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For millennia, ceramics have been densified via sintering in a
furnace, a time-consuming and energy-intensive process. The need
to minimize environmental impact calls for new physical concepts
beyond large kilns relying on thermal radiation and insulation. Here,
we realize ultrarapid heating with intense blue and UV-light.
Thermal management is quantified in experiment and finite element
modelling and features a balance between absorbed and radiated
energy. With photon energy above the band gap to optimize
absorption, bulk ceramics are sintered within seconds and with
outstanding efficiency (~2 kWh kg™') independent of batch size.
Sintering on-the-spot with blacklight as a versatile and widely
applicable power source is demonstrated on ceramics needed for
energy storage and conversion and in electronic and structural
applications foreshadowing economic scalability.

Introduction

The climate crisis demands a rigid assessment of industrial
processes.” While 21% of the global green-house emissions
stem from industry, 8% of industrial emissions are associated
with ceramic industry®? giving a market value of > 100 billion $
per year.” As firing makes up about 2/3 of the energy need,’® an
increase in energy efficiency of the sintering process dramati-
cally impacts greenhouse gas emission and product price.>™®
For densifying a ceramic green body, which is driven by a
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New concepts

Scientists have been enchanted by the search for fast and efficient
sintering and explored heating by thermal energy, microwaves and
electric fields. The physics behind the energy transfer is intriguing and
holds promise for large-scale savings of energy and rapid processing.
Particularly, transgressing the intermediate temperature regime, where
surface diffusion dominates and squanders driving force for sintering by
neck formation, is beneficial for superior microstructural control and
processing speed. While conventional furnaces are too slow, electric
current with direct attachments of heating elements has demonstrated
sintering of ceramics within seconds. Hence, rapid sintering has been
proven, but needs to be practical. But how to supply the energy most
effectively? Intense illumination! Without the need for a container or
contact, it allows rapid heating on-the-spot. Very recent technological
availability of high power density at short wavelength allows tuning of
incident radiation to the spectral absorption of ceramics boosting both
control and efficiency. In consequence, the key to a scalable, fast, efficient
and versatile sintering process is optical power transmission with photon
energy above the bandgap of ceramics - blacklight.

reduction of surface energy,’ the compacted powder is usually
heat-treated for several hours between 1000 °C and 2000 °C in
large kilns and furnaces.'® Such kilns retain radiation and heat
and were already constructed by our ancestors for purposes like
sintering and burning lime."" Nowadays, the required thermal
energy is provided via thermal radiation and convection from
combusting fuel or via resistive or inductive heating coils. This
entails manifold heat losses by a large heated volume and mass
or leaks through the insulation.">"® Hence, the energy needed
for heating the ceramic itself is surpassed by one to one
hundred times by the energy lost in the furnace. While large
volumes provide the highest efficiency, they come at consider-
able cost of flexibility.

Faster, more efficient and more versatile processes of
various kinds have been developed and partially established
at the laboratory scale. Improved energy efficiency has been
demonstrated by avoiding the peak temperature by hydro-
thermal or cold sintering.'* Much faster processing times have
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been achieved by establishing a direct contact between the
sample and the heating element®'® which allows ultrafast
heating.>'® Processes such as spark plasma sintering” or flash
sintering,'”*® however, require electrical contacts and entail
electromigration and sometimes electrolytic decomposition.
In contrast to direct heating, electromagnetic radiation in the
GHz range in microwave sintering allows contact-free heating,
however, often low absorption coefficients necessitate suscep-
tors for indirect heat transfer."”?° High efficiency at short
processing times was recently offered with Xe-flash lamps in
the visible light spectrum, however, limited to ultra-short
individual flashes to sinter thin surface layers.”" Outstanding
versatility was enabled by using lasers, allowing local heating of
areas smaller than 100 pm” which enables 3D printing of
metals and ceramics.”” However, scanning point-by-point with
a laser instead of heating the whole sample at once, leads to
extreme temperature gradients. Moving such a thermal shock
zone across the sample invariably prompts microstructural
heterogeneity while high density and homogeneity can only
be achieved with post processing.

In principle, the potential entailed in fast sintering®® caters
to the emerging need in sintering technology for increased
flexibility, reduced processing time, and pressingly needed
energy efficiency.' But the synergy of speed, simplicity, versati-
lity, efficiency, and scalability remained out of striking distance
of large-scale production so far.

Herein, we describe a scalable blacklight-based heating
process offering container-less and contact-less densification
of ceramics within seconds with simple equipment. It utilizes
the temperature-dependent absorption of electromagnetic
waves in the visible and UV-light frequency spectrum. We demon-
strate its speed, versatility and efficiency bundled with intricate
microstructural design opportunities using TiO, as a model
material. Moreover, we demonstrate broad applicability in two
dimensions: (i) by testing a wide variety of materials for a range of
emerging applications such as batteries, fuel cells, and electro-
and structural ceramics in general and (ii) by implementing two
completely different light source technologies.

Thermal management

The new process offers a mode of temperature self-stabilization
through a balance of absorption of light and emitted thermal
radiation of the ceramic itself. Hot bodies, with a light bulb as
the prime example, radiate heat as black body radiation. The
emitted power density across all wavelengths emitted by an
ideal black body Ej, is described by the Stefan-Boltzmann law:**

Ey, = eoT" (1)

Aside from the Stefan-Boltzmann constant ¢ = 5.67 X
10"®* W m ? K™%, and the material and temperature dependent
emission coefficient ¢, E;, only depends on the fourth power of
the temperature 7. The emitted power density of an ideal black
body (¢ = 1) in steady-state condition reaches, for example,
~35 W cm? at 1300 °C.

Absorbed power density can be expressed via the incident
power density G and absorption coefficient o and equals the
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black body radiation E;, in a steady state condition. This
relation affords self-stabilization at a maximum temperature.
2-G =By —eoT* — T = /% (2)
&0
With thermally insulating substrate, heat exchange with sam-
ple support and ambient air turns into a minor, correctable
part of the radiation energy balance at very high temperatures.
Any additional difference in the absorbed and emitted power
density results in a controllable heating or cooling rate.

We demonstrate this process (Fig. 1a) with self-stabilizing
temperature (Fig. 1b) and its controllability for samples of
1 mm thickness for several seconds. A ceramic green body is
situated on an Al,0;/SiO, ceramic wool as insulation and
illuminated from above with either a pulsed Xe-flash lamp
(Fig. 1c) or a 450 nm laser fully illustrated in Fig. 1d-h and
Supplementary 1 (Video, ESIt). The temperature during laser
illumination with full power applied within <1 ms was
recorded with a pyrometer as displayed in Fig. 1b documenting
a heating rate between 100-500 K s~ and initial cooling with
~200 K s~ . The temperature self-stabilized to +15 K within 5
seconds (Supplementary 2, ESIt). In contrast, in our approach
the entire sample was heated homogenously at once instead of
heating voxel by voxel known from selective laser sintering.

Produced samples are contrasted with a conventionally
sintered sample (Fig. 1i-k). Microstructure analysis (Fig. 11-n)
demonstrates comparable grain sizes in TiO, with densities
of >94% for the blue (450 nm) laser and >98% for the
Xe-flash lamp.

Wavelength and absorption

The frequency spectrum of the light source, the absorption
characteristics of the material, and its equilibrium with the
spectrum emitted by the ceramic are the key parameters for the
radiative energy balance. Most oxide ceramics without additives
have a bandgap in the range of 2.5 to 5 eV,** mostly preventing
them from efficiently absorbing, e.g., visible light and long
wavelengths. This limits the utility of red and infrared lasers
and microwave sintering, where dielectric losses strongly
depend on temperature and material.*®"*

Absorption is maximized if the energy of the incoming
photon is larger than the bandgap which can be achieved with
blacklight for most ceramics. The wavelength of the available
light sources therefore is to be contrasted to the band gap
(or absorption edge) to reveal their effectiveness. Fortunately,
the effective bandgap reduces by, e.g., 1 €V from room tem-
perature to the sintering temperature.”>® Therefore, slightly
milder demands are posed onto light sources in the regime
where efficiency is needed most allowing also applicability of
blue light at high temperatures.

The temperature-dependent spectral absorption is exempla-
rily highlighted for SrTiO; single crystals at 22 °C and 1200 °C
(Fig. 2a).%° Even at this high temperature, wavelengths signifi-
cantly smaller than ~600 nm are needed for effective absorption.
Temperature dependent absorption and thermal loss due to
infrared emission is highlighted (Fig. 2b) on a Lis 4LazZr; 4Ta, 6012

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Concept and experimental implementation of blacklight sintering. (a) Schematic illustrating the key components and four elements of the energy
balance. (b) Pyrometer data for temperature during illumination with a blue laser. The discontinuity in temperature during heating is speculated to be due
to uneven temperature distribution in the first second of absorption. Verification would require high resolution thermography. (c) Variation of
experimental setup with quartz glass guide for the pulsed Xe-flash lamp and a porous expandable graphite sheet as insulation. (d—h) Experimental
variation with ceramic wool and illumination with a blue laser, see also Supplementary 1 (Video, ESIt). (i—k), Photographs contrasting sintered pellets
between a furnace (i), a Xe-flash lamp (j) and a blue laser (k) (color differences vanish after annealing, e.g. at 800 °C). (l-n), Microstructures corresponding

to (i—k), respectively.

sample illuminated with 80 W cm ™2 of 450 nm laser light leading
to a sample temperature of about 800 °C. Absorption efficiency
rises sharply as the absorption edge moves to lower photon
energies due to thermal activation with increasing temperature.
This leads to a drastic further temperature increase despite
constant illumination associated with a boost in conversion
efficiency form <10% to >80%.

Hence, only with advanced light source technology for high
power density at short wavelengths, the prospect of sintering
with light unfolds from small volumes to entire bulk parts of
ceramics sintered at once. With the recent availability of high-
power blue lasers,”® advanced electronics for Xe-flash lamps
and continuing advances in UV-LED-technology letting LEDs
approach appreciable power densities as well, a wide imple-
mentation becomes imminent.

The insulation beneath the sample is another key factor.
This is evidenced by cross sections of two TiO, samples
illuminated on top of a copper block and on an insulating
layer (Fig. 3a and b and Supplementary 3, ESIf) and attendant
microstructures (Fig. 3c—e). On a copper block that can divert in

This journal is © The Royal Society of Chemistry 2022

the range of 1000 W cm™?, cracking is omnipresent while a

large grain size and porosity gradient is observed from top
to bottom. When limiting the heat flow into the support to
<10 W cm™ 2%, which is then a minor part of the irradiative
energy balance, the temperature gradient in the ceramic is
minimized (Fig. 3f and g). In consequence, a homogenous
microstructure is produced throughout the 1 mm thick sample
(Supplementary 4, ESIt).

However, while Al,03/SiO, wool or porous board withstands
appreciable illumination, its reactivity with many ceramics causes
severe issues above certain temperatures (Supplementary 3, ESIT).
A counterintuitive solution is to use porous expandable graphite,
known from fireproof construction, which erodes during illumi-
nation heating. Nevertheless, as process times are below one
minute, it withstands the illumination and minimizes reactions
with ceramic materials.

Energy efficiency and industrial scaling

The process can become very energy efficient with effective
absorption of the incident light and minimized process times.

Mater. Horiz., 2022, 9,1717-1726 | 1719
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Fig. 2 Effect of wavelength on absorption. (a) Spectral emission of a
Xe-flash lamp, an ideal black body at 2700 K, and a blue 450 nm laser
overlaid with the temperature-dependent spectral absorption of SrTiOz
single crystals which shifts to lower photon energies (longer wavelengths)
with increasing temperature. (b) Temperature evolution under constant
illumination of Lig4laszZri4TagsO1> polycrystalline ceramic with a blue
laser highlighting a drastic surge in temperature from a plateau of about
800 °C after absorption efficiency increases with rising temperature.

(All calculations in experimental section.) Merely five seconds
were sufficient to successfully obtain dense TiO, samples with a
450 nm laser. This required only 0.83 kWh kg~ optical energy
input, equaling to 1.88 kWh kg™ ' electrical input assuming
44% light source efficiency.”® As already ~0.36 kWh kg™' are
required to heat TiO, to 1600 °C, which equals to 43% of the
optical energy expended in 5 s illumination, waste heat is kept
to a minimum. The Xe-flash lamp’s less ideal frequency spec-
trum leads to the higher energy consumption of ~4 kWh kg™*
(electrical) for comparable fabrication of TiO,.

A recent comparative study” on energy efficiency in sintering
using lab-based data highlights cold sintering with 27 kWh kg™ *
as the most energy-efficient replacement for conventional sin-
tering. Hence, sintering with blacklight with <2 kWh kg™
offers a highly competitive energy efficiency. In comparison,
rare publicly available data from industry reports energy needs
of, e.g., 13 kWh kg~ ' for sintering Al,O; in processes mostly
based on natural gas.*

As no further parameters like external pressure, electrode
materials or protective atmosphere need to be considered,
production capacity scales almost linearly with illumination
power. One 1.5 kW laser can process ~16 tons per year
(1.8 kg h™"), while a 10.5 kW pulsed Xe-flash lamp system
can likely process ~23 tons per year (2.6 kg h™"). Moreover,
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ceramic wool

500 K

Fig. 3 Illustration of the importance of a thermally insulating sample
support. (@) Homogenous sintering result when using insulation. (b) Inho-
mogeneous sintering outcome with grain size and porosity gradient as
well as cracks when using a copper support. (c) SEM image depicting the
porosity in (a). (d and e) SEM images revealing the porosity in regions close
to the illumination from above and close to the copper block below.
(f and g) FEM model of the temperature distribution in (a) and (b) after 8 s
illumination illustrating the role of the insulation for a homogeneous
temperature distribution in the sample. Temporal evolution can be found
in Supplementary 5 and 6 (Video, ESI¥).

investments in light sources below 10000 € per ton annual
capacity could be amortized by electricity and CO, price savings
in less than ten years, see Methods. Lastly, the discontinuous
nature of the process allows to adjust production output
promptly to the fluctuating availability of renewably produced
electricity.

Although efficiency is a strong suit of this technique, the
driver for its implementation may be its flexibility and simpli-
city. In contrast to large-scale kilns, high-efficiency can be
achieved independent of batch size using blacklight sintering.
Moreover, machinery and parameters can be adapted from
individual samples to mass production by merely producing
many individual pieces in quick succession. This minimizes the
need for development steps in upscaling as parameters and
setup can almost be identical at lab scale as well as in mass
production. Furthermore, the short process time allows rapid
prototyping of new materials, and accessing processing para-
meters that are very hard to furnish with other methods.
Finally, this allows on-demand on-the-spot production of
ceramics.

Material design space through temperature control

Lastly, using light as a power medium facilitates agile tempera-
ture control with fast heating rates, spatial and temporal
evolution opening new possibilities with great versatility. Using
only one single high-energy flash from a Xe-flash lamp instead
of operating it with quasi-continuous multiple pulses at high

This journal is © The Royal Society of Chemistry 2022
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Illustration of new design space and broad applicability of blacklight sintering. (a) Dense layer formed by single flash from a Xe-flash lamp on

pressed TiO, powder where grains extend through the entire sintered thickness with completely unsintered raw powder underneath. (b) Electron
backscattering diffraction map of the sintered layer. (c) Magnification of (d). (d) Capacitor stack with BaTiOs layers and Pt electrodes sintered with the
450 nm laser. (e) Sample from (a) after further illumination resulting in a porous but mechanically stable structure underneath. (f) Grain size gradient
generated with laser light through varying thermal contact to the support. (h) Illustration of the accuracy of arbitrary temperature profiles.

(h—m) photography of six different ceramics sintered with a multi-pulse Xe-flash lamp reaching up to 99.2% density.

frequency allows to selectively heat a thin layer at the surface,
e.g., of TiO,. This layer of about 25 um thickness is exactly one
grain thick (Fig. 4a), with elongated grains with a lateral size of
15 um. The grains even feature a preferred orientation and,
hence, a clear texture (Fig. 4b and Supplementary 7, ESIt)
helpful for tailoring materials for catalysis, corrosion, conduc-
tivity or anisotropic mechanical properties.

Partially sintering the remainder of the green body with less
intense light provides a bi-layer structure from a completely
homogeneous green body with a thin dense layer at the top and
a porous structure underneath (Fig. 4e). Such design approaches
offer immense opportunities for the fabrication of eg. catalytic
surfaces, solid oxide fuel cells or gas separation membranes.**
Similarly, this technique affords sintering two adjacent layers with
different temperature profiles or generate lateral grain size gradi-
ents or textures (Fig. 4f).

Arbitrary control over the temperature profile (Fig. 4g and 5)
also opens new tailoring options. For example, quenched relaxor
ferroelectrics offer the option to freeze a high-temperature local
structure shifting the depolarization temperature.®® It can also
afford ultrafast sintering without detrimental surface diffusion,
which can create dislocations for property modifications® or
stacking faults.'® Very rapid sintering also opens the opportunity
to minimize evaporation,® for example in alkali compounds.**

This journal is © The Royal Society of Chemistry 2022

Lastly, this method is demonstrated to be broadly applicable
to ceramics. Therefore, a range of ceramics from insulator
(AL,0;) to oxygen, hole/electron and lithium ion conductor
(YSZ, SrTiO; and Liy 3La, ;TiO3), and ferroelectric BaTiO;z (BT)
and 0.94(Na,Bi)TiO3-0.06BT (NBT-6BT) were tested. As a rule of
thumb, ceramics can be sintered when photon energy exceeds
the band gap, which lowers with increasing temperature. While
sintering ability is demonstrated, the effect of the higher
synthesis temperatures and rates on complex compositions
remains to be established. Additives are not required while
they may still improve absorption but may hinder phonon
transport or cause other side effects. Tested materials also
include full electric devices demonstrated for a multilayer
capacitor (Fig. 4c and d). Here, BT-multilayers with Pt-electrodes
feature excellent homogeneity over the entire thickness of
~300 pm. All ceramics were cross-validated by using a
450 nm laser and pulsed Xe-flash lamp (Supplementary 8,
ESIt). While mechanically sound and crack-free samples were
attainable, active control of the heating and cooling ramps
(in particular for thicker samples with higher thermal gradient)
may lead to further improved integrity and rapid iteration
allows to remedy sources of error, such as dust particles or
local reaction (Fig. S2b and c, ESIt) quickly. While generally
the same outcomes and microstructures could be attained

Mater. Horiz., 2022, 9,1717-1726 | 1721
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(Fig. 4 and Supplementary 8-10, ESIt), producing crack-free
samples was found to be easier using the Xe-flash lamp as
compared to the laser.

Conclusions

Sintering with blacklight enables energy efficiencies down to
below 2 kWh kg~ independent of batch size in a container-less
and contact-less fabrication process. The choice of photon
energy above the bandgap of the ceramic maximizes absorption
and allows fabricating homogeneous, textured, or graded cera-
mic bulk samples of >1 mm thickness with large area. Even
complex structures and parts such as multilayer devices can be
synthesized within seconds. Unprecedented flexibility needed
for on-demand fabrication and rapid development is provided
with foreseeable production capacity in the tons-per-year range.
Lateral and temporal evolution of the light intensity and,
hence, the accurate and rapid control of temperature profiles
become powerful tools for microstructural design. Lastly, the
rapid densification opens the door to new materials behaviour
requiring off-equilibrium synthesis.

Experimental
Synthesis

All green bodies were cold isostatically pressed at 700 MPa with
6.5 mm diameter and approximately 1 mm height except for the
samples presented in Fig. 4a-f, which were uniaxially pressed

2000
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with a height of approximately 200 um in the case of Fig. 4a, b,
e, and f and tape-cast in the case of Fig. 4c and d.

The titanium dioxide reference in Fig. 1i was sintered in a
conventional furnace at 1200 °C for 2 h with a heating rate of
5 K min .

Ilumination was facilitated with three different light
sources:

(a) By using a LDMblue 1500 laser with 450 nm wavelength
as continuous wave from Laserline (Miihlheim-Karlich,
Germany). The laser was collimated to a spot size of 17 mm.
Temperature was tracked using a LPC03 Pyrometer (Mergenthaler,
Neu-Ulm, Germany). Illumination experiments were done in the
test lab of Laserline.

(b) By using a flexe multi-pulse Xe-flash lamp system from
Heraeus Noblelight (Cambridge, UK). The system was operated
in multi-pulse mode with a pulse frequency of 60 Hz with 220 V.
Average power density was modulated via adjusting pulse
lengths. Illumination experiments were done in the test lab of
Heraeus Noblelight.

(c) Using a Xe-flash lamp array for single flash operations
in a flash chamber powered by an energy storage system
(300 KJ per pulse at 5 kV in maximum) from Rovak (Grumbach,
Germany). Illumination experiments were done in the
Helmholtz Innovation blitzlab of the Helmholtz-Zentrum
Dresden-Rossendorf.

INlumination parameter and temperatures

Processing parameters for green bodies of ~1 mm height
and 6.5 mm diameter are given below, while representative
temperature curves are presented in Fig. 5.
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Fig. 5 Temperature data collected with a pyrometer during laser light illumination for different samples. Corresponding illumination parameters,

densities and microstructures can be found in Table 1.
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Additionally, TiO, was sintered with 165 W cm™> of 450 nm
laser light with expandable graphite for 5 s reaching a density
of 89.7%.

TiO, samples in Fig. 3 were processed with 10 s with
135 W cm ™2 of 450 nm laser light on ceramic wool and 10 s
with 150 W em ™~ followed by 10 s of 250 W cm™> on a copper
block with the same light source.

BaTiO; multilayer samples containing Pt electrodes in
Fig. 4c and d were sintered with the same parameters as
specified for BaTiOj; in Table 1. The multilayers were fabricated
by tape casting, with detailed description given elsewhere.*

A 20 ms pulse with 87 ] cm ™~ produced a fully dense layer on
an otherwise unchanged TiO, green body (Fig. 4a). The porous
structure underneath (Fig. 4e) was generated by further illumi-
nation with 10 s of 100 W cm™? 450 nm laser light.

A 200 pm thick TiO, green body was illuminated on a copper
plate with 200 W em ™2 for 10 s resulting in Fig. 4f.

Insulation materials used were expandable graphite GHL
(from LUH GmbH, Walluf, Germany) with a density of
90-140 kg m* and porous Al,05/Si0, block (Ultraboard 1850-
400P MF from Schupp GmbH, Aachen, Germany) and Al,Os;/
SiO, wool (ITM-Fibermax-72 Blanket 1600°/100 from Schupp
GmbH, Aachen, Germany with 100 kg m ™~ density and 12.5 mm
thickness).

Spectra and other equipment

Representative spectral data of the Xe-flash lamp was provided
by Heraeus Noblelight. The spectral radiance B,(T) of a black
body at 2700 K (a typical temperature for light bulbs) in Fig. 2a
was calculated with eqn (3)** and normalized to same max-
imum intensity as the Xe-flash lamp.

2he? 1

(e
P\IkT

Here, & is the Planck constant, ¢ the speed of light, 1 the wave
length, k the Boltzmann constant and T the temperature.

The relative density was determined from freshly polished
surfaces (down to 1 pm diamond particle size) by assessing the
area fraction covered with pores. Representative fractions of the
analyzed areas are displayed in Supplementary 9 and 10 (ESI¥).
In contrast, thermal etching for TiO, samples in Fig. 1l-n was
done at 1130 °C for 3 hours.

Scanning electron microscopy (SEM) images were acquired
using a XL30FEG (Philips, Amsterdam, Netherlands) or a
MIRA3-HMX-SEM (TESCAN, Brno, Chech Republic). Electron
backscattering imaging and diffraction was done using a
MIRA3-HMX-SEM (TESCAN, Brno, Check Republic) equipped
with a 4-quadrant solid state BSE detector (DEBEN, Woolpit,
UK) and a DigiView V (EDAX, Mahwah, NJ, USA) EBSD detector.
All samples were coated with carbon for SEM imaging.

Bi(T) = 3)

Calculations and approximations

Specific power density needed to keep a constant sample
temperature. The green body weight for TiO, was 80 mg at
1 mm height and 6.4 mm effective diameter. This results in an

This journal is © The Royal Society of Chemistry 2022

Table 1 Processing parameters and densities

BaTiO;

SITiO;

ALO, LigsLag ,TiOs NBT-6BT

TiO, YSz

TiO,

Material

Expandable
graphite

Expandable
graphite

Expandable
graphite

Expandable
graphite

Expandable
graphite

Expandable
graphite

Expandable

graphite

Al,0,/Si0,
wool

Insulation

92 W cm 2,

30s

170 W cm 2,

30s

67 W cm ™2,

70 W cm 2,
10 s

175 W em' 2,

70 W cm ™2,

115 W cm 2,

135 Wem 2,
30s

10 s

Laser parameters

55s; 114 W cm ™2,
20 s; 70 W cm ™2,
10 s; 47 W cm™ 2,

20 s; 70 W cm ™2,
10 s; 47 W cm‘z,
10 s
10 s

55s; 130 W cm ™2,
20 s; 70 W cm ™2,

’

-2

10 s; 47 W cm

10 s
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illumination area of 0.32 cm” The power density needed to
maintain a temperature of 1600 °C with a 450 nm laser was
115 W em 2.

The energy Eig00 °c,1s Needed per second (¢t = 1 s) only to
maintain a temperature of 1600 °C can be calculated by the
power density j needed to sufficiently illuminate the sample
area A divided by the mass m of the sample.

jx A 115Wcem 2 x 0.32 cm?
Xt= x1s

E600° =
1600°C, Is m 30 mg (4)

=0.46Jmg~! =0.127 kW h kg!

As aresult, 0.127 kWh kg™ have to be expended every second to
uphold the sample temperature in the current setup.

Energy needed to heat the sample to 1600 °C. Heat capacity
of TiO, was approximated as independent of temperature with
813 J kg~ K~ '.*® Multiplied with a temperature difference of
1575 K, this amounts to 1.28 MJ kg™ ' = 0.355 kWh kg

Specific energy needed for the entire process. The sum of the
energy E needed for a full illumination process can be deter-
mined by multiplying the power density with time and illumi-
nated green body area and dividing it by time.

X A Xt
g=1x4x!

()

m

Tested parameters using the 450 nm laser:

Energy needed for 150 W cm ™2 for 5 s: 0.83 kWh kg™ ' (optical)
Energy needed for 115 W cm ™ for 30 s: 3.83 kWh kg™ ' (optical)

At a conversion efficiency from electrical to optical power of
44% for the blue laser diode,* this equals to:

Energy needed for 150 W cm > for 5 s: 1.88 kWh kg™’
(electrical)

The power consumption for a similar sintering process of
the multi-pulse Xe-flash lamp was estimated to ~4 kWh kg™
(electrical).

Production capacity. The production capacity can be esti-
mated by dividing the maximum power output of the light
source by the specific energy needed per kg. As products could
be moved on a conveyor belt or the light instantaneously be
diverted to another area through optics, dead time of the light
source can trend to zero in an optimized industrial process.

The production capacity of a blue 1.5 kW laser requiring
3.4 kW electrical input using 1.88 kWh kg~ ' as specific energy
needed is 1.81 kg h™' which equals to 43.5 kg per day or
X 16 tons per year.

The production capacity of a pulsed flash-lamp system
operating at 10.5 kW electrical power consumption with a
specific energy need of ~4 kWh kg ' equals 2.62 kg h™" and
63 kg per day or &~23 tons per year.

Estimation of amortization time. With an approximate
investment of less than 10000 € needed per ton of annual

1724 | Mater. Horiz., 2022, 9, 1717-1726
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production capacity with off-the-shelf light sources, the amor-
tization time can be estimated with value in energy savings.

For example, a production process needing 10 kWh kg~ * of
electricity to fire a furnace is replaced by a light-based process
needing 3 kWh kg™ of electrical energy.

At an industrial electricity price in Germany of 0.12 € kWh ™",
this amounts to a saving of 840 € per ton per year. At average CO,
emissions of 0.37 kg kWh™" for electricity produced in Germany
and a CO, price of 50 € per ton, this energy-saving comes
along with another 130 € saved on CO, emission certificates for
2.6 tons CO,.

Hence, depending on which process is replaced and many
other factors, this technology, has a chance to amortize its
needed investments in less than 10 years. This provides an
economic incentive to industry to reduce CO, emissions and
help dealing with the climate crisis.

Model of absorption and evolution of temperature distribution

Accurate modeling would require precise knowledge of light
scattering from powder, partially and fully densified ceramics,
thermal conductivity as function of density, including composi-
tion dependent phonon transport, the dynamic change in rough-
ness and many other parameters which is beyond the scope of
this work. In modelling the temperature evolution, nevertheless,
the temperature dependent absorption®**”*® needs to be taken
into account as it is demonstrated to be a key variable in Fig. 2.

Two approaches to calculate the temperature dependent
change in light absorption of semiconducting materials are
considered. One involves the change of the bandgap due to
temperature according to Varshni’s rule:*®

T2

Ee=Eo =777

(6)
In which Eg is the bandgap at 0 K, T the temperature, and y and
f are constants.

There is, nevertheless, also low light absorption below the
energy gap increasing exponentially with the wavelength of
light. This is called Urbach tail. The disorder can introduce
localized states at the conduction band, which leads to an
increase in the band tail width Ey. Thus there is also a
proportionality between the absorption coefficient o and Ey:

wB) o)

a:oco-exp< 7
U

E, is termed Urbach focus and is a measure of the total disorder
of the system. o, can be seen as a temperature dependent
proportionality constant.

The proportionality between Ey and E, is, however, not easy
to determine. Also, the derivation of other parameters can be
challenging because y or f are usually only obtained from
calculations that differ significantly from publication to publica-
tion. The same is valid for the Urbach focus, especially for oxide
ceramics. In the present case, values from a recent publication for
TiO, are used for a modified relationship of eqn (4):*®

Eg=Eg — &T (8)

This journal is © The Royal Society of Chemistry 2022
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The further calculation takes the photon energy of the laser of
450 nm into account while the bandgap of E,, = 3.21 eV is used.
As a result, a significant rise in absorption can already be
observed already at room temperature.

The Urbach approach needs further assumptions obtained
from Goldschmidt et al.?® Ey; can be assumed to be in the order
of kT above room temperature. Furthermore, a proportionality
constant ¢ (in the order of unity) is used so that Eg, instead of
E, can be used leading to the following relationship:

g(hv — E,
o= exp (%) (9)
Additionally, o, depends on ¢ and ¢:
oy = oc(’) - exp (%) (10)

For calculations the proportionality constant is set to o = 0.8.>

The FEM calculation was done for 2D-axial symmetry with
the dimensions of the actual samples Fig. 3. For this, the
Comsol software (COMSOL Multiphysics, ver. 5.6, Gottingen,
Germany) was used. It was assumed that the laser spot was large
enough to cover the surface of the sample homogeneously.
The respective absorption can be calculated according to:

1

toe (o 4
E\* 2303

In a time-dependent FEM calculation from 0 s to 60 s with 115 W
em? incident illumination at 450 nm, a triangular mesh was
used. The top and side surfaces were cooled by surface to ambient
radiation (ambient temperature T, = 293.15 K) and air convection
(heat transfer coefficient # = 50 W m™> K '). Variations in
emissivity ¢ were also taken into account. It could be shown that
¢ is linearly dependent on temperature in the high temperature
range:*’

Apps =1 — (11)

e=g —bT (12)

It was assumed that optimal absorption and emission condi-
tions were still valid at room temperature (g, = 1). A refined
model would need to take into account that the samples are not
single crystals, however, emission and absorption are likely to
be similarly affected by the polycrystalline nature of the speci-
men. At the bottom, heat transfer to a second material was
taken into account. First, ceramic wool and then copper was
used as a second material in two different calculations. For
the solid itself, literature values for TiO, were used (thermal
conductivity k = 4.8 W m™' K™, density p = 4.26 g cm >, heat
capacity Cp, = 813 J kg~ ' K 1).%°
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