
Chapter 11
Other Field-Assisted Sintering Techniques

A number of sintering methods use electromagnetic radiation to rapidly heat the
powder samples. The character and mechanisms of interaction of electromagnetic
waves with materials depend on the wavelength of radiation. Microwave sintering
has been discussed in Chap. 7. Other types of radiation can also be used to deliver
energy to particle assemblies and induce inter-particle sintering. Infrared
(IR) radiation is one of the means of energy transfer in furnaces. Recently, IR
radiation-producing modules have been designed allowing for rapid heating and
sintering of powder layers into films. IR radiation can also be produced by lasers and
is constantly produced by the sun. Metallic particles meeting certain size require-
ments can be heated by intense light from a xenon lamp, while ultraviolet
(UV) radiation can assist in conducting chemical reactions that facilitate sintering.
In this chapter, principles and possibilities of powder sintering using IR radiation
emitted by specially designed modules and laser-assisted, solar, photonic, and
ultraviolet sintering are briefly discussed.

11.1 IR Radiation-Assisted Sintering

This section describes sintering assisted by IR radiation produced by specially
designed modules. In the manufacturing of flexible electronics, conventional
sintering limits the feasibility of the roll-to-roll processing [1] due to long times
required for sintering. Sowade et al. [2] reported IR radiation drying and sintering of
inkjet-printed silver layers on a nonabsorbent polyethylene naphthalate substrate.
Drying and sintering were conducted using an IR module equipped with tube
emitters made of quartz glass (Fig. 11.1). Each emitter consisted of two tungsten
filaments. A U-shaped aluminum reflector was placed above the tube emitters to
increase the efficiency of the IR system. Another reflector was installed under the
substrate to intensify the IR irradiation due to reflection. At a higher filament
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temperature, drying and sintering was more efficient, as the silver layer has a higher
absorbance in the shorter wavelength range.

Georgiadis et al. [3] emphasized the benefit of IR radiation heating over convec-
tion and conduction, which lies in the energy efficiency. They reported the formation
of smooth and crack-free films from a hard latex using IR radiation sintering of dried
layers deposited from emulsion. Using IR radiation-assisted sintering, the film could
be obtained without adding plasticizers, which is a great benefit over the conven-
tional processing, as during the film formation, plasticizers cause the evolution of
volatile organic compounds – substances harmful from the environmental and
health standpoints. In order to assist absorption of the IR radiation by the film, an
additive – a near-IR-absorbing polymer – was used at a concentration of 1 wt.%. The
non-sintered film consisted of spherical particles with voids between them
(Fig. 11.2a). After treatment under a 250 W near-IR lamp for 4 min, the particles
flattened, and the size of the voids decreased (Fig. 11.2b). After 30 min of treatment
(Fig. 11.2c), the separate particles were more difficult to distinguish, which indicated
sintering. The particle flattening was quantitatively analyzed by measuring the
topographic profiles of the films after IR radiation-assisted sintering and heating in
an oven. Figure 11.3 shows the dependence of the peak-to-valley height of the films
on the time of exposure making it obvious that direct IR treatment of the films leads
to a more rapid flattening (and sintering) of the particles in comparison with
conventional treatment in an oven.

11.2 Solar Sintering

Solar radiation is a powerful and ecological energy source. A series of recent
laboratory studies have been conducted using a solar furnace of the Plataforma
Solar de Almería, Spain [4]. This solar furnace consists of the following elements:
a continuous solar-tracking flat heliostat, a parabolic concentrator mirror (collector),
an attenuator (shutter), and a test zone located in the concentrator focus center
(Fig. 11.4). The shutter is used to regulate the amount of the incident light. When

Fig. 11.1 IR radiation module for sintering of inkjet-printed layers of silver on a polymer substrate.
(Reproduced from Ref. [2] with permission of The Royal Society of Chemistry)
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it is 100% open and the direct solar irradiance is 1000 W�m�2, the focus has an
irradiance peak of 3051 W�m�2, a total power of 70 kW, and a focal diameter of
26 cm. A possibility of sintering of alumina at 1780 �C was reported [4]. Technical
issues associated with solar furnaces include overshoot of temperature at the onset of

Fig. 11.2 Atomic force
microscopy height images
of the latex films deposited
at room temperature (a),
after 4 min (b), and 30 min
(c) of IR radiation treatment.
The images size is
5 μm � 5 μm. (Reprinted
with permission from
Georgiadis et al.
[3]. Copyright (2011)
American Chemical
Society)
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solar heating and difficulties in the precise temperature control of the sintered part
[5]. The temperature overshoot may result in the formation of a liquid phase and
undesirable shape distortions. Due to large investment costs, solar sintering facilities
are still expensive tools having a potential of cost reduction in the medium term [4].

A comparison between the microstructure of alumina consolidated by solar
sintering and that of alumina sintered in an electric furnace was made (Fig. 11.5)
[4]. The compacts were sintered by the two methods at the same maximum temper-
ature of 1600 �C but with different heating rates and dwell times. The compact

Fig. 11.3 Dependences of the peak-to-valley height on the time of continuous exposure to near-IR
radiation for the acrylic additive-free latex (filled circles) and latex with 1 wt.% of IR-absorbing
polymer (empty circles) and treatment in an oven at 60 �C (squares). Error bars span the size of the
symbols. During the first 10 min in the oven, there was not significant sintering due to slow heating,
so t ¼ 0 corresponds to 10 min of holding. (Reprinted with permission from Georgiadis et al.
[3]. Copyright (2011) American Chemical Society)

Fig. 11.4 Solar furnace of the Plataforma Solar de Almería, Spain. (Reprinted from Román et al.
[4]. Copyright (2008), with permission from Elsevier)
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consolidated by solar sintering was denser than that sintered in a furnace
(95% vs. 89% relative density). The degree of sintering was also reflected in the
microstructure. The solar sintered compact had well-defined polygonal grains: the
300 nm particles of the powder experienced growth such that the compact consisted
of grains as large as 20 μm. A significant number of voids of spherical shape are seen
in the microstructure of the solar sintered material; these voids are located within the
matrix grains (Fig. 11.5a). The voids were observed on a polished surface. However,
using a different sample preparation technique, it was proved that these voids were
initially (before polishing) filled with particles, which indicates incomplete sintering.
In the compact sintered from the same powder in an electric furnace, only a few areas
that experienced sintering could be found (Fig. 11.5b), the voids were located at
grain boundaries, and the sintered material consisted of 50 μm grains. The micro-
structures of the compacts sintered by the two methods show that an improvement of
densification was achieved by using solar sintering instead of sintering in a furnace.
With the use of solar sintering, a significantly reduced duration of sintering was
achieved for other materials: e.g., cordierite ceramics was sintered by solar sintering
within 60 min, while in conventional sintering, about 24 h is needed for the process
completion [5].

Fig. 11.5 Microstructure of alumina consolidated by solar sintering, heating rate 50 �C�min�1,
dwell time 60 min, relative density 95% (a), and sintered in a resistance furnace, heating rate
5 �C�min�1, dwell time 240 min, relative density 89% (b). Maximum sintering temperature
1600 �C. (Reprinted from Román et al. [4]. Copyright (2008), with permission from Elsevier)
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11.3 Laser-Assisted Sintering

Laser-assisted sintering is used for the fabrication of films in printed electronics and
3D objects. A detailed description of the interactions of laser radiation with materials
and selective laser sintering is beyond the scope of this book and can be found in the
literature on laser processing of materials [6] and 3D manufacturing [7–9]. The use
of different types of lasers for different materials has been described by Lee et al.
[10]. Selective laser sintering of metals is also referred to as direct metal laser
sintering. In this process, Nd:YAG lasers (output wavelength 1064 nm) or
Yb-fiber lasers (output wavelengths 1030–1070 nm) exhibit a higher throughput
than CO2 lasers with an operating wavelength of 10.6 μm. Nd:YAG and Yb-fiber
lasers are also used for sintering of carbide ceramics. CO2 lasers are suitable for
sintering of polymers as the latter have high absorptivity at the operating wavelength
of these lasers. Sintering of oxide ceramics is also possible with the use of CO2

lasers.
In selective laser sintering, partial melting of the powder material can be

achieved, and in this way, selective laser sintering bears similarities with electric
current-assisted sintering, in which the inter-particle contacts in an electric current-
carrying specimen can experience melting, while the particle volumes will continue
to remain solid. Another similarity of electric current-assisted sintering and selective
laser sintering is the dynamic nature of the processes, as the responses of the
materials to the external field change with time. Normally, in the processes of electric
current-assisted sintering, the contribution of inter-particle contacts to the total
resistance of the sample decreases as sintering progresses due to the formation of
well-established inter-particle contacts. At the same time, the resistivity of materials
is a function of temperature and changes upon heating. During laser treatment, the
absorptivity and thermal conductivity of the material are the important properties;
these properties change with the temperature and the structure of the powder layer as
the powder particles sinter between themselves [11, 12]. Absorption of laser radia-
tion is favored by porosity of the powder layer and non-flat surfaces. Olakanmi et al.
[8] indicate the relevance of the information on the sintering behavior of a powder
during pulsed electric current-assisted sintering to selective laser sintering and
suggest using the accumulated knowledge in the field of pulsed current sintering
for gaining insights into the mechanisms of laser-assisted sintering.

11.4 Photonic Sintering

Sintering of nanoparticles using irradiation by light – photonic sintering in a
continuous [13] or flash mode [14–22] – is attracting attention due to possibilities
of fast processing of printed electronics and flexible dye-sensitized solar cells under
ambient conditions as well as using large-area and temperature-sensitive substrate
materials. In photonic sintering, films formed by nanoparticle inks or pastes are
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heated by irradiation. The method uses the differences in the absorption properties of
the substrate and the film composed of nanoparticles. The solvent is evaporated and
sintering between the nanoparticles occurs. By choosing radiation with a desired
emission spectrum, energy can be “pumped” selectively into the printed ink struc-
tures without directly affecting the substrate. As the electromagnetic radiation
directly affects the printed structures and not the film/substrate system as a whole,
sintering is accelerated compared with the conventional process of heating in
an oven.

Photonic sintering is conducted without the application of pressure making
temperature the key factor influencing the film densification [23]. Govorov and
Richardson [24] analyzed the generation of heat in metal nanoparticles irradiated
by light. Heating is strongly enhanced under the conditions of the plasmon reso-
nance. It was found that the temperature increase of the nanoparticles ΔTmax is
proportional to the second power of the nanoparticle radius Rnp:

ΔTmax / R2
np

This size dependence of the temperature increase is governed by the total rate of
heat generation and by heat transfer through the nanoparticle surface. The heating
process also depends on the shape and organization of nanoparticles due to collective
effects.

The results of photonic sintering depend on the size of metallic nanoparticles.
Park and Kim [19] studied flash light sintering of nickel nanoparticles and found that
while particles with a broad size distribution (5–500 nm) were successfully sintered
by the flash light irradiation (xenon lamp, wavelengths 380 nm–1 μm), the films
consisting of 50 nm particles were poorly sintered. The sheet resistance of the
sintered films decreased with increasing sintering energy, which indicates the pro-
gress of sintering. The sheet resistance of the films obtained from the 50 nm particles
was 2–3 orders of magnitude greater than that of the films obtained from the ink
containing nickel nanoparticles with a broad size distribution. Better sinterability of
the films obtained from the ink containing 5–500 nm nickel particles was explained
by a better absorption of light (absorption of light with a wide range of wavelengths)
by particles of different sizes, as shown in Fig. 11.6, and the presence of very fine
nanoparticles, whose melting temperatures are much lower than that of bulk nickel.
Early melting of very fine particles was suggested as a crucial step in flash light
sintering, as the molten material can connect larger particles and facilitate the
sintering process as a whole.

Park and Kim [19] utilized preheating before the main sintering step to improve
the quality of the sintered films. As can be seen from images of the films sintered
at 17.5 J�cm�2 at the main sintering step, the film preheated at 12.5 J�cm�2 had a
more densely connected necking structure (Fig. 11.7a) than the film preheated at
7.5 J�cm�2 (Fig. 11.7b).

MacNeill et al. [13] analyzed photonic sintering of silver nanoparticles both
experimentally and theoretically and found that it is an inherently self-damping
process. The progress of densification reduces the magnitude of subsequent photonic
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heating. Bansal and Malhotra [23] measured the temperature of the silver nanopar-
ticle films during their sintering by intense pulsed light. Measurements were done
using a thermal camera. Under high fluencies, a turning point in the evolution of the
film temperature during sintering was observed: with increasing the number of
pulses, the temperature dropped down after the initial rise. The film densification
leveled off beyond a critical pulse fluence and a critical number of pulses. A
computational model that is able to capture the experimentally observed turning
point in the temperature during sintering was developed. This model links the
electromagnetic finite element analysis of optical energy absorption and semi-
analytical models of inter-particle neck growth to mesoscale transient heat transfer
and densification of the films. It was found that the temperature turning occurs due to
a coupling between optical absorption and densification in the nanoparticle film: a
reduction of optical absorption was caused by the inter-particle neck growth and
changes in the particle shape.
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Fig. 11.6 Absorbance of
light by nickel nanoparticles
with different sizes and size
distributions. (Reprinted
from Park et al.
[19]. Copyright (2013), with
permission from Elsevier)

Fig. 11.7 Morphology of the films obtained from nickel nanoparticles 5–500 nm in size: (a)
preheating at 12.5 J�cm�2, (b) 7.5 J�cm�2 (the main sintering step at 17.5 J�cm�2). (Reprinted from
Park and Kim [19]. Copyright (2013), with permission from Elsevier)
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11.5 UV-Assisted Sintering

UV radiation is useful in the processes that require conducting chemical reactions
along with particle sintering. UV light was used by Oh et al. [25] to sinter TiO2

nanoparticles for the fabrication of dye-sensitized solar cells. An organic compound-
containing titanium was introduced into the TiO2-based ink. This compound
decomposed under UV radiation forming TiO2 particles, which bonded the
pre-existing TiO2 particles together. In a study by Hwang et al. [26], deep UV
light caused decomposition of a poly(N-vinylpyrrolidone) coating on copper
nanoparticles so that the oxide shells on the particles were efficiently reduced.

11.6 Selected Examples of Materials Obtained Using
Infrared, Solar, and Photonic Sintering

IR radiation-assisted sintering has been used for nanoparticles of metals [2], poly-
mers [3], and oxides [27]. A limiting step to the roll-to-roll production of
dye-sensitized solar cells on metals is sintering of nanoparticles of TiO2. Watson
et al. [27] suggested a near-IR heating method, in which titanium substrates are
heated directly causing the removal of the binder and sintering of the TiO2 particles.
Sintering of the same assemblies in a conventional oven at temperatures close to
those achieved by IR heating and for much longer time yielded cell efficiencies equal
to or lower than those manufactured by using IR heating.

Solar sintering is suitable for consolidating metals [28] and ceramic materials
[4, 5, 29, 30] as well as metal–ceramic composites [31]. Rosa et al. [31] showed
that WC–10wt.%Co materials with properties comparable to those of the conven-
tionally processed cemented carbides can be obtained by fast solar sintering. The
differences in the heating schedule in these two processes can be seen in Fig. 11.8,
from which it follows that solar sintering allowed reaching a significant reduction
of the sintering time. As hardness of the solar sintered WC–10 wt.% Co materials
was as high as that of the conventionally processed cemented carbide (13 GPa) and
the fracture toughness was 12 MPa�m1/2, which is only 10% lower than the value
of the fracture toughness of the conventionally processed cemented carbide, solar
sintering was recommended as a cost-effective and environmentally friendly
sintering method of cemented carbides. Close levels of hardness and fracture
toughness could be expected from the similarity of the microstructures of these
two materials (Fig. 11.9).

Photonic sintering was shown to be suitable for sintering of layers composed of
metals [14–20], metal-containing composites [32], as well as conducting oxides [22]
and semiconductors [21, 22]. Using photonic flash sintering, current collecting
grids for solar cell applications were obtained starting from a silver nanoparticle
ink, and the sintering results were compared with those produced by thermal
treatment of the printed structures [20]. Grids obtained by photonic sintering
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exhibited advantages over thermally sintered ones in terms of geometry and con-
ductivity. Worth mentioning are similar conductivities obtained after 5 s of photonic
flash sintering and 6 h of thermal sintering. While a large number of studies on the
feasibility of radiation-assisted methods of sintering of printed electronics have been
published, direct assessment of different electromagnetic wave-assisted methods
using the same object is rarely conducted. From a practical perspective, worth
particular attention is study by Niittynen et al. [17], who compared the structure
and properties of inkjet-printed samples of silver dispersion on polymer substrates
sintered by different techniques – sintering in a convection oven (thermal sintering)
and plasma, laser, and photonic sintering – and concluded on a better suitability of
photonic sintering realized using a xenon flash lamp with an emission spectrum of
350–900 nm for scalable processing of films with good adhesion, high electrical
conductivity, and a uniform and dense nanostructure. The temperature during
photonic sintering could be high enough to cause substrate damage due to dissipa-
tion of heat from the metallic structure. The authors emphasized the importance of

Fig. 11.8 Heating schedules in solar and conventional sintering of WC–10wt.%Co. (Reprinted
from Rosa et al. [31]. Copyright (2002), with permission from Elsevier)

Fig. 11.9 Microstructure of solar (a) and conventionally sintered (b) WC–10wt.%Co. (Reprinted
from Rosa et al. [31]. Copyright (2002), with permission from Elsevier)
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tuning the pulse length, intensity, as well as sintering time to bring substrate damage
to a minimum. An advantage of selectivity of sintering enabled by the laser sintering
technique due to digital control was also highlighted.

Intense pulsed light can be used to initiate chemical reactions. In this regard,
photonic treatment of printed CuO accompanied by its reduction to Cu2O and further
to metallic copper presents a viable route to the fabrication of elements of printed
electronics [33]. Reduction of CuO nanoparticles contained in the ink was due to a
process of photoreduction as well as the presence of reducing agents in the ink.
Morphological transformations from the isolated copper nanoparticles to fully
sintered Cu films could be controlled by changing the light intensity.

Joo et al. [34] tested the sintering behavior of films deposited from inks
containing both copper nano- and microparticles. The resistivity of the film sintered
from the microparticle ink (246 μΩ∙cm) was greater than that of film obtained from
the nanoparticle ink (210 μΩ∙cm); these films were sintered under the same flash
light sintering conditions. An interesting result was a lower resistivity of the film
obtained from the ink containing both nano- and microparticles in the 50:50 volume
ratio (80 μΩ∙cm). The authors saw the reason for an advantage of inks with particles
of mixed sizes in the capability of the nanoparticles to fill the pores between the
microparticles. In the film fabricated from the nanoparticle ink, nanopores remained,
while in the film sintered from the microparticles, the remaining pores had sizes
comparable to the size of the microparticles. The problem of residual pores was
successfully solved by a proper choice of the composition of the initial ink in terms
of the size of nanoparticles. In order to increase the relative density of the flash light
sintered films obtained from copper nanoparticle inks, Chung et al. [35] suggested
adding copper-containing precursors that undergo chemical transformations
resulting in the in situ formation of copper during flash light treatment of the films.
Following this strategy, films with a low resistivity (27.3 μΩ∙cm) were obtained from
a mixed ink with copper (II) nitrate trihydrate as a copper-containing precursor.

In addition to single metal features, alloys and composite films can be obtained by
radiation-assisted sintering. Zhao et al. [36] sintered copper features by using a
pulsed green light laser and a pulsed UV laser and, in order to increase the resistance
of copper to oxidation, suggested alloying it with gold. Alloying was also beneficial
in reducing the melting point of the material. The CuxAu100-x alloys when printed
and laser-sintered can be used as a basis for flexible chemical sensors for the
detection of environmental pollutants and breath biomarkers. Composite films
consisting of copper and multiwalled carbon nanotubes were obtained by flash
light sintering [32]. For that, carbon nanotubes were dispersed in the copper nano-
particle ink. In the films containing the same concentration of nanotubes, the size of
the pores decreased with increasing nanotube length. The presence of carbon
nanotubes improved the environmental stability of the films by slowing down the
process of oxidation of copper to Cu2O.

In addition to sintering of nanoparticles, welding of nanowires can occur under
flash light treatment [37–39]. In order to improve the optical efficiency of a flash
lamp and light absorbing yield, silver nanowires deposited on a substrate were
encapsulated by a graphene layer [38]. In the presence of graphene, ultrafast welding

11.6 Selected Examples of Materials Obtained Using Infrared, Solar, and. . . 411



of the nanowires (in less than 20 ms) was observed under the intense pulsed light
treatment, while pristine (uncoated) nanowires remained intact. The graphene layer
is thought to effectively absorb the energy of radiation and transfer it to the silver
nanowires. Mixed inks containing copper nanoparticles and copper nanowires in
various proportions were tested by subjecting them to sintering under the same
conditions [39]. The film flash light sintered from the ink with 5 wt.% of copper
nanowires had a lower resistivity (22.77 μΩ�cm) than those obtained from the inks
containing copper nanoparticles or nanowires only (94.01 μΩ�cm and 104.15
μΩ�cm, respectively).

Intense white light-assisted sintering was shown to be suitable for sintering of
TiO2 photoelectrodes [21]. The heating of the TiO2 layer on tin-doped indium oxide-
polyethylene terephthalate substrates was suggested to be caused by the sub-band
absorption. The treatment of the TiO2 film with intense pulsed light helped achieve
interconnection between the TiO2 particles and led an increase in the mechanical
stability of the photoelectrode and an improvement of the power conversion effi-
ciency over the entire spectral range.

11.7 Summary

This chapter reviewed the principles of sintering techniques based on the application
of electromagnetic radiation to powder materials – IR radiation-assisted, laser, solar,
photonic, and UV sintering. To enable rapid heating and sintering of powders, IR
radiation-producing modules have been designed. IR radiation can also be generated
by lasers and is contained in the solar radiation spectrum. Laser sintering is widely
used in the layer-by-layer 3D manufacturing of parts from metallic, ceramic, and
polymer materials. Solar energy is a clean and ecological type of energy. However, it
requires large initial investments into the facilities. Solar sintering is suitable for
metals, ceramics, and composite materials and offers faster heating and more rapid
densification than conventional furnace sintering. Photonic sintering is conducted
mainly by intense pulsed light radiation in the 380 nm–1 μm wavelength range. It is
suitable for sintering of metallic nanoparticles, metal-containing composites, as well
as semiconductors. A growing interest to IR radiation-assisted and photonic
sintering is due to their compatibility with the roll-to-roll fabrication of flexible
electronics. UV light is instrumental in initiating chemical reactions and can be used
to facilitate sintering when the products of the in situ conducted reactions have
advantages in terms of composition and particle size for the progress of sintering. For
almost all of the mentioned sintering techniques, the published studies are predom-
inantly descriptive and provide mainly qualitative analyses. An in-depth consider-
ation of these sintering approaches’ underlying physical phenomena and the related
predictive modeling represent the future research directions.
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