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Y,05—MgO nanocomposite is introduced for infrared transparent ceramics due to its superior optical and
mechanical characteristics. However, severe optical scattering and unnecessary absorption in the near-
and mid-infrared regions restrict the applications of this material. Here, a broad mid-infrared transpar-
ent Y,03—~MgO nanocomposite is achieved for the first time through low temperature sintering using an
LiF additive. The influence of LiF is successfully demonstrated on the mid-infrared transparency of the
as-sintered and post-annealed nanocomposites. Spectroscopic analysis are also performed, and primary
absorption factors of the Y,03—MgO transparent ceramics are revealed. This study is a step toward de-
signing widely utilized transparent ceramics.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

The Y,03—MgO nanocomposite is a representative infrared
transparent ceramic for infrared domes and windows in extremely
harsh environment [1-3]. Since the Y,03—MgO nanocomposite
has outstanding thermal and mechanical properties superior to
mono-phase polycrystalline transparent ceramics, including Y03,
MgAl,04 and AION, it has been proposed as a candidate for suit-
able military applications [4]. However, severe grain boundary
scattering induced by a large difference in the refractive index be-
tween two phases in the microstructure significantly deteriorates
the transmittance in the short-wavelength region (UV, visible and
near-infrared). Moreover, the Y,03—MgO nanocomposite shows an
unavoidable intense absorption at 7 um that is due to residual car-
bon components or CO, generated during the sintering and post-
annealing process. Various absorption peaks around 4.5 um cre-
ate many problems when the nanocomposite is actually applied
[5-7]. Because of a virtually restricted transparent wavelength re-
gion, the nanocomposite has been developed over a decade con-
centrating only on the improvement of transmittance at the near-
infrared wavelength by minimizing the grain size [8], or at the
significantly narrow mid-infrared region (3-5 um) [9-12]. Further-
more, to date investigations into alleviating absorption by external
and internal factors in the mid-infrared region are still barely un-
der way.
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LiF, as a sintering additive, is extensively used to improve the
sinterability of a variety of transparent ceramics [13-15]. When
LiF acts as a low-temperature sintering aid, it becomes a liquid
phase and increases the mass transfer and grain boundary mobility
during the sintering, so the domain size grows considerably [16].
In the case of the Y,03—MgO nanocomposite, unnecessary grain
growth leads degradation of the short-wavelength transmittance,
so LiF is not utilized at all. Furthermore, in the early literature, it
was also not exactly known how LiF affects the mid-infrared trans-
parency.

To our knowledge for the first time, a broad mid-infrared trans-
parent Y,03—MgO nanocomposite has been developed through
low temperature consolidation exploiting LiF as a sintering aid. We
explored the influence of LiF on the mid-infrared transparency, es-
pecially absorption at 7 um, of the as-sintered and post-annealed
Y,03—MgO nanocomposite. We performed spectroscopic analyses
and defined the absorption factors of the Y,03—MgO transparent
ceramics.

The auto-ignition combustion method is well-known as an
excellent strategy for synthesizing fine, homogeneous and high-
purity nanoparticles (see supplementary information for detailed
experimental methods) [17]. Fig. S1 shows the crystal structure
and crystallinity of the synthesized Y,05;—MgO nanoparticles and
sintered bulk ceramics. The observed X-ray diffraction peaks ob-
viously correspond to Y503 and MgO cubic phases. No impurities
were detected when the sintering procedure was carried out. The
crystallite size of the calcined particles was fine at about 16 nm
calculated by Scherrer equation. No residual LiF or second phases
were generated through collateral reaction with the nanocompos-
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Fig. 1. (a, b) TEM images of the synthesized Y,03—MgO nanoparticles. The inset is the SAED pattern of the Y,03—MgO nanoparticles. SEM microstructure images of
Y,03—-MgO nanocomposite with different amounts of LiF sintering aid; (c) 0 and (d) 0.5 wt%. The samples were sintered at 1250 °C for 2 h. (e) The relative density
and average grain size of sintered samples at 1100 and 1250 °C with different LiF concentrations. (f) The relative density of sintered samples with different concentrations

and sintering temperatures.

ite. The morphology and crystallinity of the synthesized nanopar-
ticles were observed from the TEM images, as can be seen in
Fig. 1(a) and (b). The average particle size after calcination was
less than 20 nm, which corresponded to the value from Scherrer
equation. Lattice fringes were in agreement with the (222) plane of
Y,03 and the (200) plane of MgO phases, respectively. The results
of TEM and SAED analysis of the nanoparticles involving 0.5 wt%
LiF are shown in Fig. S2 in which it is difficult to distinguish the
additive from the bare nanocomposite particles.

SEM microstructural images of nanocomposites with various
amounts of LiF are represented in Fig. 1(c) and (d). The data rep-
resent discernible differences in the grain size of the sintered body
according to the amount of LiF at the same consolidation condi-
tions. As shown in Fig. 1(c), when the nanocomposite was sintered
at 1250 °C, fine grains with a size of 144 nm can be achieved. With
an increasing amount of sintering aid, the domains grow gradually.
In particular, it can be seen that a very large average grain size
of 328 nm is obtained for a sintered body containing 0.5 wt% LiF

(Fig. 1(d)). The final grain size at ultra-low sintering temperatures
of 1100 °C and 1250 °C are shown in Fig. 1(e). In both tempera-
ture conditions, the sintering aid reduces in consolidation temper-
ature and accelerates the grain growth. The generated oxygen va-
cancies resulting from excessive Li* incorporation effectually im-
prove the diffusivity [18]. Improvement in lattice and grain bound-
ary diffusivity during the sintering stimulates grain coarsening and
diffusional creep [19]. Fig. 1(f) shows the fractional density of the
consolidated Y,03—MgO nanocomposite with a variety of sinter-
ing temperatures and amounts of LiF. At a sintering temperature
higher than 1200 °C, the relative density is nearly the same regard-
less of the amount of LiF, but at a very low temperature of 1100 °C,
there is a clear difference in the fractional density. When LiF is
absent, the bulk ceramics have a low density of 91.9% because of
insufficient thermal energy as a driving force to stimulate grain
boundary diffusion for densification. But, when LiF is present, it
shows a high density no matter how much additives are included.
LiF serves as a lubricant in which Lit ions ameliorate the surface
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Fig. 2. (a) Infrared transmittance of Y,03—MgO nanocomposite sintered at 1250 °C with different amounts of LiF from 0 to 0.5 wt%. (b) The mid-infrared transmittance
of the post-annealed samples at 3 and 7 um wavelength regions. (c) Absorbance spectrum of the sintered Y,03—MgO with different amount of LiF at different wavelength

regions.

activity and accelerate the surface diffusivity at the particle sur-
face [20]. It allows the nanocomposite to have a faster shrinkage
rate and high relative density at a lower temperature. Especially
under the hot-pressing conditions of high pressure, LiF is evenly
distributed to grain boundaries and internal pores, and the influ-
ence of highly volatile LiF on the specimen is minimized.

The mid-infrared transmittance values of the Y,03—MgO
nanocomposite with respect to different amount of LiF sintering
additive are represented in Fig. 2(a). The thickness of the polished
samples was fixed at 1 mm. At a 6 umwavelength, it can be
seen that all specimens have similar transmittance regardless of
whether or not LiF is added. The cut-off wavelength in the long
wavelength region of the Y,0;—MgO nanocomposite is 9 um,
which is longer than other AION or MgAl,04 transparent ceramics.
At a long wavelength of 8 umor more, the as-sintered specimens
have higher transmittances than post-annealed specimens, and

there is no large difference over 9 um. On the other hand, the
transmittance in the short wavelength region where the grain size
of the nanocomposite varies greatly depending on the amount
of LiF added. When a small amount of LiF, 0.15 wt%, is added,
the transmittance is the same as that in the case where LiF was
not included. As the amount of LiF added increases gradually,
the transmittance in the short wavelength region drops rapidly
because LiF induces domain coarsening whereby significant grain
boundary scattering degrades the optical properties in the short
wavelength region. To observe how the addition of LiF affects the
short and long wavelength regions, we tracked the transmittance
of different consolidation temperatures and compared them as
shown in Fig. 2(b). Firstly, in the 3 um region, the transmittance
of the nanocomposite with 0.15 wt% LiF remains high even though
the sintering temperature is changed, but at a low sintering
temperature of 1100 °C, significant differences can be observed
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depending on the presence of LiF. When there is no LiF, since the
nanocomposite requires a high sintering temperature for densifi-
cation, the transmittance at 3 umis improved with an increasing
sintering temperature. However, when much LiF (0.5 wt%) is
exploited at an elevated sintering temperature, excessive grain
growth occurs, so that the transmittance at 3 umdeteriorates
rapidly. The most problematic phenomena in the mid-infrared
transparency of the transparent ceramics fabricated through
pressure-assisted sintering is that strong absorption virtually
occurs in the 7 umregion. This absorption could be generated
during post-heating to eliminate residual carbon source and lattice
stress, resulting in a decrease in optical properties. This detrimen-
tal absorption peak is ascribed to the stretching vibration of a
carboxylate group [10,11,21]. In fact, the transmittance in the 7 um
region depends on the amount of LiF added, as shown in Fig. 2(b).
When much LiF of 0.5 wt% is added, there is little degradation
of transmittance. A typical Y,03—MgO nanocomposite without
sintering aid has a lower optical transmittance by 20% due to
strong absorption resulting from carboxylate group.

To determine the influence of LiF sintering additive on vari-
ous factors that cause strong absorption in the mid-infrared region,
we further evaluated the absorbance according to wavelength. As
shown in Fig. 2(c), the results were evaluated by dividing them
into as-sintered and post-annealed Y,03—MgO ceramics. Firstly,
the absorption peaks of the strongest 1416 and 1501 cm~! were
largely related to the symmetric and asymmetric stretching vibra-
tion of the carboxylate group as explained above. The carboxylate
group was formed when the carbon phase remaining in the initial
powder is thermally decomposed during the sintering process or
when glassy carbon or residual carbon components that penetrated
from the graphite sleeve remained during post-annealing within
the nanocomposite [22]. It is noteworthy that as more of the LiF is
added, the absorption peaks in the carboxylate group decrease fur-
ther. When 0.5 wt¥% LiF is added, in particular, the absorption peaks
disappear completely, which demonstrates the same absorbance
regardless of whether or not it is post-annealed. Based on these
results, a large amount of LiF can effectively restrain penetration
of carbon and formation of the carboxylate group.

As-sintered samples, except for those involving LiF of 0.5 wt%,
show multiple absorption peaks around 2100 cm~!. These ab-
sorption peaks are inherently relevant to stretching of the C=C
triple bond and gaseous CO and they disappear completely af-
ter the post-annealing step [23]. In contrast, the absorption peaks
around 2350 cm~!, which are dependent on the vibration modes
(V3asym) Of gaseous CO,, increase after post-annealing, except for
the sample containing 0.5 wt% LiF [24]. During post-annealing in
air, contaminated carbon phases and CO react with oxygen, and
then transform into gaseous CO,. This is why the post-annealing
process degrades mid-infrared transparency at 4.25 and 7 um [4].
Note that presence of 0.5 wt% LiF leads to less absorption by the
gaseous CO during sintering, and it makes it difficult to change to
entrapped CO, gas during the post-heating procedure because no
carbon contamination takes place beforehand.

To clarify the absorption factors, the functional groups present
in the Y,03—MgO nanocomposite were probed by X-ray photoelec-
tron spectroscopy (XPS) after the sintering and post-annealing pro-
cesses (Fig. 3). As seen in Fig. 3(a), apart from the LiF additive and
post-heat treatment, all the XPS element scans of the Y,05;—MgO
nanocomposite are the same. The results of O 1s scan spectra of
the samples are also the same in that the peaks are consistent
with the presence of lattice and non-lattice oxygen [25]. In the C
1s spectra of the as-sintered specimen, the XPS spectrum given in
Fig. 3(c), (e) and (g) shows there are four peaks related to bind-
ing energy in 0-C=0, C-C=0, C-C and carbide phases, respec-
tively [26]. In the case of the specimens before post-annealing,
there were no differences in the peaks according to the binding en-

ergy in C 1s, but significant changes were confirmed after anneal-
ing. The C-C=0 peak increased regardless of whether or not LiF is
present. However, as shown in Fig. 3(d), when the LiF is absent, the
carboxylate group (COO~) peak is clearly seen, which indicates the
strong effect of residual carbon contaminated phases. With an in-
creasing amount of added LiF, there is mitigation of the absorption
peak of the carboxylate group. Interestingly, when it added up to
0.5 wt¥%, this peak disappeared completely. In this case, there was
no absorption peak of the carboxylate group either before or after
the annealing step, which demonstrates that LiF inhibits the for-
mation of the carboxylate group by preventing the penetration of
carbon during hot-pressing. This also agrees with the FT-IR results.

Fig. 4 delineates a simple scheme of the process for the car-
bon cleansing effect of the LiF sintering additive for the Y,03—-MgO
nanocomposite. Carbon can easily enter the Y,03—MgO nanocom-
posite without LiF from the outside during the pressure-assisted
sintering process. In addition, CO gas can be trapped in the pores
inside the grain junctions, and this causes weak absorption in the
4.9 um mid-infrared wavelength region. After annealing, entrapped
CO, gas which is transformed by CO gas and the carboxylate group
resulting from the chemical reaction between CO, and metal ox-
ide restrains transmission of incident light at 7 uwm wavelength [4].
On the other hand, it is well-known that the LiF sintering additive
serves as a scavenger to eliminate impurities during the densifica-
tion for MgAl,0,4 ceramics [18]. When LiF reacts with an abundant
carbon source from a graphite die and spacers, volatile CF, phases
are formed. The blocking mechanism of LiF occurs through the fol-
lowing reaction equation [27]:

LiF(g) + C — Li* 4 CFy(g) (M

Furthermore, liquid and gaseous LiF can physically prevent con-
tamination from carbon atoms [14,28]. LiF gas diffuses along the
grain boundary of nanocomposite ceramics and thus it protects
against the penetration of carbon. Since it is difficult for the pen-
etration of carbon impurities to occur during hot-pressing, the
formation of a carboxylate group is hampered during the post-
annealing process. When there are carbon contamination phases in
dense ceramics, it is difficult to eliminate them by a post-annealing
procedure except on the surface of samples [24]. Because these
phases have a significant effect on optical properties, it is indis-
pensable to prohibit carbon contamination during the sintering
process, which makes sense in that an LiF sintering aid acts as ef-
fective carbon cleaner for the transparent nanocomposite ceramics.

We measured the Vickers hardness of the Y,03;—MgO nanocom-
posites fabricated with different amounts of LiF additive. The sin-
tering temperature was the same at 1250 °C. As shown in Fig. S3,
the Vickers hardness of the nanocomposite relies strongly on the
average grain size. A large amount of LiF leads to a larger domain
size and the hardness is degraded gradually. An excessive amount
of 0.5 wt% LiF results in the lowest value of 9.39. With small
amount of LiF, nanograins with a large number of grain bound-
aries act as a physical obstacle to dislocation movement [29]. Thus,
an enhanced hardness of 10.3 GPa can be obtained. It is notice-
able that a small amount of LiF is effective in improving the mid-
infrared transmittance without the mechanical properties deterio-
rating. Thus, a low amount of LiF is very advantageous in reducing
unnecessary absorption by carbon impurities in the mid-infrared
region and utilizing it in a wide wavelength range for polycrys-
talline transparent ceramics.

To put these results in perspective, the mid-infrared trans-
parency of the Y,03—MgO nanocomposite ceramics fabricated with
a small amount of LiF additive was significantly improved. Detailed
investigation on the influence of LiF on absorption of the carboxy-
late group and carbon contamination in the nanocomposite during
hot-pressing and post-annealing. LiF can serve as a carbon scav-
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Fig. 3. X-ray photoelectron spectra of the Y,03—MgO nanocomposite ceramics. (a) Entire element scan; (b) O 1s scan spectra of the post-annealed nanocomposite without
LiF additive. C 1s scan spectra of a nanocomposite without LiF (c) as-sintered and (d) post-annealed conditions; with 0.3 wt% LiF additive (e) as-sintered and (f) post-annealed
conditions; with 0.5 wt% LiF (g) as-sintered and (h) post-annealed conditions.
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enger that impairs carbon contamination and formation of gaseous
CO. Finally, during the post-annealing process, we observed con-
trolled carboxylate group formation and gaseous CO,.
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