Optical and thermochromic properties of yttrium iron garnet paint
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Abstract

In this study, we have investigated the optical and high-temperature ther
powder and paint. The powders were produced using the solid-state reaction tech
sprayed over an Al alloy substrate. X-ray diffraction patterns, optical and field emi
and UV-Vis and FTIR spectrophotometers were used to assess
characteristics of the materials. The thermochromic characteristics
chromatic coordinates L*b*a* from digital pictures taken afgiemp

that when the temperature rises, the color of the paint changes
oxygen and iron ions, as well as the electron transition across

ic propeérties of yttrium iron garnet
e, and the thermochromic paint was
n scanning electron microscopes,
structurdl, surface morphology and optical
amples were investigated by extracting the
ging from 25 to 210 °C. The results reveal
en to dark brown. The charge transfer between
als of the d layer, could be responsible for the

da
or
observed reversible color change. The paint has strong thermal$stability up to 350 °C which is suitable for high-

temperature thermochromic applications.
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1. Introduction

Intelligent materials exhibit reversible p
response to external inputs [1]. C

temperature, voltage and

materials are temperature s
temperature range. T
have many civil
including energy
control in build
temper

a wide operating
coatings and paints
potential applications,
and sunlight irradiation
nd windows, thermometers and
aser marks, thermal warning
signals, and intelligent temperature control
coatings, acecraft thermal management, visible-
infrared \smart stealth and adaptive camouflage

In recent” decades, several thermochromic materials,
including polymers, organic and inorganic materials, have
been explored [2, 3, 5, 7, 17-20]. Because of their limited
thermal stability and detrimental effects on organisms,
organic thermochromic chemicals are utilized at
temperatures lower than 125 °C. Due to their great
durability and strong thermal and chemical stabilities,
inorganic substances are viewed as viable alternatives for
higher temperatures. Metal oxides and salts are two
groups of high temperature inorganic thermochromic

materials. Salt compounds such as Agl, AgzHgls, CuzHgls
exhibit thermochromic characteristics in both the solid
and soluble states, and their working temperature is less
than 300 °C. The thermochromic characteristics of oxides
are often reversible in visible or infrared areas across a
large temperature range from room temperature to about
800 °C. Metal oxides such as TiO2, ZnO, WOz and VO,
exhibit thermochromic effect in the visible area. Some
oxides including V20s, nanoparticles of VO, Co-doped
zinc oxide, and metamaterials exhibit thermochromic
characteristics in the near-infrared region [4, 9, 11, 14, 21-
28].

Garnets are a well-known kind of magnetic oxides that are
utilized in radars, telecommunications, RF measuring
systems, and microwave devices such as circulators,
isolators, phase shifters, and tunable filters. Because of its
importance in magneto-optical and microwave devices,
Yttrium iron garnets (YIG) is an intriguing ferrimagnetic
oxide [29-35]. Several groups have explored the optical
properties of garnet single crystals, thin films, and
powders [22, 23, 33, 34, 36-39]. The presence of Fe** ions
in iron oxides generally results in red coloration in Fe3Oa,
Fe,Os3, ZnFe,04 and MgFe,04, however it results in a
comparatively green coloration in YIG. Several
publications on the thermochromic characteristics of
garnets have recently been published. Reversible and
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continuous thermochromism has been seen in the visible
range with high durability and thermal stability from room
temperature to beyond 500 °C [22, 29-34, 36, 40]. From
ambient temperature to 220 °C, the color shift from
greenish to brownish was noticed in polycrystalline YIG
[30]. Only chromium ions have been found to efficiently
affect the color of the parent material among many
dopants such as AI**, Ga3*, Mn®, and Cr* [30]. Liu et al.
investigate the influence of grain size on the optical and
thermochromic characteristics of SmsFesO1, garnet from
room temperature to 240 °C [23]. The color shift from
yellow-green to reddish brown is connected to ongoing
structural evolution and Fe®-O bond length stretching,
according to temperature-dependent XRD and UV-Vis
spectra investigations. Liu et al. recently reported
reversible multicolor thermochromic characteristics in
Cr¥*/Mn®*/Fe®*/Co%*-doped Er;GasOi; from ambient
temperature to 460 °C [40]. While there are some high-
temperature thermochromic materials such as garnets[22,
30, 38, 40], yttrium-substituted bismuth oxides [41], and
Cr-doped Al;03[21, 42], but high-temperature
thermochromic coatings and paints have not been
thoroughly investigated for fundamental research and
prospective applications. In this study, we have
investigated the thermochromic characteristics of YIG
paint in the temperature range of 25 to 210 °C for the first
time.

2. Experimental section

2.1 Preparation of YIG powders and paint

The traditional solid state reaction approach was u
create Y3Fe5012 powders from Y203, Fe2O3 oxideSyi
3:5 molar ratio. For 120 minutes, the raw mal wi

processed in a fast mill with a ball-to-powderfwgight katio
of 8:1. An electric oven was used to e ture
at 90 °C. After grinding, the dried powd ere putinan
alumina crucible and heated at 1 C fi hours (S-

1200) and 1400 °C for 6 hours ($£1400) Jat & temperature
rate of 4.8 °C/min in an el€ctric f fter calcination,
the powders were processe 6 rs in a fast mill to
uniform the particles. Agilicon ed resin, Ren68, was
used as a matrix to heg thermochromic paint. To
begin, 3 g of Ren Ived in 5 g of acetone and
agitated until a cle lution was obtained. The solution
was themgtinted with f yttrium iron garnet powder (S-
0 °C for 10 minutes. The existence
oughness on the surface of the paint can play
key roles\in causing optical contrast error. To avoid this
error, the Ppigment was carefully ground and passed
through a strainer before preparing the paint. To promote
paint adherence, the aluminum alloy substrate was
scraped with a copper brush before being heated at 70 °C
in an electric oven. Following the heating of the substrate,
the paint was coated using a spray gun and then heated at
250 °C to eliminate the volatiles.

of pores

2.2 characterization methods

To confirm the crystalline phase formation of YIG and
check the existence of secondary phases, the X-ray

diffraction (XRD) spectra of the powder samples have
characterized using a Philips X’Pert PRO X-ray
diffractometer by Cu-Kao. X-ray source (A=1.5406 A). The
Rietveld analysis of the XRD spectra have carried out by
Maud-2019 software. The samples' morphology and
surface quality were examined using an optical
microscope and a field emission scanning electron
microscope (FE-SEM; FEI Quanta 450 FEG). The
reflectance spectra of the samples were measured using a
UV-Vis spectrometer (JASCO, V-670) and a FTIR
spectrometer in the wavelength range of 200 nm- 24 pm.
Surface images were obtained using a Nikon P900 digital
camera with 1200x1600 pixel resolution to investigate the
thermochromic properties of the samples. The camera was
placed 20 cm away and at a 30-degree angle to the surface
of the samples. The surface of the samples was then
photographed at temperatures of 25, 50, 100, 150, and 210
°C using an electric heater with temperature accuracy
about 5 °C. A white light bulb was used to give ambient
light while also preventing shadows forming. The CIE-
L*a*b* model was used to quantitatively examine the
color change of the samples.

3. Results and ion

3.1 Str ral analysis and surface morphology

jets the X-ray diffraction patterns of the
es after Rietveld refining. According to Fig.
a secondary phase of YFeOgs in the S-1200
sa ataround 17 weight percent. Rietveld examination
of the structural results reveals that Y3FesO» has a cubic

structure with a la3d space group and YFeOs has an
orthorhombic structure with a Pnma space group. The
secondary phase dissolved when the calcination
temperature increased from 1200 °C to 1400 °C, and the
lattice constant of Y3FesO1 increased slightly from
12.375 A t0 12.378 A.

In practical applications, thermochromic materials with
thermal, chemical, and mechanical stabilities must be
coated on desirable surfaces. The thermochromic
characteristics of the YIG paint created from S-1400
powder will be investigated in the next section. The paint
is made from a high-temperature stable silicon resin that
is thermally stable up to 600 °C. Figure 2 depicts a digital
picture of the paint at room temperature as well as an
optical microscope image. The optical microscope picture
indicates that the surface of the paint is almost smooth and
has a roughness of around 20 micrometers. Figure 2(c)
shows a FE-SEM micrograph of the thermochromic paint
after heating at 600 °C. When heated, the paint
demonstrated great adhesion and thermal durability up to
350 °C. However, at higher temperatures, despite the
excellent adhesion, there are many cracks and voids on
the paint's surface due to resin shrinkage. As a result, the
paint's mechanical and thermal stabilities for high-
temperature applications must be improved..




1250 r—0—ru—0

(b)  XRD data
1500 | == |~ Fitted profile
1000 4 o |— Difference
) I Bragg postion
3
1000 4 __ 750 ]
) )
g s | °
= 2 5001 o °
2 2
s 5007 15
= £
e 250
0vsres012 o5 o
VF.O: —_—
-500 T T T T T T T T -250 T T T T T T T
10 20 30 40 50 60 70 80 20 30 40 50 60 70 80

20(degree) 20(degree)

Fig. 1. XRD spectra of the garnet powder samples with their Rietveld analyses: (a) S-1200 and (b) S-14

Fig. 2. (a) A digital photograph and (b) an optical micrograph of the surface of YIG paint at room temperature. and (c) FE-SEM
micrograph of the paint after heating at 600 °C.



from -1 to 10. The thermochromic characteristics of YIG

3.2 Optical and thermochromic properties powder and paint observed in this work accord with the

S-1400 sample was dissolved in ethylene glycol and then previously reported results for the garnet powder samples
coated on standard glass using a spin coating machine to [22, 30, 40].

analyze the transmission spectra. Figure 3 depicts the The origin of thermochromism in materials is a complex
transmission spectra of the coated sample measured at problem that could be related to temperature dependent
room temperature in the wavelength range of 200 to 2000 various optical processes such as geometric changes in the
nm. The absorption spectrum is determined using the ligands, changes in the number of molecules and
measured transmission spectrum and the following coordination number, changes in the band gap energy,
equation [43]. charge transfer between ions, and the presence of crystal
a=(1/d)log(1/T) @ structure defects. In inorganic substances, the electronic
In this equation, o is the absorption coefficient, T is the  transition from the ground state to an excitesl, state is
transmittance, and d is the layer thickness, which is connected to thermochromic characteristics isible
unknown in this case and mlght be regarded an Optional area. The simultaneous existence of Fe3+an sin
parameter. According to Fig. 3(b), the sample's absorption iron oxides can result in mixed valencg/sta optical
spectrum is minimal up to an energy of 3.8 eV (A ~ 326 and thermochromic features of Y1G result from a
nm), but beyond that, the dominating absorption emerges. combination of charge transfer en fwert and oxygen
Figure 4 depicts the normal reflectance spectra of the YIG ions, electron transitions in thell3d-laygr of iron ions and
paint in the UV-Vis and infrared areas at room interband transitions. The gffar er energy between
temperature. The optical properties of garnets are 2p levels of oxygemgio the empty 3d levels of Fe®*

primarily originated from various mechanisms such as ions is appro 2. . The energies of d-d

5

charge transfer between oxygen ions and iron ions, transitions ra 1.3510/2.04 eV, while the band gap
electron transition between iron ion d-levels and interband energy of direct\iferband transitions is around 2.77 eV
transition. The absorption peaks at wavelengths ranging [22, 29, 30, 42]. Tewperature increasing has a direct
from 400 to 600 nm are attributable to transitions caused relationship with the/Continuous redshift of the absorption
by charge transfer between oxygen and iron ions [30, 42]. edge charge transfer and has a modest effect on the
The d-d transitions, which cause the yttrium iron garnet abs rgy of the d-d transition. A regular
green color shift, are responsible for the absorption peak ® P happens when the ionic bond length

in the wavelength range of 610 to 920. The energy of d-d eases’with temperature, which is followed by a rise in
transitions varies very slightly with temperature, whereas th tice constants. Increasing the lattice constants
the absorption edge caused by charge transfer is closely reddces the charge transfer between iron and oxygen ions,
proportional to temperature. The absorption peaks i resulting a continuous and reversible color shift in yttrium
wavelength range of 2 to 25 um in Fig. 4(b) co iron garnet from green to brown.

attributed to the phonon absorption in the pai )
Figure 5 shows digital photos of Y1G powde paiit at 4. Conclusion

various temperatures. As shown in ous For the first time, the thermochromic behavior of Y1G
and reversible color shift from green to'akewn and dark paint at diverse temperatures ranging from 25 to 210 °C
green to dark brown occurs for po and paint with thermal stability up to 350 °C was explored in this
samples as the temperature rises from 23 to°210 °C. The study. According to the results, the color of the YIG
increase in temperature fad, no e on the color powder sample changes from green to brown, and the
change of the paint at tem restanging from 210 to color of the paint changes from dark green to dark brown.

350 °C. We employed

CIE-E#a*b™* model to evaluate For both YIG powder and paint, the chromatic
the color change of

ples.[44, 45] In this model, coordinates L* and b* drop while the value of a*

which is indepggdent displaying devices, the increases. The observed thermochroic effect in YIG
brightness, color rom green to red and color change powder and paint is related to the charge transfer between
from b e presented by L*, a* and b* oxygen and iron ions, as well as the electron transition
chroma , respectively. For perfect black and across the orbitals of the d layer. The thermal stability of
flawless L* value ranges from O to 100. The the paint is suitable for high-temperature thermochromic
positive afd negative values of a* represent the red and applications

green colprs, respectively. Similarly, positive and

negative values of b* are represented by the yellow and 5. Acknowledgments
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Fig. 3. (a) Transmission spectra and (b) absorption coefficient vs wavelength for (S-1400+ethylen glyco
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Fig. 5. Digital photographs of the color change of YIG powder and paint at different temperature.
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