In the transient stage, the B4C unit cell
undergoes a large expansion of 0.33% from 1A at 875°C to 10 A at 896.7°Cin 21 seconds.
The total unit cell expansion with the application of electric field is 0.7% as the current
draw increases from 0.1 A to 10A. In both experiments, the unit cell shrinks with
decreasing temperature as the sample is cooled to room temperature upon the

completion of sintering (not shown here).
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Figure 7. 2. The variation of the unit cell volume of B4C and the current as a
function of time during nonisothermal flash sintering under 3.8 V/mm.
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Figure 7. 3. The variation of the unit cell volume of B4C and the current as a
function of time during isothermal flash sintering under 3.6 V/mm.

The unit cell volume of rhombohedral B4C between 0.1 and 10A as a function of
time for non-isothermal and isothermal experiments is depicted together in Figure 7.4 for
comparison purpose. Volumetric expansions during transient states are 0.66% in
nonisothermal experiment, and 0.33% for isothermal experiment. Since there is not
significant difference between power densities of two specimen, the difference between
unit cell expansions can be caused by experimental conditions. The nonisothermal

process also relies on the creation of a mass flux due to a temperature gradient, and

ensure a transient state during E and VT induced mass transport. The isothermal
process, on the other hand, does not permit for the temperature gradient effect, in
addition, it supposes a steady state. The response of the unit cell differs markedly as a

consequence.
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Figure 7. 4. The variation of unit cell volume of B4C under non-isothermal and
isothermal condition as a function of time.

Figure 7.5 shows the variation of rhombohedral angle of B4C, peak broadening of
the (021) reflection, and the current as a function of time for a) nonisothermal and b)
isothermal condition. The rhombohedral angle of B4C does not change with time under
both 3.6 and 3.8 V/mm while unit cell volume increases as observed other experiments.
The consistency of the rhombohedral angle is indicative of polycrystalline averaging an
otherwise uniaxial crystal. No discontinuity at peak broadening is observed in the vicinity
of the transient state. That is because structural changes associated with the migration of
polarons under applied field are not detectable as a variations in full width at half

maximum [104].
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Figure 7. 5. The variation of the full width at half maximum (FWHM) of
rhombohedral phase (021) reflection and rhombohedral angle of B4C under

a)nonisothermal 3.8 V/mm and b) isothermal 3.6 V/mm at the current range of
0.1-10Amperes.

Densities of the samples were measured with Archimedes method and were
found to be 93% for the sample densified under nonisothermal condition with 3.8 V/mm

and 92% for the one densified under isothermal condition with 3.6 V/mm.
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7.1.2. Discussion and Conclusion

The significance of the experiments discussed in this chapter is that the system
responded the applied electric field instantaneously with > 0.1 A at 870°C under
isothermal condition. Sudden increase in current proofs that the system was ready to
induce current drawn through sample following the choice of the electric field and the
temperature based on non-isothermal experimental background. The remarkable point
of the onset stage (0.1-1A) of the isothermal experiment is that temperature does not
increase significantly while unit cell is expanding, determining that the unit cell expansion
is directly coupling with current draw and not solely with joule heating.

The onset stage takes place ~13 times longer than transient state and
temperature does not increase significantly in both stages. However, the total unit cell
volume expansions in both stages are close to each other that again underlines the effect
of the current driven unit cell expansion.

The power absorption by B4C does not change in both experiments since applied
electric fields are approximately same. However, the current driven unit cell expansion is
higher in nonisothermal experiment due to the combined effect of heating and electric
fields.

Moreover, we showed that the difference in experiment conditions does not alter

the rhombohedral angle and line broadening behavior during sintering process.
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7.2. Flash Sintering of B4C under Different Electric Fields

The success of the densification of B4C specimen under low electric fields at low
temperatures leads us to repeat experiments under different electric fields for
optimization of the burst mode densification process parameters. Therefore, we
conducted several nonisothermal in-situ experiments at NSLS, BNL. The effect of the
transient power increase in the crystal structure of boron carbide is explained in detail in
the chapter 6 and we called such coupling phenomena as galvanomechanical effect in
boron carbide system. In this section, the effect of electric field magnitude on the onset
temperature and sintering density in the burst mode densification of B4C will be reported.
7.2.1. Experimental

All samples were prepared under same conditions that were explained before.
Thicknesses of the samples vary between ~2.5mm to 3mm. In the first experiment, the
range of the 1.25 to 3.5 V/mm dc field was applied gradually while heating the sample
with 30°C/min, and data collection was carried out every 3 seconds. In the second run,
B4C specimen was heated with ~40°C/min average heating rate under 3.8 V/mm applied
dc field and data was collected with every 3 seconds time interval. Third experiment was
performed under 4.5 V/mm dc field while heating the B4C specimen with ~30°C/min and
data was collected with a At = 2 seconds. Fourth and fifth experiments were carried out
with ~25°C/min heating rate. Data from x-ray diffraction was collected with every 3
seconds and 2 seconds time interval for applied dc field of 5.3V/mm and 6.9 V/mm,
respectively. Once the current hit its maximum of 10 A (limitation was set at the

beginning), the system switches to current control by itself and undergoes the steady
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state where power remains constant. The power source is turned off after short period
of time once the system reaches steady state, and all specimen were cooled down to
room temperature after removing dc field on sample. EDXRD setup was identical to the

one reported earlier in section 4.

7.2.2. Results

Maximum power absorption by each Bs4C specimen and temperatures
corresponding to these power density values as a function of applied dc fields were
depicted in Figure 7.6. The data in hand indicates that the electric field on sample is
increased, the burst/sintering temperature decreased. The conductivity of the sample
increases nonlinearly while heating that triggers the onset of rapid power rise according
to (W=V?/R; where W is power, V is voltage and R is resistance). Commensurately, one
finds a direct correlation between applied electric field and the maximum power
absorbed by the system, i.e. the higher the applied field, the higher the energy absorbed.

(see Fig. 7.6).
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Figure 7. 6. The sintering temperature and power absorption by each B4C
specimen at current limitation of 10 A as a function of applied dc field.

Figure 7.7 depicts the temperature variation (7.7.a) and unit cell variation (7.7.b)
of B4C specimen for the applied dc field lower than 3 V/mm. The specimen was heated up
to 1000°C under 1.25 V/mm and as seen from figure 7.7.a no current draw was observed
at even 1000°C. Then system was reduced to 880°C and the dc field was increased
gradually from 1.25 V/mm to 3 V/mm under isothermal conditions at 880°C (temperature
was chosen according to previous experiments). Up to 3.5 V/mm electric field, no current
was observed which shows that dc fields below 3.5 V/mm are not sufficient to induce
current draw through B4C despite the fact that the bulk electrical conductivity of the B4C
is appreciably high in this temperature range. We speculate that temperature values
higher than 1000°C is required to observe current draw for electric field < 3V/mm.

Moreover, current observation at 880°C with the increase of electric fields higher than
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3.5 V/mm provides information about repeatability of experiments. Figure 7.7(b) shows
the unit cell expansion while heating the specimen under dc fields. Since there is no
current flow during the experiment, unit cell expands solely due to thermal expansion up
to 1000°C, and the observed shrinkage of cell volume is due to with cooling to 880°C. The
unit cell volume of B4C is stabilized at constant temperature in the 1.25 to 3.5 V/mm range

without of any current draw (only shows 1.25-2.5V/mm range).
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Figure 7. 7. The temperature (a) and B4C unit cell volume variation (b) as a

function of time and current for the B4C specimen under the dc field range of
1.25-2.5V/mm.

Figure 7.8 depicts the variation of the unit cell volume for each B4C specimen
under the electric fields of 3.8V/mm as a function of time. Under 3.8 V/mm, no current
was observed and unit cell expansion is simply due to thermal expansion up to 1100
seconds and 770.4 °C, the slop of the unit cell volume expansion slightly changed due to
< 1A current draw which took approximately 151 seconds. A sudden current rise started
from 1A at 863.6°C, and reached to 10A at 880.4°C. The anomalous expansion is 0.66%

during transient state for 3.8 V/mm applied dc field.
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Figure 7.9 shows the unit cell volume of B4C under 4.5 V/mm which was discussed
in details at section 6. Here, up to 1000 seconds and 501°C the current was < 0.1A and
started to slowly increase at 501°C. The current reached to 0.74A at 688°Cin 296 seconds,
and the slope of the unit cell expansion changed in a way that is reminiscent to the
3.8V/mm experiment. The rise in power reached its maximum at 711°C. During the
transient state (0.74A to 10A) which was 28 seconds in duration, the unit cell of B4C
expanded by 1.12%.

Figure 7.10 depicts the behavior of the unit cell volume of B4C specimen under
5.3 V/mm. Up to 1700 seconds and 620°C, current was < 0.1A. Once current draw started,
it reached to 1 A at 683°C, and to 10A at 700°C. The current rise from 1-10A occurs in
18seconds, and corresponding to a unit cell expansion of 1.21%. The temperature
increase in transient range is 17°C for 5.3 V/mm.

The last experiment was carried out under 6.9V/mm (see Figure 7.11). Up to 1536
seconds, no current was observed. At 600°C current draw started and reached to 10 A at
615°C in 14 seconds. Such a rapid rise in current correlated with colossal 1.46 % unit cell

expansion and 15°C increase in temperature.



113.6p

113.0

11256 F

=
=
N
o
T

-
=
=
o
T

-
=
e
]
T

110.0 |

109.5 L
0

Unit Cell Expansion (A%

B,C

| 3.8 Vimm

e
AV/V,=0.66 % o]

=)

L)

~40°C/min

every 3s
L L 2 L s L

400 600 800 1000 1200 1400
time (second)

Figure 7. 8. The variation of the unit cell expansion of B4C as a function of time

under 3.8 V/mm.

11354 B,C
45Vmm = F————————————
13.0F
—
< AV/V,=1.12%
st o
k=] o
i =
o
©
53
M5k
w
©
O mot
-
c
5 o5t
100 ~30°Cimin
every 2s.
1005 . i L " i N i
0 200 400 600 800 1000 1200 1400

time (second)

Figure 7. 9. The variation of the unit cell expansion of B4C as a function of time

under 4.5 V/mm.

81



113.5

113.0 |-

112.5 |

»
o
T

a
=)
T

Unit Cell Expansion (A%

110.0 |-

109.5

B,C

5.3 Vimm

82

AV/Vp=1.21%

~25°C/min

every 3s.

0

1
200

1
400

L L L L )
1200 1400 1600 1800 2000

time (second)

1 1 L
600 800 1000

Figure 7. 10. The variation of the unit cell expansion of B4C as a function of time

under 5.3 V/mm.

M35

113.0

-
-y
Il
w
T

-
-y
e
o
T

Unit Cell Expansion (A%)

-
=
bl
w
T

110.0 |-

109.5

B,.C

4

6.9 V/imm

AV/V,=1.06%

~25°C/min

every 2s.

0

.
200

2
400

L L L
1000 1200 1400

time (second)

L L
600 800 1600

Figure 7. 11. The variation of the unit cell expansion of B4C as a function of time

under 5.3 V/mm.



83

The results indicate that one observes the abrupt rise in power absorption due to
a precipitous current rise for all electric field magnitudes tested. An increase in the
applied field’s magnitude results in a shorter transient state but larger unit cell expansion.

The relation between the applied dc field and the current driven unit cell
expansion is summarized in figure 7.12. The current driven colossal expansion of the B4C
unit cell volume obeys a power law type variation and closely tracks the power absorption
by B4C (see Fig. 7.6).
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Figure 7. 12. Anomalous current driven unit cell volume expansion during
transient state under different electric field.

In the previous chapters we have shown and elaborated on the fact that the angle
of the rhombohedral unit cell of B4C is invariant as a function of time in burst mode
densification. We have further verified the invariance of the rhombohedral angle by
running experiments as a function of applied electric field. No changes were observed

(see Fig. 7.13).
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The <012> peak width change with time as a function of electric field is depicted
in Fig. 7.14 (limited time range at which current draw is observed was shown in figure).
The peak width is also found to be invariant in all experiments as expected according to
the results from Chapter 6. What we have shown here that the variation of the applied
dc field does not affect the behavior of FWHM of the depicted peak, and confirm that the
current-driven unit cell expansion is solely due to the burst of small polarons through the

B4C lattice, and not by the migration of point defects.
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Figure 7. 13. The rhombohedral angle of the boron carbide unit cell as a function of
time and corresponding power behavior for the applied dc field of 3.8 V/mm, 4.5
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Figure 7. 14. The FWHM of (012) reflection as a function of time under electric
and thermal field (data shown from limited ranges for illustration purposes).

As shown in the foregoing discussion, the application of the different electric fields

vary the behavior of power-time relation while also reducing the onset temperature of

burst mode densification. Power data as a function of time during transient stage for each

dc field studied was plotted (see Fig. 7.13 for each specimen’s power-time plot) and

integrated to obtain the energy absorbed by each specimen. Such calculation revealed

that specimen under 4.5 V/mm dc field absorbed more energy during transient stage

which explains why the AT during burst mode densification is higher as compared to other

applied fields. Table 7.1 summarizes transient stage response characteristics as a function

of applied electric field.
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Table 7. 1.The results of the integration of transient stage from power-time data for
each experiment and corresponding experimental temperature rise.

E Field (V/mm) T (°C) at 10A Transient Stage Measured
(W.s) AT (°C)
3.8 | 880.4 556.5 12.2
4.5 | 711 1172.4 23
5.3 | 700 807 17
6.9 | 615 700 15

The potential joule heating during the transient state is analyzed in terms of
temperature equivalent of thermal expansion of B4C based on lattice parameter data
obtained from the body center of the specimens. Table 7.2 shows the computed
temperature values from thermal expansion coefficient of BsC. The computed
temperatures are represented the temperature rise needed to induce the observed unit
cell volume change during transient power passing through specimens. The measurement
of the variation of current driven unit cell volume with ultrahigh energy synchrotron
probe as a function of temperature enable us to use the following relation for each
experiment;

1AV

B,C Vo

(7.5)

R

where «,%is the volumetric thermal expansion coefficient of the B4C, and ?/—V is the
0

volumetric expansion of the unit cell, and AT is the fictitious temperature change
corresponding to such unit cell volume variation. As seen from Table 7.2 AT is too low to
induce mass transport based on Joule heating consideration alone. Most importantly, At
of Stage Ill for each experiment is very short to complete densification which suggests

that the cause of the burst mode densification should be sought elsewhere.
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Table 7. 2. The summary of the results for galvanomecanical effect under different dc
fields.

DC Field  Unit Cell Relative  Calculated AT Calculated Experimental
(V/mm) Expansion  Density (°C) from T increase rate AT (°C)
(%) (%) TEC (°C/min)
3.8 0.66 93 392.9 1964.3 ~12.2
4.5 1.12 95 666.7 1428.6 ~23
5.3 1.211 94 696.4 3482.1 ~17
6.9 1.46 94 869.0 3724.5 ~15

Figure 7.15 shows the microstructures of flash sintered B4C specimens under
different electric fields. Since the density of specimens vary between 93-95%,
microstructures of B4C specimens show similarity. No grain growth is observed during all
sintering processes because of eliminating steady state stage that causes joule heating

and consequently grain growth.



Figure 7. 15. Microstructure of pristine flash sintered B4C specimen under
a)3.8V/mm, b)4.5 V/mm, ¢)5.3 V/mm, and d)6.9 V/mm.

7.2.3. Discussion and Conclusion

We have provided more insight about newly discovered galvanomechanical
phenomena during flash sintering of B4C in this section. The understanding of the
connection between the process variables and galvanomechanical effect enlightens the
future of the flash sintering of covalent bonded ceramics. The work reported in this
chapter reveals the following results; 1) the unit cell volume expands monotonically due
to thermal expansion solely for each run before any current draw, 2) at different

temperatures for each electric field, one singularity is observed in the variation of the unit
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cell expansion as a function of time, and increase of dc field reduces sintering
temperature, 3) the current driven colossal unit cell expansion undergoes typically in 12-
28 seconds for 3.8-6.9 V/mm field range, and the magnitude of such expansion increases
with the application of higher electric fields, 4) transient expansion is compromising with
rapid rise of the power for each system and we called this phenomena as
galvanomechanical effect in B4C system. SEM images of B4C specimen under different e-
filed proof that grain growth is not observed in flash sintering of B4C. The applied dc field
contributes process as a driving force for nucleation, therefore; varying dc field differs the

onset temperature and rate of the nucleation.

8. Conclusion and Future Work

The feasibility of flash sintering boron carbide has been investigated in this study.
All experiments reported here were performed with a ultrahigh energy polychromatic
synchrotron radiation with high temporal resolution to study variation at the unit cell
parameters of B4C accompanying the combined effect of temperature and electric field.

In the first part of this study, thermal expansion analysis of B4C was investigated.
Identical specimens were heated under different constant electric fields, and the effect
of the electric field on thermal expansion coefficients of B4C was reported. It was shown
that increase in electric field strength causes increase in non-linearity of thermal
expansion behavior of B4C.

Secondly, in-situ flash sintering of B4C have been carried out under different
constant electric fields. We have shown that the densification of B4C can be enhanced

with flash sintering by 1-2 orders of magnitude at T<0.3Tn, with application of low electric
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fields compared to other field assisted sintering techniques such as SPS. In-situ EDXRD
experiments have revealed a solid state coupling mechanism between electric current
and unit cell volume of Bs4C, which we called the galvanomechanical effect (GME)
[proposed by Dr. Akdogan]. The GME increases atomic transport rates in a highly covalent
small polaron conductor because of anomalous current driven volumetric lattice
expansion that is otherwise not possible with thermally activated atomic mobility. The
microstructure of sintered specimen suggests that no grain growth is observed and this
can be explained by transient nature of flash sintering. Joule heating during flash sintering
is still arguable due to a large amount of transient power pass through material. However,
the results of current driven unit cell expansion suggests that the colossal unit cell
expansion of B4C during transient state cannot be solely explained by joule heating.

The last part of the study was devoted to the effect of sintering condition. Non-
isothermal and isothermal conditions alter the onset and transient time and unit cell
expansion percentage during transient state. However, there is not strong effect on
densification. Moreover, the effect of the electric field at flash sintering of B4C was
investigated. The increase of applied electric field reduced the sintering temperature.
Also, increase of electrical field increases the unit cell expansion of rhombohedral B4C.

Future work suggested after all results discussed herein as follows;

1. The continuous research is required to enhance densification of B4C to higher
densities and to analyze the mechanical properties of flash sintered B4C comparing to
other sintering techniques such as hot pressing and SPS. Higher power densities can be

utilized to observe the effect on densification while keeping current limitation lower to
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avoid any melting at the grain boundaries. Also, the flash sintering should be conducted
for other covalent bonded materials to shed light into densification mechanisms in such
ceramics.

2. Temperature measurement of the specimen during in-situ experiments were
challenging, and temperature increase inside the specimen during transient state is still
arguable. As a future work, new furnace design can be proposed to suggest best solution
to measure temperature directly from specimen.

3. Pure B4C nanoparticulate powder must be flash sintered to observe the effect

of the free carbon on the densification in flash sintering and mechanical properties of B4C.
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Appendix 1

We have assumed that the system is adiabatic in Stage lll, and that the electric to
thermal energy conversion efficiency is 100%. This sweeping assumption implies that the
power dissipated in Joule heating is entirely used for the needed thermal activation of the
governing mass transport mechanism without heat loss to the surroundings. We now
consider the power density ‘¥(t) absorbed by the system when an electric field (V$=4.5
V/mm) is imposed on it which is given by P(t)=J(t) V{(t)3, where J(t) is the current density
due to V¢. The current-induced enthalpy increment AH(J) (normalized to one mole) can

then be obtained from (in conjunction with Fig. 6.1)

t

AH(J):[(Vd)h)sz o)t (A.1.1)

0
where h is the sample thickness, r is the specimen radius, m is the specimen weight and
A is the molecular weight of the material of interest and t=28 seconds. The thermal
enthalpy AH(T) increment associated with convectively heating the specimen to 711 °Ciis

simply obtained using the isobaric heat capacity (),) data via

984K

AH(T=984K) = AHpy + | %,dT (A.1.2)

298K

298K



93

The total adiabatic enthalpy increment due to (T, J) is then AH(T, J)= AH(J) + AH(T) which
will lead to internal heating to a temperature that can be obtained by solving the following

integral equation for the upper bound:

-
[AH() + AH(T = 984K)] = AHZ,,, + | x,dT - (A.1.3)
298¢

The temperature (T*) obtained upon solving Eq. (3) is the so-called adiabatic temperature
rise due to current density J via Joule heating. This temperature is the theoretical limit

that is unattainable because of the high thermal conductivity of B2C [129-131].
Nonlinear regression to the segment of the unit cell volume (UCV) versus time
data in Stage lll revealed a third order time dependence of UCV on time, making the
diffusivity a quadratic function of time [taken from the manuscript of the first article

related to flash sintering of B4C. Submission in progress by Dr. Akdogan & H. Bicer].
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