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1. Introduction

Flash sintering is a relatively new technique, first reported in 2010 by researchers
at the University of Colorado Boulder. Initial reports found that application of a DC
voltage while heating a small dog-bone-shaped yttria-stabilized zirconia (YSZ)
specimen caused a sudden decrease in the resistance of the specimen at a critical
combination of furnace temperature and applied voltage conditions. This decrease
in resistance triggered a rapid increase in current and power from the applied
voltage, leading to rapid heating of the specimen and enabling near-full
densification at temperatures and times substantially lower than conventional
sintering methods.'

The technique differs from previous field-enhanced sintering technologies such as
spark-plasma sintering (SPS) in several key ways. In terms of the system design, a
flash sintering setup applies a high-voltage low-current electric field directly to the
specimen in combination with a separate external heating system. SPS uses a high-
current low-voltage waveform run directly through the die and sample in a loaded
configuration without external heating. SPS typically operates using a kilo-amp-
scale pulsed DC current, while flash sintering operates with a benchtop scale
DC/AC power supply in the single-amp range.>* SPS is restricted to a cylindrical
specimen geometry similar to hot pressing, while flash sintering is theoretically
capable of densifying a wider range of specimen geometries. Flash sintering is
capable of reaching high density at lower furnace temperatures than SPS, with a
substantially lower cost and less complex experimental setup. A visual overview of
these system configurations is presented in Fig. 1.

SPS Flash

m Power

av

\ A Supply

Pulsed DC Tube
| | | Furnace
Specimen

Rams

Graphite
Die

Thermal
Camera

Fig. 1 SPS device? (left) compared with (right) a dog-bone-style flash sintering setup’



Academic research on flash sintering has primarily focused on investigating the
mechanisms behind the flash event and expanding the range of materials that can
be sintered. Review papers by Biesuz and Sglavo® and Todd’ provide an excellent
overview of these efforts. Thermal runaway from resistive heating, as proposed
independently by Todd et al.} and Zhang et al.” in 2015, has emerged as the
generally accepted model for the flash phenomenon. Ceramics are typically
electronic insulators where resistivity decreases as temperature increases. Applying
a constant voltage with variable current raises the specimen temperature via joule
heating and reduces the resistance, further increasing the current. This leads to an
increase in the power supplied to the specimen and an additional increase in
temperature repeating the cycle. This feedback loop is balanced by thermal losses
to the surroundings, which scale with the temperature difference between furnace
and specimen. As shown in Fig. 2, the energy gain becomes higher than thermal
loss at all temperature differentials at a critical temperature. This triggers the
runaway heating “flash” event, which is constrained only by the electrical limits of
the power supply.®
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Fig.2  Data from Todd et al.® showing the modelled comparison of joule heating and

radiative cooling as a function of excess specimen temperature (AT) for YSZ under an electric
field of 100 V/cm at different furnace temperatures a) 1250 K, b) 1320 K, c) 1339 K, and d)
1339 K as in (c) but switching to current control at 0.5 A. At the low temperatures in (a) and
(b), cooling losses exceed heating gains, resulting in a stable temperature, while at (c) 1320 K,
energy input exceeds cooling losses across all values of AT, leading to thermal runaway,
arrested by the switch to current control (d).



Thermal runaway has successfully modeled flash phenomenon in multiple material
systems and configurations, and has been used to explain the observed thermal and
sintering behavior. The critical factors influencing the sintering phenomenon are
identified as 1) specimen electrical conductivity across temperature and
microstructure, 2) electric field and current density applied to the specimen as
determined by the power supply and specimen geometry, and 3) thermal loss via
conduction, convection, and radiation, which depends mainly on furnace
temperature, specimen geometry, and electrode design. Additional effects can come
from thermal gradients within the specimen, which can promote hot spot or other
nonuniform phenomena.® While thermal runaway accounts for the majority of
observed flash sintering behavior, additional effects from other proposed
mechanisms, such as defect-field interactions and local grain-boundary heating on
microstructure and electronic properties, cannot be completely discounted,
especially in oxide ceramics where ionic defects and migration can play a role.

Flash sintering has been demonstrated in numerous materials systems, but the vast
majority of research has been focused on oxide ceramics (Fig. 3).> Some efforts
have been made to demonstrate flash sintering in non-oxide ceramics or metals.
However, evaluation of these efforts is hindered by confusion of terminology, as
several researchers refer to similar techniques, such as SPS with modified die
geometries, as “flash sintering”. To date, there have been no publications
demonstrating flash sintering of Army-relevant non-oxide materials such as boron
carbide (B4C), silicon carbide (SiC), or zirconium diboride using setups other than
modified SPS furnaces. Attempts have been made to scale flash-sintering systems
beyond the small dog-bone geometries typically used in experiments. The most-
common alternate setup geometry consists of a small pellet held in contact between
two electrodes by gravity or a dilatometer.*!? Different temperature/time/current
profiles have been investigated, with findings indicating that AC current can reduce
electrode effects and improve control over microstructure.!!1* Attempts at
scale-up are being explored to support industrial production, with a continuous
flash-sintering system demonstrated on tile ware by researchers from Lucideon Ltd
and University of Colorado Boulder.'*
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Fig. 3  Proportion of flash sintering papers by material type, 2010-2016°

Studies on scaling flash sintering to larger specimens have also investigated cases
where specimens form “hot spots” or “channels” of localized high temperatures
during flash, which cause nonuniform densification and grain growth. Research by
Charalambous et al. found that application of isothermal current ramps helped
prevent hot-spot formation in oxides by avoiding the large power spike at the onset
of flash.!> Another study by Trombin et al. on whiteware ceramics, studying the
application of different field strengths and operating temperatures, found that
uniform densification required limiting the flash event to a “safe” zone of operating

parameters.'©



Aside from the economic benefits of reduced processing time and temperature, the
main benefits of flash sintering are its ability to densify materials that are difficult
to sinter due to thermal decomposition or reactions and the potential for field-
induced defects leading to improved physical or mechanical properties.
Densification of traditionally difficult-to-sinter materials such as potassium
niobate!” or bismuth iron oxide!® with fine microstructures and improved electronic
properties has been demonstrated using flash techniques. Additionally, research by
Li et al. has found that flash-sintered titania has an abnormally high defect
concentration, leading to enhanced room-temperature plasticity in micro-pillar
compression tests that exhibit shear banding.!® These results indicate that flash
sintering could be used as a tool to enable processing of new ceramic materials or
enhancing material properties beyond what is possible with conventional sintering
technologies.

Army interest in flash sintering is driven by the need for enhanced Soldier
protection. Flash sintering of current armor ceramics such as B4C and SiC could
enable substantially lower production costs and improved armor properties, and
may enable densification of emerging materials such as BsO. Significant
knowledge gaps exist in these areas, with no existing research documenting the
response of B4C to flash sintering in a non-SPS configuration. The goals of the
research presented in this report are to determine if flash sintering of B4C is possible
and, if so, to scale the process to produce specimen sizes sufficient for standard
mechanical property measurements.

2. Experimental Methods

2.1 Specimen Preparation

All specimens were prepared from HC Starck B4C powder, Lot 1711/02. The
average powder size was 1.9 um, as measured by laser scattering, and the surface
area was 4.44 m*/g, as measured by Brunauer-Emmett-Teller analysis. Powder
was inserted into a cylindrical steel die and pressed at 170 MPa using a Carver
uniaxial hydraulic press. Specimen mass was set to produce parts approximately
4.5 mm in height for each die diameter, with 0.2 g powder used for 6-mm-diameter
specimens and 1.0 g powder used for 13-mm-diameter specimens. After pressing,
pellets were ejected from the die and vacuum-sealed. The pellets were then cold
isostatically pressed at 300 MPa for 30 s, removed from the vacuum bag, and placed
in a vacuum oven at 80 °C for at least 24 h prior to flash experiments. Specimen
density was calculated by measuring the dimensions and mass and by comparing
with the theoretical density of B4C (2.54 g/cm®). Specimens were typically
65.6 = 1.6% of theoretical density after cold isostatic pressing.
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2.2 Electrode Configurations

A parallel plate electrode configuration using cylindrical specimens (Fig. 4) was
used for all experiments. This was selected over the dog-bone-shaped configuration
to produce larger, more-scalable specimens. Electrical contact was maintained by
placing a weight on the electrodes to press down on the specimens and was verified
by visual inspection and resistance measurements prior to initiating the
experiments. Three different contact materials were used, including a graphite—
ethanol slurry (referred to as graphite paste) painted onto the specimen surfaces,
graphite foil, and polished titanium diboride (TiBz). Three different electrode
geometries were used in conjunction with the contact materials. For graphite foil
contacts, graphite foil was wrapped around an alumina brick for use as the bottom
electrode. The top electrode consisted of either graphite foil wrapped around a
321.2-g pair of alumina bricks placed atop the specimen (Fig. 4b) or a 33.0-g
graphite punch in an alumina sleeve placed atop the specimen (Fig. 4c). Graphite
paste contacts were used by applying the paste to the specimen top and bottom and
then inserting them into the aforementioned graphite foil/alumina brick setup. The
TiB; electrode configuration consisted of two 1-inch-diameter 44.2-g (top)
cylinders of TiB: polished to a 1-pm finish. The specimen was placed in between
the stacked electrodes (Fig. 4d). Chromel wires were used to connect the electrodes
to the power supply.



Electrodes: TiB,, graphite
fail, graphrle paste Chrom;l Wires
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Supply
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Fig.4  A) Generic schematic of the flash sintering electrodes, B) photographs of the alumina
brick configuration with graphite foil contacts, C) photographs of the graphite punch with
graphite foil configuration, and D) photographs of the TiB: electrode configuration



2.3 DC Flash Apparatus

Experiments were initially conducted using a DC flash sintering system constructed
from an MTI OTF-1200X dual-zone quartz tube furnace and an MPJA Model
9313-PS 125-V/3-A DC power supply. Removable flanges were used to seal the
ends of the tube, enabling experiments to be run under atmosphere, low vacuum, or
inert gas. A 1-Q resistor was placed in series with the circuit to provide base
resistance. Open circuit resistance of the setup at room temperature was typically
measured at 5.5 £ 2.5 Q (95% confidence limit). Temperature profiles were
controlled via set-point programs entered into the built-in temperature controllers.
Temperature set point and thermocouple values were recorded with a custom
Python script that interfaced with the furnace. The applied voltage was controlled
manually, while current and applied voltage were measured and recorded by
TracerDAQ, using the sense ports on the power supply. A circuit diagram of the
setup is provided in Fig. 5. Electrical measurements from this system were reported
without processing to eliminate the effects of the 1-Q resistor.

Specimen & 1 Q
Electrodes 125V/3A
;-\‘ \ DC Power
-~ Supply
Tube Furnace
Computer
Interface

— \Tracer DAQ
g A@ Interface

Fig.5  Circuit diagram for the DC flash sintering apparatus

2.4 AC Flash Apparatus

A second flash system was used for experiments involving AC signals. This system,
referred to as the AC flash system, consisted of an MTI OTF-1200X single-zone
quartz tube furnace and a Keysight 6812¢ 750-W 300-Vims/6.5-A AC/DC power
supply. The tube ends were sealed using removable flanges, enabling experiments
to be run under atmosphere, low vacuum, or inert gas. A 1-Q resistor was placed in
series with the circuit to provide base resistance. Open circuit resistance of the setup
at room temperature was measured at 5.5 £ 2.5 Q (95% confidence limit).
Temperature profiles were controlled via set point programs entered into the
built-in temperature controller. Temperature set point and thermocouple values



were recorded using MTI software and a custom LabVIEW interface with the
furnace.

Applied voltage and maximum current were controlled with a custom-developed
LabVIEW software interface. This interface was capable of applying a set voltage
until maximum current was reached for temperature ramp experiments, or applying
a voltage or current ramp until a set maximum current was reached for isothermal
experiments. A DC voltage, AC voltage with configurable frequency and
waveform, or combination of the two was applied. AC root mean squared (RMS)
voltage and current, as well as DC offset voltage and current, were recorded from
the power supply in situ using the LabVIEW software. The data was processed to
remove the effects of the 1-Q resistor during application of voltage to the specimen
by subtracting the voltage drop across the resistor from the applied voltage to the
system. A circuit diagram of the setup is provided in Fig. 6.

Specimen &

10 Keysight
Electrodes 6812C
| AC/DC
Power
Labview Supply

/ Computer
Interface
Tube Furnace I;I

Fig. 6  Circuit diagram for AC flash sintering apparatus

2.5 Experimental Procedure

The following experimental procedure was used for all flash experiments, including
both AC and DC setups. Each specimen was removed from the vacuum oven and
weighed, with thickness and diameter measured using calipers. After selecting one
of the electrode configurations described in Section 2.1, the specimen was inserted,
and open circuit resistance was measured using a digital multimeter (DMM). Once
the specimen and electrodes were set up, the tube furnace was closed, triple
evacuated with a rough vacuum pump to at least —25 mmHg, and backfilled with
ultra-high-purity argon unless an atmosphere of air was desired. The tube furnace
was either evacuated for experiments under vacuum or backfilled with argon to
atmospheric pressure with a slight overpressure bubbled through a bath of mineral
oil to prevent backflow.

The desired temperature/voltage/current profile was applied to the specimen, as
described in Section 2.2 for the DC flash setup and in Section 2.3 for the AC flash



setup. For experiments taking place at constant temperatures, the furnace was left
at the hold temperature for 1 h to equilibrate the setup. DMM resistance
measurements were taken immediately after voltage was removed from the
specimen. Once the flash experiment was completed, the furnace was left to cool
to room temperature, at which point a final DMM resistance measurement was
taken. The specimen was then removed from the system for characterization.

2.6 Data Analysis

Raw data input consisted of the furnace temperature (as measured by the built-in
thermocouple), power-supply output voltage, current, and time. To normalize
voltage (V) and current (/) across specimens with different dimensions, the values
were converted to electrical field (E) and current density (J) using the measured
specimen thickness (¢) and diameter (d), according to Eqgs. 1 and 2.

%4
E=- (1)

J= 0.25171 d? (2)

Resistance (R) and resistivity (p) were calculated by dividing voltage by current, or
electric field by current density, using Egs. 3 and 4, respectively.

R=V/ 3)
p=F/ (4)

Power (P) and power density (p) were calculated by multiplying voltage and
current, or electric field and current density, using Egs. 5 and 6, respectively. Data
was processed for each point in time. For some specimens, it was observed that the
current was localized to a channel of unknown cross-sectional area through only a
portion of the specimen. For these specimens, the current density, resistivity, and
power density values were not reported, as the cross-sectional area was unknown.

P=1xV (5)

p=Ex] (6)

2.7 Specimen Analysis

Postflash specimens were reweighed and thicknesses and diameters remeasured.
Specimen density and porosity were calculated from the mass and dimensions using
the theoretical density of B4C. A combination of optical photography and scanning
electron microscopy (SEM) was used to detect and image features of interest.
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3. Results and Discussion

3.1 Initial Electrical Contact and Atmosphere Experiments

Initial trials for flash sintering of B4C were performed using temperature ramps of
5 or 10 °C/min under a constant field strength of 280 V/cm, with varied electrode
configurations and furnace atmospheres. Voltage was applied at room temperature,
and the furnace temperature increased until the current reached 3 A, at which point
the temperature and current were held for 5 min. The electrical power was then
removed and the system cooled to room temperature.

The electrical contact type was varied among the four electrode configurations
(TiB2, graphite foil, graphite paste, and graphite foil in the graphite punch
configuration), as described in Section 2.2, to determine if there was any effect from
the electrode—specimen contact. Graphs of electric field, current, power, and
temperature for each electrode type under an argon atmosphere are presented in
Fig. 7. Collected data, including initial contact resistance, specimen resistance, and
flash temperature, is presented in Table 1.

11
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Graphs of electric field, current, power, and temperature vs. time for a) specimen

1AR012-B4C-1 flash-sintered with TiB: electrodes, b) specimen 1AR012-B4C-2 flash-sintered
with graphite foil electrodes, c) specimen 1AR017-B4C-1 flash-sintered with graphite foil
electrodes after applying graphite paste to the specimen, and d) specimen 1AR191-B4C-1
flash-sintered with the graphite punch electrodes. All specimens were flashed in argon via
temperature ramp under a constant DC field strength of 280 V/cm and a maximum current

of 3 A.
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Table 1 Summary of data from electrode and atmosphere experiments

Room
Setu Flash Final
Specimen Eleci:crode . Atmosphere resistagce te;gz:;;zl:lre temperature density
configuration () resistance °C) (%)
MQ)
1AR012-B4C-1 TiB» Argon 20.0 2.20 452 61.9
1ARO012-B4C-2  Graphite foil Argon 9.8 0.83 436 64.1
1AR017-B4C-1  Graphite paste Argon 3.0 1.95 433 64.4
1AR191-B4C-1  Graphite punch ~ Argon 53 9.00 461 66.6
1AR028-B4C-2  Graphite foil Air 5.0 1.80 517 68.1
1AR028-B4C-T4 Graphite foil Vacuum 4.7 0.49 460 64.4

All specimens exhibited an exponential increase in current that initiated around
400 to 450 °C, culminating in a flash event during which the maximum current of
the power supply was reached. A bright glow, characteristic of temperatures above
1500 °C, was observed through a window in the end cap of the tube furnace. Some
variations in setup resistance and initial specimen resistance were noted, but the
steady-state power (and thus resistance) during flash were consistent. Despite a
classic flash event occurring, the overall density of the specimens had not
significantly increased. Optical and SEM evaluation of the specimens revealed a
thin channel of dense B4C running from the positive to negative electrode in all
three specimens. Cross-sectional SEM showed that the channels were
approximately 50 um deep and revealed gradients from fully dense regions, to
partially dense regions exhibiting grain growth, to powders (Fig. 8).
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Fig.8 Images of a flash-sintered specimen showing a) surface view of a channel via
photograph and SEM, b) SEM cross section of the channel showing the gradient from fully
dense (bottom) to porous (top), and ¢) SEM image of the partially dense region of the channel
showing grain growth and densification
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Additional experiments were conducted to evaluate if the chamber atmosphere had
any significant impact on flash behavior. Temperature ramp DC flash experiments
at field strengths of 280 V/cm were conducted in air and rough vacuum
(approximately —30 mmHg) to test the extreme cases. Electrical and furnace
temperature data for experiments under different atmospheres is plotted in
Fig. 9 and additional data recorded in Table 1.
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» Temperature (°C)

Electric Field (V/cm)

e e — R

W
b=
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o
—

Fig. 9 Graphs of electric field, current, power, and temperature vs. time for a) specimen
1AR028-B4C-2 flash-sintered in air, and b) specimen 1AR028-B4C-T4 flash-sintered in
vacuum. All specimens were flashed with graphite foil electrodes via temperature ramp under
a constant DC field strength of 280 V/cm and maximum current of 3 A.

Significant differences in flash temperature or behavior were not observed for the
experiments conducted under different atmospheres. Evaluation of the specimens
revealed that all of them formed channels. The channels in the specimens flashed
in air ran through the specimen center as opposed to those flashed under inert
environments in which the channels traced the outer edges. The specimens flashed
in air exhibited increased surface oxidation, which was expected given that B4C
starts to oxidize at temperatures as low as 550 °C.?°

These initial experiments led to several conclusions. First, the observations of grain
growth and fully densified regions indicated that flash sintering of B4C to full
density at temperatures as low as 433 °C was possible. While changes in powder
morphology, size, and composition are known to influence flash behavior, these
results demonstrated that densification was possible with the powder and
compaction methods used in these sets of experiments. However, the localized
nature of the densification also showed that current flowed preferentially through
only a small portion of the specimen rather than uniformly throughout. The channel
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of hot, dense B4C acted as an electrical short, preventing homogenous densification
of the entire specimen. Practical application of flash sintering B4C requires scaling
the densification within the channel to the entire volume of a specimen as opposed
to an isolated portion.

The lack of response to variation of contact type or atmosphere indicated that
current channeling was not caused by electrical contact, chemical compatibility of
the electrodes, or the atmospheric environment. Published research on similar “hot
spot” and channeling behavior in oxide ceramics has demonstrated several ways to
avoid current localization.® Alterations to the electric field strength, current density,
and flash temperature as well as application of a voltage or current ramp to avoid a
large power spike during flash were theorized to be methods to prevent formation
of a channel and evenly distribute temperature and densification throughout the
specimen.

3.2 DC Design of Experiment (DOE)

A DOE was generated to probe two potential routes for preventing channel
formation during flash sintering of B4C. Based on the conclusions from Section 3.1,
the variables selected for investigation were ramp type, electrical “power” (defined
as the product of electrical field and current density), and flash temperature. DOE
experimental parameters and high/low settings are given in Table 2. A 23!
fractional factorial design with three factors varied across four runs was used. Ramp
type was varied between a 5 °C/min temperature ramp at constant applied electric
field and a 2.22 V/(cm*s) voltage ramp at constant temperature. All specimens were
sintered in the DC flash setup using graphite foil electrodes in the alumina-brick
configuration and an argon-flow atmosphere. Power and temperature were
maintained for 5 min after maximum current was reached and removed to allow
furnace cooling to room temperature.

Table 2 Experimental settings for the DOE

. Temperature Applied Specimen . Current
Specimen Ramp type profile voltage dimensions Electric field density
LARO17- 5 °C/min to 4.5 mm x 278 V/em 3.0A
BAC.1 Temperature flash 125V 12.8 mmo
LARO17- 5 °C/min to 4.5 mm x 70 V/em 30A
B4C-4 Temperature flash 31V 12.8 mmQ
LAROL7- . 1Visto 45mmx 0.22V/(cm*s) 2.3 Alem?
BAC.D Voltage 450 °C flash  12.83 mmO
1ARO17- . 1V/isto 45mmx 022 V/(cm*s) 0.5A/cm?
B4C3 Voltage 550°C flash 28 mm&
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The physical differences between the voltage ramp and temperature ramp
experiments drove the selection of the other variables. For the temperature ramp
experiments, “power” was varied by altering the field strength, as current density
could not be controlled. A high setting of 278 V/cm was selected for consistency
with the experiments in Section 3.1. A low setting of 69 V/cm was selected because
it was only slightly above the typical field strength during flash. Flash temperature
was not directly controllable in temperature ramp experiments but anticipated to be
higher for low field strength (power).

For experiments with voltage ramps at constant temperatures, power was controlled
by changing the current density via cross-sectional area because the DC power
supply was not capable of directly controlling current. The diameter of the
specimens was varied between 13 and 25 mm, increasing the cross-sectional area
by roughly four times. A low furnace temperature setting of 450 °C was selected to
replicate the flash temperature during temperature ramp experiments, and a high
setting of 550 °C was selected to match the anticipated furnace temperature during
the low-power temperature ramp experiments.

While these experimental settings were confounded with each other, the range of
settings covered a wide span of thermal and electrical parameters targeted to
identify regions in which flash could occur without forming a channel. Results are
summarized in Table 3. Both temperature ramp specimens flashed in a similar
manner and formed distinct channels along their outer edges as observed by visual
and SEM inspection. Electrical and temperature data for these two specimens is
plotted in Fig. 10. As the 70-V/cm electric field was only slightly higher than the
field strength during flash (approximately 50—60 V/cm), it was concluded that
barring other experimental changes, specimens flashed with a temperature ramp
constant voltage profile always formed channels.
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Table 3 Summary of critical DOE data collected

Specimen Spe‘cimen Dimensions F12sh  Flash P0§tﬂash Density Channel
resistance Temp voltage resistance change formed?

1ARO17- 1.95MQ 45mmx y330c 125V 288Q -0.6% Yes

B4C-1 12.8 mm©@

1ARO17- 2.70 MQ 45mmx  s500c 31V 204 Q 0.5% Yes

B4C-4 12.8 mm©@

1ARO17- 1.42 MQ 45mmx  4s500c 70V 13.6 Q 0.9% Yes

B4C-2 12.8 mm©@

1ARO17-  2.07 MQ 45mmx  s500c 40V 280Q -0.2% No

B4C-3 28 mmQ

Current (A)

Furnace Temperature (°C)

Time (s)

Current {A)

Electric Field (V/cm)

0
b) 4000 4500 5000 5500 6000 6500 4000 4500 5000 5500 6000

Furnace

Time (s) ime (s)

Fig. 10 Electric field, current power, and temperature measurements for specimens a)
1AR017-B4C-1 with a 278-V/cm field strength, and b) 1AR017-B4C-4 with a 69-V/cm field
strength. Both specimens were heated at S °C/min until flash, with power and temperature
held for 5 min once maximum current was reached.

Of the two specimens flashed with a voltage ramp at constant temperature (Fig. 11),
the 13-mm-diameter specimen flashed at 450 °C and exhibited channel formation,
though the channel passed through the interior of the specimen as opposed to along
the surface. The 28-mm-diameter specimen flashed at 550 °C, did not form a
channel, and was observed to flash with a dull red glow as opposed to a bright,
concentrated light, indicating a substantially lower specimen temperature.
However, there was no appreciable volumetric densification of the specimen
indicated by specimen dimensions and density measurements.
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Fig. 11 Electric field, current, resistance, and power measurements for specimens a)
1AR017-B4C-2 flashed at 450 °C with a 1-V/s voltage ramp, and b) 1AR017-B4C-3 flashed at
550 °C with a 1-V/s voltage ramp. Both specimens were held at temperature for 1 h prior to
application of voltage.

Electrical power during flash was similar for all specimens at 80, 86, 86, and
100 W, respectively. The resistance during flash ranged from 7 to 10 Q. This was
significantly higher than the circuit load of 1 Q, and assuming additional line
resistance was not greater than 1 Q, approximately 80% to 90% of the power was
absorbed by the specimen. This supported observations that electrical contact was
not a significant factor, as poor or variable contact would be reflected as variable
resistance during flash. Specimen 1AR017-B4C-3 had a similar resistance to the
other specimens, despite being much larger and flashing more uniformly, as
opposed to channeling. This could be explained by the geometric interplay between
resistance and resistivity in Eq. 7:

R=p(/p 7

where R is resistance, p resistivity, / specimen thickness, and 4 specimen cross-
sectional area. The identical resistance and thickness of the specimens indicated
that the ratio of resistivity to area must be constant, which fit the observations of
high specimen temperature (low resistivity) and channeling (low area) in specimens
that channeled, and low specimen temperature (high resistivity) and lack of
channeling (high area) in the specimen that did not.

Observation that higher temperatures and lower current densities prevent
channeling was consistent with the behavior observed by Trombin and Raj,'® and
subsequent experiments with 13-mm-diameter specimens confirmed that the
increased temperature, not the specimen size, was critical for preventing
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channeling. However, densification, local or otherwise, was not observed in the
specimens where channeling did not occur. Infrared camera measurements were
made using a FLIR T540 during flash. Results indicated that the specimen reached
a temperature of only approximately 800 °C, indicating the temperature of the
specimen was not nearly comparable to conventional sintering temperatures for
B4C (typically 1800-2200 °C). Based on these observations, and compared with
the small interaction volume in the channeling case that successfully densified the
powder, it was concluded that the power density in the nonchanneling case was not
high enough to heat the sample to temperatures where sintering could occur. This
is likely an inherent challenge to B4C, as the power dissipated during flash sintering
is proportional to the material resistivity, which is significantly lower for B4C
compared with oxide ceramics.

3.3 Coefficient of Variation (COV) Study

Prior to proceeding, a COV study was designed and executed to establish the
baseline variability of factors measured in the experiments and to identify potential
uncontrolled experimental factors affecting flash behavior. A process flowchart for
the flash sintering setup is shown in Fig. 12 with potential factors separated into
“controlled” and “uncontrolled”. A COV tree was designed in Fig. 13 with pellet
batch, electrical contact, ramp type, and specimen number selected as factors. The
design was intended to answer several critical questions, including:

« Are there significant variations in the properties of B4C pellets used for flash
experiments?

« Are flash experiments affected by time-related environmental factors, such
as humidity?

« Is there a detectable difference between flash behavior using graphite foil
and TiB; electrodes?

« How consistent is the flash temperature?
« How consistent is the presence or absence of channeling?

« What is the variability in output measurements for experiments conducted
under the same conditions?
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Fig. 12 Process flowchart for flash sintering showing “controlled” and “uncontrolled”
factors
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Fig. 13 COV design and factor tree

Experiments were conducted across an §-month time period using the DC flash-
sintering setup. Standard 1-g, 13-mm-diameter by 4.5-mm-tall cylindrical
specimens were prepared as described in Section 2.1. The two electrode
configurations used were graphite foil with alumina bricks and TiB: cylindrical
electrodes. All experiments were performed in an argon atmosphere with either a
voltage ramp at constant temperature or temperature ramp at constant voltage.
Voltage ramp experiments used ramp rates of 0.1 V/s at 550 °C with a 1-h soak
time at high temperature prior to application of voltage to bring the furnace to
thermal equilibrium. Temperature ramp experiments used heating rates of 5 °C/min
under an applied field strength of 278 V/cm. Current and temperature were
maintained for 5 min once the flash conditions of maximum current (3 A) were
reached. Experimental data was measured and recorded as described in Section 2.3.

3.3.1 Pellet Green Density

The pellet green density measurements had an overall average density of 65.6%
with a standard deviation of 0.8%. Densities followed a Gaussian distribution, with
a p-value of 0.595 (Fig. 14a). Variation from batch to batch was analyzed by
plotting the mean and expected ranges (an Xbar-R control chart). The batch mean
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and range remained within the 95% probability bounds as determined by the range
of pellet densities (Fig. 14b). This indicated that the pellet pressing process
produced specimens with average densities of 65.6% with 95% confidence limits
of 1.6% from the mean.
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Fig. 14 a) Probability plot of green densities and b) mean and range density charts for pellet
green densities sorted by batch
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3.3.2 Resistance Measurements

Setup and contact resistances did not follow a normal or lognormal distribution,
with three outliers at high resistance disturbing an otherwise normal distribution
(Fig. 15). All three were with the TiB: electrode setup, indicating that the electrical
contact of the TiB; electrodes was not as good as the graphite foil electrodes. This
was attributed to the hard surface of the TiB: electrodes, which could not conform
like the graphite foil and were harder to connect to the chromel wires. Initial
specimen resistance was consistent across the COV branches as a function of the
electrode type (Fig. 16). Resistance with graphite foil electrodes was typically
around 1 MQ, while the specimens using TiB: electrodes were typically at or above
the maximum range of the DMM (40 MQ). The specimen in Branch 3 was
processed using TiB> electrodes with a circular punch-out of graphite foil placed
between the TiB; electrode and the specimen to act as the electrical contact. This
configuration allowed the effects of electrical contact to be isolated from those of
the electrode’s thermal and physical properties.

The electrical resistivity of powder compacts has been shown to decrease with
mechanical load,?! and the mass of the graphite foil electrodes was significantly
higher than that of the TiB> electrodes. For the specimen with the hybrid TiB>—
graphite foil electrodes, the resistance was still higher than the specimens in the
graphite foil electrodes but lower than the other TiB> specimens, indicating that
both pressure and the electrode—specimen interface significantly affected specimen
resistance. Overall, based on the measured open-circuit resistances and the
resistances with the specimen inserted, both electrode configurations produced
reasonably reproducible initial resistances, with lower specimen resistances in the
graphite foil electrodes due to effects of both interfacial resistance and mechanical
load.
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Fig. 16 Histogram of initial specimen resistance by electrode type

Resistance after flash at elevated temperatures and room temperatures was higher
in specimens with TiB: electrodes than those with graphite foil electrodes (Fig. 17).
Similar to the pre-flash resistances, these differences were attributed to the effects
of thermal expansion combined with the ability of graphite foil to deform and
maintain contact with the specimen. Repeated measurements of resistance after
flash at high temperatures observed that the resistance rapidly increased
immediately after power was removed from the system, likely due to rapid
temperature drop, rendering the measurements of questionable accuracy.
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Fig. 17 Specimen resistance after flash at a) high temperatures less than 2 min after power
was removed and b) room temperature

3.3.3 Temperature Ramp Results

Flash temperature is plotted against specimen batch and electrode type in Fig. 18.
The mean flash temperature of specimens in the graphite foil configuration was
422 °C with a range of 44 °C compared with 385 °C with a range of 22 °C for
specimens sintered with TiB: electrodes. A two-sample T-test across electrode
types gave a p-value of 0.115, which indicated an 88.5% probability of a difference
but was above the 0.05 level required for statistical certainty. The 95% confidence
limit boundaries of the difference between TiB> and graphite foil electrodes were
22.2 and 96.6 °C.
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Scatterplot of Flash Temperature vs COV Branch
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Fig. 18 Flash temperatures for specimens flashed at constant field strength (278 V/em) and
a 5 °C/min temperature ramp

Graphs of electric field, current, power, resistance, and temperature versus time are
plotted in Fig. 19, and Table 4 summarizes temperature ramp flash data. All of the
specimens exhibited channeling, with the channel pathway passing along the edge
of the specimen in each case. Current density, power density, and resistivity were
not calculated for these specimens, as the cross-sectional area of the channel was
not well known. Flash behavior was highly reproducible, with similar power
densities and electric field strengths during flash regardless of specimen, flash
temperature, or electrode type.
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Fig. 19 Power and temperature measurements for all specimens flashed with a temperature
ramp
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Table 4 Summary of temperature ramp flash data

) Flash Gre?n Setup Sp?cimen Mass Density Flash Avg. flash Avg. flash )
Specimen date density  Electrode resistance Tesistance change change temp.  power resistance Channeling?
(%) MQ) (€:9) (%) O W) ()

1AR059-B4C-4 6/21/2019  66.0 TiB» 6.3 40.0 -0.011  -0.7 386 110 9.5 Yes
1AR059-B4C-5 6/25/2019  65.2 TiB» 7.0 40.0 —-0.003 0.1 394 102 8.6 Yes
1AR059-B4C-7 7/2/2019  65.0 TiB» 7.5 20.0 —-0.001 0.0 390 95 8.0 Yes
1AR097-B4C-COV-2  8/5/2019 67.6  Graphite foil 6.1 0.86 -0.002 -1.2 444 89 7.5 Yes
1AR097-B4C-COV-4 10/15/2019 65.4  Graphite foil 4.7 0.64 0.004 0.2 422 94 7.6 Yes
1AR097-B4C-COV-6 11/13/2019 65.0  Graphite foil 4.1 0.66 -0.005 -0.3 400 93 7.7 Yes
1AR140- COV-2 11/21/2019  65.7 TiB» 42.9 3.69 -0.002 -0.4 370 100 8.5 Yes




The TiB, and graphite foil electrodes behaved similarly, though the flash
temperature was likely slightly lower when using TiB: electrodes. This would make
physical sense, as the TiB> electrodes had lower thermal mass and a higher thermal
conductivity than the graphite foil electrodes (which were wrapped around an
alumina brick). Therefore, the local temperature of the graphite foil electrodes
should have lagged somewhat behind the measured furnace temperature when
operating with a temperature ramp, resulting in a higher measured flash
temperature. The higher variability in flash temperature of the graphite foil
electrode configuration could have been attributed to an increased sensitivity to
specimen location within the tube furnace (an uncontrolled variable).

The overall flash temperature appeared to vary by at least £22 °C under normal
experimental conditions, indicating that when operating across multiple
experiments and electrode configurations, a range of flash temperatures from 350 to
475 °C should be expected. However, the actual physical temperature of the
specimen at which flash occurred was likely substantially more consistent than the
furnace temperatures. Based on the similarities in electrical data and channeling
behavior, there appeared to be no significant differences between the flash
behaviors in any of these runs. Therefore, while improved local temperature
measurements could be beneficial, temperature-ramp-style flash experiments
should be expected to have reproducible outcomes when performed with different
pellets, times, or electrode types.

3.3.4 Voltage Ramp Results

The results from all specimens flash-sintered using a voltage ramp profile are
summarized in Table 5. A slight mass gain up to 0.03 g was observed, attributed to
oxidation during the 1-h soak at 550 °C. Electrical measurements plotted against
time are presented in Fig. 20. All specimens flashed with near-identical power
curves at electric fields within a range of 86 to 105 W. There was no significant
difference between the power curves of specimens flash-sintered with graphite foil
and TiB» electrodes, though a slight increase in the incubation time between the
application of voltage and flash may have been present. However, the electrode
type strongly impacted channeling behavior. All specimens flashed with TiB;
electrodes formed a channel through the center of the specimen (as opposed to the
edge during temperature ramp experiments), while the specimens flashed with
graphite foil electrodes did not.
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Table 5 Summary of COV data from voltage ramp experiments

Flash Gre?n S‘etup Sp(?cimen Mass Density Avg. flash Avg. flash
Specimen date density  Electrode resistance resistance change change power resistance Channeling
(%) (@) @) (2) (%) (W) (@)
1AR059-B4C-1 5/16/2019  66.2 Graphite foil 4.7 0.71 0.0016 -0.3 86 7.3 No
1AR059-B4C-2 5/20/2019  65.9  Graphite foil 4.7 0.88 0.0123 0.6 95 8.2 No
1AR059-B4C-3 6/5/2019  65.7 Graphite foil 3.8 0.79 0.0 0.9 92 7.9 No
1AR097-B4C-COV-1  8/2/2019  66.9 TiB; 14.6 22.1 0.0268 2.8 102 9.0 Yes
1AR097-B4C-COV-3 10/10/2019  65.7 TiB, 68.0 >40 0.0167 1.7 95 8.5 Yes
1AR097-B4C-COV-5 11/12/2019  65.9 TiB; 6.5 >40 0.0298 1.2 105 9.0 Yes
1AR140-COV-1 11/20/2019  64.6  Graphite foil 4.1 1.34 0.0155 1.5 94 8.1 No
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Fig. 20 Power measurements for all specimens flashed via a voltage ramp

Previously noted differences between the TiB, and graphite foil electrodes may
explain the variation in channeling behavior. The TiB: electrodes had a hard,
nonconforming surface with slightly higher contact resistance and a lower weight
than the graphite foil electrodes, which may have made it easier for current to
localize due to the intimacy of electrical contact and the effect of load on resistivity.
Different thermal conductivities and masses of the system may have also played a
role. However, comparison of the thermal conductivities for the two setups was
difficult. The graphite foil was highly thermally conductive but thin and wrapped
around a low thermally conductive alumina brick, making the overall thermal
conductivity low but still promoting thermal dissipation from the specimen. The
TiB: electrodes were uniformly highly thermally conductive, which increased
thermal dissipation from the specimen relative to the graphite electrodes but had
less thermal mass.

3.3.5 COV Conclusions

The COV study showed a high level of reproducibility in the flash experiments.
Green specimen densities, the resistance of the setup, and electrical behavior of the
flash phenomenon were consistent across the three specimen batches. Channeling,
the most critical phenomenon observed in these studies, was also consistent within
each ramp and electrode type. Anomalous effects from uncontrolled variables such
as environmental factors, time, or the individual setup, were not more significant
than run-to-run variability or other controlled factors. Therefore, it was concluded
that future flash experiments should exhibit a high reproducibility, as long as they
are conducted in an identical manner. This is particularly relevant for DOE-style
experiments, as the COV results indicated that duplicate runs with identical
conditions were not necessary to determine the effects on channeling behavior.
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3.4 ACDOE

3.4.1 Experimental Design

The newly acquired AC power supply was used in a follow-on DOE designed to
probe the influence of AC waveforms on flash behavior and to increase
densification. From the previous results, it was hypothesized that the B4C
specimens had the potential to be flash-sintered to full density, as exhibited by the
densification of the channels in Section 3.1, but that the lower power density in the
nonchanneling voltage ramp experiments was preventing densification of larger
volumes of the material. As such, the variables selected for DOE levels were AC
versus DC waveform, furnace temperature, voltage versus current ramp, and
specimen size. A 24D-type DOE matrix with four factors varied across eight runs
was developed (Table 5). Settings were selected to either replicate the conditions
in previous experiments or to provide a high power density to the specimen, with
the maximum current set to 6 A as opposed to the 3-A limit of the DC power supply
(Table 6). Temperature ramps were not explored further because they were
considered a dead-end for obtaining uniform densification. Graphite foil was used
for electrical contact, with the graphite punch in an alumina sleeve configuration
used for easier handling of specimens during furnace insertion. Electrical
measurement data, final densities, and the presence or absence of channeling were
recorded as outputs.

Table 6 DOE parameters and other experimental settings

Variable Low High
AC/DC DC AC, 60 Hz
Ramp type Voltage Current
Ramp rate 33 mV/s, 3 mA/s
Maximum current 6 A (RMS)
Soak time 15 min
Temperature 550 °C 1100 °C
Area 6 mm@ 13 mmY
Thickness 4.5 mm
Atmosphere Argon
Material B,C
Powder size ~2 um
Electrode Graphite foil

3.4.2 Results and Discussion

Results are tabulated in Table 7, with power plotted against time in Fig. 21. Overall,
none of the specimens exhibited densification, though some had a slight weight
gain attributed to oxidation events at higher temperatures. Electrically, the
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maximum power dissipated was higher at 550 °C and reduced by approximately
half at 1100 °C, likely due to higher electrical conductivity at 1100 °C. There was
no significant difference between AC and DC waveforms, as temperature and
voltage ramps behaved similarly at 1100 °C, but at 550 °C, voltage ramps exhibited
the classic power-spike characteristic of flash events.

Table 7 Summary of the AC DOE results
Run AC/DC Ramp Furnace SPec1men Density Channeling?
type temperature diameter change
1 AC  Current 550 °C 6 mm 2.4% No
2 DC Current 1100 °C 6 mm 4.0% No
3 DC Voltage 550 °C 6 mm 5.3% Yes
4 AC Voltage 1100 °C 6 mm 5.0% No
5 DC Current 550 °C 13 mm 2.8% Yes
6 AC  Current 1100 °C 13 mm 3.8% No
7 AC Voltage 550 °C 13 mm 2.5% Yes
8 DC Voltage 1100 °C 13 mm 3.2% No
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Fig. 21 Power (watts) vs. time for all specimens in the AC DOE listed in Table 7.
Experiments at 1100 °C shown in red, and experiments at 550 °C shown in blue.

Temperature had the greatest influence on channeling (Fig. 22). None of the
specimens flashed at 1100 °C formed channels, while three out of four at 550 °C
did. This was consistent with literature reports that the “safe” zone for flash
sintering covered a wider range of electrical settings at higher temperatures.'® Out
of the specimens sintered at 550 °C, only the 6-mm-diameter specimens sintered
with an AC current ramp did not form channels, indicating that this combination of
parameters was most favorable for avoiding channel formation.
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Fig.22 AC DOE specimens from Table 7 after flash showing formation or absence of
channels

Despite exploring a wider range of furnace temperatures, higher current limits with
the AC power supply, and smaller specimen sizes, none of the specimens exhibited
significant uniform densification after flash sintering. Based on the similarities
between AC and DC waveforms, there was no significant benefit from using an AC
current for flash sintering of B4C within the explored parameter space. Since B4C
does not have oxygen vacancies, the benefits of reduced gradient formation with
AC observed in oxide ceramics'' 3 will not be present. Additional information was
obtained on how to control channeling with furnace temperature, the power
application curve, and specimen size identified as influential factors in this study.

4. Conclusions

Flash sintering was investigated as a method for densifying B4C. Initial experiments
across electrode type and atmosphere found that B4C exhibited behavior similar to
literature reports on flash sintering of oxide materials. However, due to extreme
hot-spot formation localizing current and high temperatures, only a small portion
of the specimen in the form of a thin channel, typically along the edge of the sample,
was densified. A DOE was executed to investigate the influence of flash parameters
and specimen size on channeling and densification. Changing from a temperature
ramp at constant voltage profile to a voltage ramp at constant temperature profile
prevented channel formation but resulted in a substantially lower temperature rise
during the flash event, which did not result in any densification within the
specimens.

A COV study was performed to evaluate the reproducibility of experiments and
variation in key measured parameters. A high reproducibility in flash outcomes was
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observed, and the variability in setup and specimen resistance, flash temperature,
power measurements, and specimen densities were quantified. Pellet variations,
setup and specimen resistance, and environmental effects were ruled out as
significant sources of experimental variation, while electrode type was found to
have significant effects on resistance, flash temperature, and channel formation.

A follow-on DOE study investigated the effects of AC current, specimen size,
current ramp, and high temperature on channel formation and densification.
Experiments confirmed the effect of temperature on channel formation, and
uncovered slight effects from specimen size, ramp type, and current type.
Volumetric densification of the entire specimen was not achieved across any of the
experimental conditions evaluated. The difficulty in uniformly densifying B4C was
attributed to a combination of insufficient power density from the power supply,
high thermal loss from the electrode configuration, and the inherently high
electrical conductivity of B4C. Potential future routes for obtaining volumetric
densification of B4C without channel formation via flash sintering include using a
power supply capable of producing higher currents, further increasing furnace
temperature, modifying the powder to reduce particle size or increase resistivity, or
thermally isolating the specimen such that thermal conduction losses are
minimized.
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List of Symbols, Abbreviations, and Acronyms

AC alternating current

ARL Army Research Laboratory
B4C boron carbide

CCDC US Army Combat Capabilities Development Command
Cov coefficient of variation

DC direct current

DMM digital multimeter

DOE design of experiments

RMS root mean squared

SEM scanning electron microscopy
SiC silicon carbide

SPS spark-plasma sintering

TiB2 titanium diboride

YSZ yttria-stabilized zirconia
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