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Single phase Aly 2,Ni,Ti;xOs (0 < x < 0.4) solid solutions were successfully synthesized by solid-phase reaction.
The color of the compounds varied from yellow (x = 0.1) to turmeric (x = 0.4) with increasing nickel content. X-
ray photoelectron spectroscopy analysis confirmed that the oxidation state of Ni is +2. The UV-Vis absorption
spectrum showed that the color of the sample comes from the d-d transition of Ni?" in octahedral coordination.

Owing to excellent high temperature stability, the as-prepared oxide powders (10 wt%) were mechanically
mixing with Al,O3 by conventional ball milling to prepare colored alumina ceramics. When Al,O3 is in excess,
the blue NiAl,04 impurity phase appeared, contributing to an intense green color of the Al;03 ceramics com-
posite. The Vickers micro hardness value of green alumina was higher than that of pure white alumina. The as-
prepared samples were also dispersed in PMMA and bright yellow polymer composites were obtained, indicating
great potential in polymer colorant.

1. Introduction

Inorganic pigments are commonly used in various fields such as
plastics, paintings, ceramics, coatings and inks due to their thermal and
chemical stability, weather resistance and high hiding power [1-3].
Among them, yellow pigments are important due to high visibility and
primary color. However, most inorganic yellow pigments in use today,
such as CdS and PbCrO4, contain highly toxic elements which result
more and more restricted application condition [4,5]. Thus the search
for environmentally benign substitutes becomes a research focus in
inorganic yellow pigments.

Some of Bi based oxides exhibit yellow colors. BisZr3Oj3, BizOs.
-Zn0-Ca0, are widely used in the functional ceramic industry because
of their non-toxic and environmentally friendly properties [6,7]. But the
reserves of Bi is very limited in the earth’s crust. In addition, the boiling
points of bismuth oxides are low, indicating poor high temperature
stability. Another solution is rare earth element-based yellow pigments.
A series of new yellow pigments Sry_,Ce,Mo00O4 (x =0-0.5) were syn-
thesized by low temperature hydrothermal method. With the increase of
Ce®* substitution, the color of the synthesized product changed from
white to yellow, with the b* value, which represents the yellow hue,
increased from —2.46 to 30.34 [8]. Chen studied thermal insulation
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pigments prepared from Ce-doped Y3Al5015, which shows bright yellow
color. The product is light yellow to dark yellow with a maximum b*
value of 47.56 [9]. A new type of environment-friendly solid-phase
yellow mixed oxide inorganic pigment is composed of BizO3-ZnO-CeOs.
Its color changes from orange to yellow as the temperature increases
[10]. BaSn; ,Tb,O3 were synthesized by adding Tb4O7 to the calcined
mixture of SnO5 and BaCOg3 or BaSO4. When Tb concentration was 0.2
and 0.3, brighter yellow pigments were obtained [11]. Raj also prepared
Tb-doped SroMO4 (M = Zr, Sn) yellow pigments with a good satisfied
hue (b* =53.4) [12]. A series of environmentally friendly new inorganic
pigments based on Bi** doping and Bi>*/Tb3* co-doping LaYO3 were
synthesized by a sol-gel method. The color of the synthesized product
changes from light yellow to brown, and its b* value is increased from
1.21 to 34.88 [13]. Although the prepared yellow pigments doped with
rare earth elements have excellent coloring properties and environ-
mental friendly, the limited storage and difficult separation of rare earth
elements are bottleneck problems for many industrial productions.
Hence, transition metal ions as the chromophores are attempted in
recent studies on low-cost yellow pigments. Different yellow colors are
observed in oxides with Ni?" in octahedral coordination. Shannon
rationalized the root of yellow color in nickel oxide: when Ni2* enters
the highly distorted octahedral positions, the bright yellow color is
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produced [14]. A bright yellow and high UV-Vis-NIR reflectance nickel
titanate (NiTiO3) nanoparticle was obtained by pyrolysis of a polymer
precursor [15]. A novel Ni-doped BaTisO1; bright yellow pigment was
successfully synthesized by solid-phase method [16]. Llusar et al. pre-
pared and studied Ni-doped MgO-TiO, system ceramic pigments. In
Ni-MgTiOgs ilmenite, in which [MgOg¢] and [TiOg] octahedra are ordered
alternately, the sintered pigment exhibits an intense yellow color. The
generation of its color is related to the Ni?* ions in the twisted octahe-
dron [17]. MgsTiO4 belongs to an inverse spinel structure with Mg2+
being equally distributed in octahedral and tetrahedral sites. In this
spinel, Ni?* ions preferentially substitute Mg?" octahedral sites to give a
yellow color [18]. In the MgTi»Os pseudobrookite structure, Ni%* ions
replace [MgOg] octahedral Mg sites [19]. With the increase of Ni con-
tent, the color changes from light yellow to orange-yellow. The structure
of titanium pseudobrookite can accommodate many different metals in
its two distinct and twisted octahedral cation sites. The special structural
diversity of titanium pseudobrookite and its high refractoriness make it
an excellent candidate for the development of new pigments.

Aluminum titanate Al,;TiOs, crystallizes in the same structure as
MgTiOs. According to its color development mechanism, it provides a
possibility for the preparation of yellow inorganic pigments by Ni-doped
Al,;TiOs. Low expansion, high melting point aluminum titanate material
has become one of the best quality ceramic materials. It can be used as a
high temperature pigment binder for corrosion resistance and high
temperature resistance of glass melts. At the same time, the ion doping
can effectively inhibit the decomposition of aluminum titanate [20-22].
Therefore, aluminum titanate is expected to become an ideal
high-temperature ceramic substrate.

Aluminum titanate belongs to the orthorhombic pseudobrookite
structure, and the space group is Cmcm (63). In the aluminum titanate
structure, as shown in Fig. 1, aluminum ions (A13+) and titanium ions
(Ti*") are uniformly distributed in a ratio of 1:1. [AlOg] and [TiOg]
octahedra constitute the structural unit crystals of aluminum. The two
distinct octahedra are highly twisted, randomly distributed and cross-
connected in a co-edge or co-top structure [23].

Due to the extraordinary structural flexibility provided by the
orthogonally symmetric structure in Al,TiOs, several transition metal
ions were introduced in searching for new ceramic color pigments. Co,
Cr and Mn substitution into Al,TiOs showing pink, green and brown
colors were successfully prepared through aerosol pyrolysis method
[24]. Ni** were also doped into Al;TiOs by sol-gel method and
solid-phase method before [25]. However, unlike the other oxides with
Ni%* in [TiOg] which show yellow hues, the prepared Ni-Al;TiOs was
reported to exhibit emerald to green color. NiAloO4 impurity which gave
a strong blue color appeared and the synthesized pigment was actually a
mixed phase. As stated above, Ni>" in octahedral sites normally con-
tributes to a yellow color. Therefore, it is necessary to try to synthesize a
single phase Ni-Al;TiOs and clarify its true color.

AlO
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o
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Fig. 1. Crystal structure of Al,TiOs.
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To avoid the impurity of NiAlyOy4, the valence state of ions was taken
into consideration as a priority to design the formula. This is supposed to
be compensated by the formation of oxygen vacancies in the structure.
However, the appearance of NiAl;04 indicates that the formation of
NiAl,O4 is easier than creating oxygen vacancies in the structure.
Therefore, in this work, each nickel ion replaces two aluminum ions and
adds one titanium ion, contributing to a composition of Al ,Ni,.
Ti,, Os. In this way Ni-Al>TiOs yellow powders with single phase XRD
patterns were obtained.

The properties of the synthesized pigments were characterized by X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
UV-Vis-NIR absorption spectroscopy. The synthesized compounds were
dispersed in poly (methyl methacrylate) (PMMA) and alumina ceramics
and their color properties were evaluated for pigment applications.

2. Experimental
2.1. Pigments preparation

Aly 5,NiyTi;,Os (0 <x<0.4), compounds were prepared from
stoichiometric amounts of Al;03 (99.99% purity, Aladdin, China), TiO5
(99.99% purity, Macklin, China), NiO (99.95% purity, Aladdin, China)
by conventional solid-state synthesis. The raw materials were mixed and
thoroughly ground using an agate mortar. Next, the mixed powders
were pressed into pellets under an applied pressure of 10 MPa for 3 min.
After that, the pellets were spread in alumina crucibles and calcined at
1500 °C for 2 h in air.

2.2. PMMA composite preparation

BPO (benzoyl peroxide, 10.0 mg, AR purity, Aladdin, China) was
dissolved in MMA (methyl methacrylate, 10.0mL, 99.0% purity,
Aladdin, China) in a glass flask. After BPO was fully dissolved, the as-
synthesized pigments (200 mg) were dispersed into the mixture of
BPO and MMA. The flask was then placed in a water bath at 85 °C under
magnetic stirring until the viscosity of MMA was close to glycerin. Then
the thicker liquid was transferred into a glass tube, and the tube was
placed into an oven. After 24 h of solidification at 50 °C and 1 h of final
reaction at 100°C, as a result, the rigid Poly (methyl methacrylate)
(PMMA) stick was obtained. Both sides of the pigmented PMMA sticks
were polished using fine (200-2000 grade) emery paper.

2.3. Green ceramic composite preparation

10 wt% of each pigment was thoroughly ground via a bench-top
planetary automatic ball mill (MSK-SFM-1) with 300rpm for 10h
with Aly03 (99.99% purity). Then two-thirds of the volume of the tank
filled with ethanol was added for ball milling and the powders were wet
ground for another 30 min. After that, the samples were dried in a
constant-temperature oven at 60 °C for 12 h. Subsequently, the powder
mixtures were pressed into pellets under an applied pressure of 10 MPa
and then sintered at 1500 °C for 6 h in air.

2.4. Characterization

Powder X-ray diffraction was completed on a Rigaku Ultima IV X-ray
diffractometer under a Cu Ka (A = 1.5406 A) radiation in a 26 range from
10° to 90° with a scanning speed of 20°/min and a step size of 0.02°
operating at 40 kV and 40 mA.

The oxidation state of the Ni in the Al 2,Ni,Ti; 1,Os was analyzed by
X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI).

The morphology analysis and chemical composition of the pigment
powders and alumina ceramics were studied using field emission scan-
ning electron microscopy (FESEM, GeminiSEM 500) and energy
dispersive spectrometer (EDS, Oxford X-Max). The surface of alumina
ceramics was polished with diamond paste to 0.5pm and thermal
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etching before observation.

Colors can be defined precisely using the CIE L* a* b* color space,
which is a three-dimensional model. In CIE L* a* b* system, L* shows the
brightness (black (0) to white (100)), a* represents a green (a* < 0)/red
(a* > 0) component and b* stands for a blue (b* < 0)/yellow (b* > 0)
component. L* a* b* color coordinates were measured by a benchtop
spectrometer (X-Rite Ci7600).

The UV-Vis-NIR absorbance spectra were acquired in the wave-
length range of 200-2000 nm at room temperature with a UV-Vis-NIR
spectrometer (Hitachi UH4150), where barium sulfate (BaSO4) was
employed as the reflectance standard.

The Vickers micro hardness (HV) of the alumina ceramics were
measured on the polished surface, with a load of 300 gf and a dwell time
of 155, using a Vickers hardness tester (EM-1500L). Each sample took
10 points for record.

3. Results and discussion
3.1. The analysis of Ni-doped Al;TiO5 oxides

3.1.1. XRD analysis

The XRD patterns of the synthesized Als 2,Ni,Ti;,Os samples are
shown in Fig. 2. The diffraction peaks of all synthesized samples can be
indexed to the orthorhombic phase with space group Cmcm (63)
(PDF#81-0030). The diffraction peaks in the figure are all sharp, indi-
cating good crystallinity. Compared with the standard peak of NiAlxO4,
the XRD pattern of nickel-containing compounds have no obvious peak
at the main peak position of NiAl,04 (20 = 31.7°, 37.2°, 44.5°), indi-
cating that the synthesized samples do not contain nickel aluminate
phase. At the same time, with the increase of Ni ion doping, the peaks in
the XRD patterns shift to the left side as Ni*" replaces AI*" in the
octahedral sites. As the sintering condition is in air and Ni®* is the most
stable state, Ni is assumed to exist in Ni?* state. This is also based on the
starting point of charge balance in original design. The ionic radius of
Ni%" is larger than that of AI**(RE =0.69A>R3} =0.54 A) [26,27],
resulting in a larger lattice constant and a steady peak shift to the low
angle region. This peak shift confirms the diffusion of Ni ions into
Al,TiOs to form a solid solution.

The introduction of Ni2* ion tunes the color of the compound to be
yellow. Fig. 3 shows the objective color of pigments. With the increase of
nickel content, the color of the compound changes from light yellow to
brownish yellow.
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Fig. 2. XRD patterns of synthesized Al 5,Ni, Ti; ,Os (0 <x<0.4).
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3.1.2. XPS analysis

X-ray photoelectron spectroscopy analysis was performed to further
confirm the existence of Ni2* in the compound. The XPS surveys of the
Al .6Nig.2Ti1.905 and Aly.oNig.4Ti;.405 samples are shown in Fig. 4. Al,
Ti, O, Ni are all derived from the target sample, and C is added during
the test to calibrate the binding energy. The intensity of the peak in-
creases with the increase of the doping amount. After fitting, the binding
energy of the sample with Al;.¢Nig.2Ti;.205 consists of the main 2p 3/2
peak at 855.7 eV and the associated satellite peak at 861.7 eV. Similarly,
the binding energy of Al;.oNig.4Ti;.4O5 consists of the 2p 3/2 peak at
855.4eV and the associated satellite peak at 861.4eV. Close binding
energy values of Ni are obtained for the two samples with various Ni
contents. A similar circumstance is Ni" in Ni(OH)5, in which the main
peak of Ni is located at 856.2eV and the satellite peak is located at
861.2 eV [28]. Corresponding satellite peaks were also observed in NiO
[29]. The binding energy of positively divalent Ni 2p 3/2 in octahedral
coordination is reported to be 854.6 eV in Ni-doped BaTisO;; [16].
Besides, the valence state of nickel ions in the octahedral structure of
BaMggTicO19 is reported to be 855.61 eV [30]. In the paper, we can see
that the binding energy of Ni>* is 857.3 eV, which is higher than that of
Ni2+[31,32]. Above results confirm that nickel ions in Aly.9,Ni,Ti;1xOs
(0 < x < 0.4) exist in the oxidation state of +2.

3.1.3. Optical properties analysis

The UV-Vis-NIR absorption spectra of all the synthesized samples
are collected (shown in Fig. 5) to further prove the oxidation state and
ligand environmental information of Ni, as metal ions situated in various
oxidation states and ligands demonstrate distinct allowed absorption
peaks based on the quantum theory. Al,TiOs has only strong absorption
below 400 nm. This indicates no absorption in the visible region, which
results in white appearance. For Ni-doped Al;TiOs, the absorption band
edge extends into the visible region (about 500 nm), and a larger red
shift is observed with increasing Ni content. Apparently, the presence of
nickel ions leads to the visible absorption of nickel-doped Al;TiOs. The
absorption profiles of Aly 5,Ni,Ti; ,Os are following the features of Ni%+
doped BaTis01; and MgTi,0s in octahedral coordination [16,19]. Ni%*
owns a 3d® configuration, which only presents three spin-allowed
transitions from its ground state 3A2 (F) in an octahedral environ-
ment. For Ni doping (Fig. 5), the bands in the UV region are mainly due
to the charge transfer transitions of 02~ - Ti* and 0%~ - Ni?*, and the
first spin-allowed d-d transition of >A, (F)— 3T; (P) at 425 nm. The other
two spin-allowed transitions are 3A, (F)— 3Ty (F) at 717 nm and 3A,
(F)— 3T, (F) at 1282 nm. As the nickel content increases, the strength of
the absorption band at the shoulder will gradually increase, resulting in
a more intense yellow color.

The results are reflected in the apparent color and CIE L* a* b* color
coordinates of the samples (Table 1). The color of Ni-doped pigments
changed from light yellow to brownish yellow with the increase of
doping amount. With the increase of doping element content, the L*
value gradually decreased, and the b* value showed an upward trend.

3.2. Green alumina ceramics

3.2.1. XRD analysis of green alumina ceramics

Owing to high chemical and thermal stability, alumina ceramics are
widely used in various application fields. Colored alumina ceramics are
also used for decoration or protection. Wu et al. prepared the best Fe;O3
and TiO, co-doped corundum ceramics at 1440°C-1560°C [33,34].
Tripathi et al. studied the mechanical properties of the mullite-alumina
ceramics sintered at 1400°C-1600°C with 2-6 wt% of ZrO, [35].
Considering the color performance and the mechanical property of
Al,03, the sintering temperature of colored alumina synthesis was set to
be 1500 °C. Therefore, after the synthesis of yellow pigment powders,
10 wt% Alp.2,Ni,Ti1 ,Os (0 <x<0.4) and 90 wt% Al,O3 were mixed
together to prepare color alumina ceramics through solid-phase
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Al ¢Nig,Ti; ;05 Al 4Nig;Ti; 305 Al ,Nig 4 Tiy 405

Fig. 3. The objective colors of pigments. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. XPS spectra of composite powders of (a) Al;.¢Nig.2Ti;.205 and amplified valence map of Ni ions and (b) Al;.oNig.4Ti;.405 and amplified valence map of Ni ions.
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Fig. 5. UV-Vis-NIR absorbance spectra of Al.5,Ni,Ti; ,Os (0 <x < 0.4).

Table 1

The CIE L* a* b* color coordinates of the powder pigments.
Aly2,Ni,Ti1,Os L* a* b*
x=0 89.32 -1.03 4.16
x=0.1 78.75 —7.83 39.33
x=0.2 77.05 —4.09 45.24
x=0.3 74.09 0.3 44.99
x=0.4 71.2 3.62 42.54

reaction. The XRD patterns of the synthesized colored ceramics are
shown in Fig. 6(a). Al,O3 phase and Al,TiOs phase coexist in the
as-synthesized alumina ceramic composite. The peak position of Al;TiOs
is lower due to less mass content. It can be seen that when the nickel
content of the pigment increases, a small amount of TiO, is precipitated.

The Aly.9,Ni Ti; 1505 (0 <x<0.4) pigment powders demonstrate
intense yellow color while the as-synthesized alumina ceramics show
intense green hue. In order to clarify this color difference in the powder
and the ceramic, an elevated amount of the pigment phase (10 wt%,
30 wt%, 50 wt%) were added into the ceramic composite and their XRD
patterns are collected for analysis (Fig. 6(b)). With the increase of the
pigment phase, NiAl,O4 impurity peaks appears and increase while the
green color of the ceramic composite is slightly darker. Due to the strong
blue tint of NiAly04, the ceramic pieces appear green with a mixture of
blue and yellow. And this color is similar to the color of Ni-Al;TiOs in
previous report [25]. Although NiAl;04 could be eliminated by charge
compensation in the powder synthesis, when Al,;O3 is in excess, it will
reappear in Ni-Al;TiOs and results in a green color. The impurity peak of
NiAl;04 can be clearly seen in the local profile (260 = 31.7°,37.2°, 44.5°),
and the impurity peak becomes stronger with the increase of pigment
phase (Fig. 6(c)).

3.2.2. Microstructure of green alumina ceramics

The SEM and EDS of green alumina ceramics 10wt%
Al .6Nig.2Ti1.205 + 90 wt% Al;O3 are shown in Fig. 7. Clear grain and
boundary are observed in the SEM image, but it was difficult to detect
nickel by EDS analysis due to the small content of Ni in the prepared
ceramics. For Alj.¢Nip.2Ti;.205 alumina ceramics, according to the EDS
results summarized in Table 2, the bright grains are mainly composed of
Al and O as well as Ti and a small amount of Ni. Because the matrix is
alumina, the content of Al and O is high, and the other ratio is close to
the theoretical value of Al;.¢Nig.oTi;.20s. In addition, the shape of bright



Y. Wang et al.

Solid State Sciences 135 (2023) 107088

@ ‘ O—IIO:L J 10% Al, ,Nig (Ti, ;0+90% AL O, (b) [0 —niar0, 50% Al ¢Nig 2 Ti) ;05+50% AL Oy
s L .
10% Al (Nig,Ti, ;Os+90% ALO,|
l 0% Al ¢Ni,Tiy 205+70% ALO,
hd | \ M A . .
’;:‘ 10% Al (Niy,Ti, ;0,+90% Al,O = ° Jl A
S L e‘/ 10% Al (Niy,Ti; ,0+90% Al,O
. - ! @
z 10% Al yNiy , Ti, ,0+90% ALO,| =
@ : -
E A A l l A Jl J A ‘E
—
= ALO, PDF#74-1081
| ALO, PDF#74-1081 | | | |
| |4 L
1 | Ll 5
ALTiO, PDF#81-0030
ALTiO, PDF#81-0030 ] l L
I ; = [ PP |
| ™ | I T
1 1 L 1 1 1 1 1
20 40 60 80 20 40 60 80
2 Theta(degree) 2 Theta(degree)
(c) 50% Al, (Nig.Ti; ,0:+50% ALO,
30% Al oNij 111, ,05+70% ALO,
~_~ 10% 1, JN§, LT ,O490% ALO,
=
e bt
S
> G
o=
z I I AllO, | PDF#74-1081
bl
= |
=
ALTiO, PDF#81-0030
| - '
} NiA 2:’4 PDF#10-0339
U \Il !
1 " 1 1
30 35 40 45 50

2 Theta(degree)

Fig. 6. The XRD patterns of (a) 10 wt% Al, 5,Ni, Ti; ;,Os (0 < x < 0.4) + 90 wt% Al;O3; (b) 10 wt%, 30 wt%, 50 wt% Al;.¢Nip.2Ti;.205 + Al;O3; (¢) XRD profiles of

10 Wt%, 30 wt%, 50 wt% Al gNig.2Ti; 205 + AlyOs.

Fig. 7. SEM micrograph and EDS mapping of green alumina ceramics with 10 wt% Al,.¢Nig.»Ti;.205 and 90 wt% Al,Os (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

grains in SEM images overlaps with EDS analysis. Thus, the bright grain
was determined to be Al; gNig.oTi;.20s. Therefore, the prepared Ni
doped Al;.¢Nig.2Ti;.20s phase is stable after sintering with Al,O3 at high

temperature.

The Vickers

3.2.3. Mechanical properties of alumina ceramics

micro hardness of the colored alumina ceramics are

characterized and compared with the white undoped alumina treated

under the same sintering conditions, and the average value of Vickers
hardness are shown in Fig. 8. When 10 wt% pigment was added to
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Table 2 Table 3
Multi-elemental atomic percentage (Unit: %) of points 1-2. The CIE L* a* b* color coordinates of alumina ceramics.
Element Al Ti (¢] Ni Total sample L* a* b*
1 22.62 12.62 64.24 0.52 100 Al,03 89.63 —4.32 5.23
2 22.74 12.84 63.96 0.46 100 10% Al,.gNig.1Ti1.105+90% Al,O3 73.79 —20.13 7.44
10% Al;.6Nig.2Ti;.205+90% Al;03 65.73 —26.01 9.4
10% Al,.4Nig.3Ti;1.305+90% Al,O3 64.61 —29.92 10.88
10% Al;.5Ni.4Ti1.405+90% Al,04 60.88 —30.83 11.49

12 |-

Vickers Hardness (GPa)

72 z 7 77 77
7 7z 72 7z

Al203 10wt%Ni0.1 10wt%Ni0.2 10wt%Ni0.3 10wt%Ni0.4

Ceramics

Fig. 8. The average Vickers hardness and the standard deviation to each point
of green alumina ceramics with10 wt% Aly 5,Ni, Ti; ;,Os (0 <x < 0.4) + 90 wt
% Al,03. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

alumina ceramics, the hardness of nickel-doped colored alumina ce-
ramics increased compared with pure alumina ceramics. The hardness of
the composite ceramic made of the doping amount of 0.2 pigment and
alumina reached the maximum value. With the increase of nickel doping
content, the hardness of the samples showed a slight increase trend and
then a slight decrease, indicating that the pigment has a favorable effect
on the alumina hardness.

3.2.4. Optical properties of green alumina ceramics

Fig. 9 shows the objective color of alumina ceramics. Pure alumina
ceramic is white, while the pigment-doped alumina is green. The green
alumina ceramics prepared by compounding pigments and alumina
have bright colors, and the coloring effect can be achieved by doping
with a small amount of pigments. In the case of a certain doping content,
with the increase of the nickel ion content in the pigment, the darker the
green color is displayed by the alumina ceramic, with the smaller the
value of a* and L* in the CIE value. These color properties are consistent
with the sample results in the CIE L* a* b* color coordinates. (Table 3).
The pigment is yellow, the composite ceramic is green, and it’s a*, b*
values are reduced, as shown in Fig. 12, from the upper right corner to
the lower left corner.

Fig. 10 shows the UV-Vis-NIR of Al 2,Ni,Ti;,O5 (0 <x<0.4)
powders and their corresponding alumina ceramic composites. The pure
alumina ceramics have nearly no absorbance in the 200-2400 nm re-
gion. When the pigments are introduced, colored alumina ceramics have
associated absorption peaks at wavelengths in between 200 and

2400 nm. The absorption intensity increases slightly with the increase of
the dopant ionic nickel content. The strongest light absorption occurs
when the doping content is 0.4.

Through phase analysis, we know that in the process of compound-
ing with alumina, some Ni ions combine with alumina to form blue-
green NiAl,O4 [36]. The absorption spectra of the samples in the
200-2400 nm wavelength range show strong absorption bands centered
at 602 nm (3A2g —>1Eg). Another strong absorption peak is located be-
tween 1008 nm and 1178 nm, which is due to the 3AZg —>3ng transition
of Ni2p ions in the octahedral crystal field (Fig. 10 (a)). Due to the
production of impurity NiAlyOy, its absorption in the near infrared re-
gion is low, resulting in the final synthesis of green alumina ceramics in
the near infrared region of the absorption strength is lower than that of
the pigment phase. (Fig. 10 (b)). The absorption peak is more inclined to
the result of the pigment phase and NiAl;04. The final product absorbs
in the yellow and red regions of the visible spectrum and therefore
displays its complementary green color.

3.3. Colored PMMA composite

2wt% Ni-doped Al;TiOs compounds were dispersed in PMMA to
prepare colored composites. The colors of the PMMA composites are
shown in Fig. 11. The apparent color of the PMMA composites is uni-
form, which means that the low mass fraction of pigments has good
stainability to PMMA. Fig. 12 provides a graphical representation of
colored PMMA composites in the a* b* color space. With the increase of
the doping amount, the a* and b* values of the samples increased
continuously, which indicated that the yellow color gradually increased.
The color coordinates of colored PMMA composites in CIE L* a* b* are
different from powder pigments, as better transparency is exhibited in
colored PMMA composites. The color of the synthesized PMMA is
consistent with the color of the pigment when viewed from the table.
Therefore, a small amount of pigment doping can obtain yellow PMMA.

4. Summary and conclusions

In this work, the solid solution of Ni-doped Al;TiOs was successfully
prepared by solid-phase reaction. With the increase of doping ions, the
solid solution finally showed a trend of changing from yellow-green to
turmeric. Combining XPS and UV-Vis-NIR characterization, the origin
of the color is attributed to the 3A, (F)— *T; (F) d-d spin-allowed
transition of Ni®" at 717 nm under octahedral coordination. Subse-
quently, colored alumina ceramics were prepared by mechanically
mixing 10 wt% of each pigment with Al,O3 by conventional ball milling.

- 0000

AlO5 Al ¢Nig  Ti; ;05

Al ¢Nig ,Ti; 05

Al 6Nig3Ti; 305 Al 4Nig 4Ti; 405

Fig. 9. The objective colors of alumina ceramics. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 10. UV-Vis-NIR absorbance spectra of (a) Al,.5,Ni,Ti;,Os and alumina composite ceramics (0 < x < 0.4); (b) Ni-doped Al,TiOs systems and NiAl,O4.
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Fig. 11. Colors of pure PMMA and PMMA composite with 2wt% Ni doped
Al,TiOs pigments. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 12. Color coordinates and digital photographs of synthetic pigment pow-
ders, composite alumina ceramics, PMMA in a* b*space. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

The Vickers micro hardness value of green alumina is higher than that of
pure white alumina. With the addition of a small amount of pigment
(10 wt%), the green alumina ceramics exhibited good optical properties.
PMMA composites with 2 wt% pigments were also successfully prepared

with desirable color properties, indicating their good adaptability to
plastic coloring.
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