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A B S T R A C T   

Novel blue pigments based on Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) and Ba0.956Mg0.912Al10.088-xCoxO17 (0 
≤ x ≤ 0.3) solid solutions were successfully synthesized by solid state method. The XRD results confirmed the 
structure of the as-synthesized sample belongs to hexagonal β-alumina structure with the space group of P63/ 
mmc. The d-d electron transitions in Ni2+/Co2+ tetrahedral sites in the visible light range are the reason for the 
blue colors. Then, the as-prepared blue oxides were sintered with ZrO2 powders at 1400 ◦C to prepare blue 
zirconia ceramic materials. Based on XRD and SEM analysis, the pigment phase is stable after high-temperature 
sintering with ZrO2, and a clear grain boundary is observed. The XCT results indicate the prepared blue ceramics 
are dense and very small pores are rarely distributed inside the blue zirconia ceramic body. Additionally, the 
mechanical properties of the fabricated blue ceramics were maintained compared to pure ZrO2 ceramic.   

1. Introduction 

Zirconia (ZrO2) ceramics are indispensable structural and functional 
materials due to their outstanding physical and chemical properties such 
as high strength, excellent hardness, chemical safety, stability, and so 
forth [1]. In addition to white ceramics, colored ceramics have also been 
developed and are widely used for decorations such as watches, brace
lets, and cell phone back panels for their unique properties of beautiful 
colors, metallic lusters. Moreover, they are almost allergy-free to users 
sensitive to metals [2]. However, as a result of the high sintering tem
perature (~1500 ◦C) of ZrO2, only a few pigments are compatible in 
zirconia. Therefore, expanding the color range of colored zirconia ce
ramics with saturated color and stable phase is very attractive and in 
great demand. 

Transition metal elements are widely used in the development of 
colored zirconia ceramics. For example, Ren et al. reported that V-doped 
ZrO2 appears a yellow color, where the color is originated in V4+ sub
stitution into ZrO2 lattice [3]. Other colored ZrO2 with various colors, 
such as Cr/Co-ZrO2 green ceramics [4] and Ti-ZrO2 black zirconia ce
ramics are successfully prepared under the same mechanism [5]. How
ever, the precise control of the transition metal substitution is very 
difficult. Therefore, the uniformity and repeatability of its apparent 
color are not satisfied, which are not qualified for daily application. Rare 

earth oxides dispersed in ZrO2 can obtain colored zirconia ceramics. For 
instance, Nb2O3 was used as a colorant to prepare purple zirconia ce
ramics by solid state method [2], and CeO2 doped red zirconia ceramics 
were prepared by a high-temperature reduction method [6]. In these 
cases, the rare-earth oxides are expensive, which makes them hard to be 
widely applied. 

Recent researches show that certain complex oxide as a pigment 
phase will be stable after high-temperature sintering with ZrO2. Zhang 
et al. reported that both ErAlO3 with a perovskite structure and 
Er3Al5O12 with a garnet structure successfully tuned the zirconia to pink 
color through a gel-polymerization method at 1100 ◦C. When the sin
tered temperature is above 1200 ◦C, neither ErAlO3 nor Er3Al5O12 cloud 
stably exist in the zirconia matrix as the color oxides decomposed to Er3+

which enters to ZrO2 lattice and colored the ceramic [7]. In this case, the 
color mechanism is as same as the transition metal substitution, which 
leads to poor uniformity and repeatability of its apparent color. Oxides 
with spinel structure are widely used in color generation and some are 
reported successfully used in zirconia coloration. A black zirconia 
ceramic was prepared using (Co, Zn)Fe2O4 as a colorant by solid state 
method [8]. For blue zirconia, the widely used pigment is CoAl2O4 
(cobalt blue). Its preparation involves a high temperature solid-state 
reaction of mechanically mixing cobalt blue as the second phase in 
zirconia. The amount of Co used in cobalt blue is 33.32 wt%, and 1.66 wt 
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% in the prepared 5 wt% CoAl2O4 zirconia ceramic. Due to the facts that 
Co is harmful to the human body and environment, as well as its storage 
is rare, it is important to find other blue pigments which can eliminate or 
reduce the amount of Co used in the blue zirconia ceramics. As the blue 
color of CoAl2O4 is derived from its spinel structure in which Co2+

resides in the tetrahedral sites, similar spinel blocks with Co2+ are able 
to produce intense blue colors with higher opportunity. By this way, the 
doping concentration of Co is possibly reduced by the introduction of the 
other ions. At the same time, the vivid color and high-temperature sta
bility brought by the spinel structure could be maintained. 

BaMgAl10O17 demonstrates a hexagonal β-alumina structure with 
the space group of P63/mmc. As shown in Fig. 1, its structure contains 
two spinel blocks (MgAl10O16) separated by a mirror layer (BaO). In this 
structure, doping of rare earth elements or transition metal ions in the 
spinel blocks was proved to bring interesting luminescent properties. Eu- 
doped BaMgAl10O17 was reported as one of the most significant blue- 
emission phosphors, which has been utilized in plasma display panels 
(PDPs) [9]. Cr-doped BaMgAl10O17 are red-emitting phosphors that 
could be applied in plant growth LED [10], and Mn-doped BaMgAl10O17 
is representative commercial green phosphor [11]. The coexistence of 
rare earth element and transition metal ion in BaMgAl10O17 was also 
synthesized and evaluated for luminescent applications. 
Ba1-mEumMg1-nConAl10O17 (0 ≤ m ≤ 0.14 and 0 ≤ n ≤ 0.01) compound 
was designed and synthesized by conventional solid state reaction in air. 
It was found that a limited amount of Co is helpful to enhance the 
luminescent properties of Eu-BaMgAl10O17 [12]. Samples with one Co 
dopant were also synthesized with a very limited amount (0 ≤ n ≤ 0.01 
in the chemical formula) and their UV-Vis absorbance spectra are pro
vided and analyzed. However, as Co-doped samples did not show 
excellent luminescent properties with enhanced Co doping concentra
tion, a higher amount of Co in BaMgAl10O17 was not tried or compre
hensively studied for pigment applications. Though the colors of 

Fig. 1. Crystal structure of BaMgAl10O17.  

Fig. 2. XRD patterns of (a) Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) and (b) Ba0.956Mg0.912Al10.088-xCoxO17 (0 ≤ x ≤ 0.3) synthesized powders.  

Fig. 3. XPS spectra of (a) Ba0.956Mg0.912Al9.788Ni0.3O17 and (b) Ba0.956Mg0.912Al9.888Co0.2O17 synthesized powders.  
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Co-BaMgAl10O17 samples were not provided, the blue color was 
mentioned in the research which indicates great potential as a blue 
pigment. 

Unfortunately, it was found that the synthesis of samples with higher 
Co is restricted as impurity phases will appear [12]. Previous reports 
also showed that even the pure phase of BaMgAl10O17 is difficult to 
achieve. Impurities such as BaAl2O4 and Al2O3 phases with relatively 
high intensity were always accompanied in their X-ray diffraction pat
terns [10]. However, the synthesis of pigment with intense color nor
mally requires a higher amount of transition metal concentration. 
Therefore, in order to obtain a promising pigment from BaMgAl10O17, 
the elimination of impurity phases when doping with transition metal 
ion is necessary. BaMgAl10O17 crystalizes in β-alumina structure which 
usually exhibits nonstoichiometric compositions such as 

Ba0.75Al11O17.25 and Ba1.167Al10.667O17.167 [13]. In 1986, Iyi et al. [14] 
reported that the composition of Ba β-alumina was proved as 
Ba0.956Mg0.912Al10.088O17 by single crystal growth and analysis. In the 
non-stoichiometric formula of Ba0.956Mg0.912Al10.088O17, Ba is in defi
ciency while some Mg2+ is substituted by Al3+ in the spinel block to 
maintain the charge balance. As the structure favors a lower amount of 
bigger Ba2+ ions, Ba0.956Mg0.912Al10.088O17, which may help to better 
eliminate the impurities, was selected as the target compound to dope 
transition metal ions for pigment synthesis. 

In this study, Ni/Co doped Ba0.956Mg0.912Al10.088O17 blue pigments 
were prepared by a conventional solid state reaction. Then, a series of 
blue zirconia ceramics containing 5 wt% and 10 wt% as-synthesized 
blue pigments were prepared via a solid state method. In addition, the 
structure and properties of the synthesized blue pigments and the 
colored zirconia ceramics were analyzed by XRD, XPS, FESEM, and UV- 
Vis-NIR spectrophotometer. 

2. Experimental 

2.1. Preparation of blue pigments 

The conventional solid state reaction was used to synthesize the 
Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) and Ba0.956Mg0.912Al10.088- 

xCoxO17 (0 ≤ x ≤ 0.3) blue pigments using a stoichiometric weight ratio 
of BaCO3 (99.95% purity, Aladdin, China), MgO (99.99% purity, 
Aladdin, China), Al2O3 (99.99% purity, Aladdin, China), NiO (99.0% 
purity, Aladdin, China), and Co3O4 (99.95% purity, Aladdin, China). 
The raw materials were ground using agate mortar with a pestle for 
20 min. Next, the mixed powder was pressed into pellets under an 
applied pressure of 10 MPa for 1 min. After that, the pellets were loaded 
into alumina crucibles and sintered at 1600 ◦C for 4 h in an N2 atmo
sphere. CoAl2O4 powders were prepared by solid state method with 
sintering at 1400 ◦C for 2 h. 

Fig. 4. The apparent colors of (a) Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) and (b) Ba0.956Mg0.912Al10.088-xCoxO17 (0 ≤ x ≤ 0.3) synthesized powders.  

Fig. 5. Color coordinates with digital photos of as-synthesized pigments pow
ders in a*b* space. 

Fig. 6. UV-Vis-NIR absorbance spectra of (a) Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) and (b) Ba0.956Mg0.912Al10.088-xCoxO17 (0 ≤ x ≤ 0.3) synthesized powders.  
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2.2. Preparation of blue zirconia ceramics 

The synthesized Ba0.956Mg0.912Al9.988Ni0.1O17, Ba0.956M
g0.912Al9.888Co0.2O17, and CoAl2O4 blue pigments powders were added 
to yttria-stabilized zirconia (YSZ) powder (5 wt% YSZ, 99.99% purity, 
Jiangxi Size Materials Co., Ltd., China) in the proportions of 5 wt% and 
10 wt%, and the blue zirconia ceramics were prepared by the solid state 
method. They were weighed and dry ball-milled by a bench-top plane
tary automatic ball mill (MSK-SFM-1) at 300 rpm for 600 min, and then 

wet ball-milled using ethanol for 30 min. Then, the samples were dried 
in an oven at 60 ◦C and held for 12 h. Finally, the mixture was ground, 
pelleted, and sintered at 1400 ◦C for 6 h in the air. 

2.3. Characterization 

X-ray diffraction (XRD) patterns were obtained with a Rigaku Ultima 
IV X-ray diffractometer using a Cu Kα (λ = 1.5406 Å) radiation in the 2θ 
range of 10–90◦ under the working condition of 40 kV and 40 mA. 

The oxidation states of Ni/Co in Ba0.956Mg0.912Al10.088O17 were ob
tained by X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI). 

The as-fired 5 wt% Ba0.956Mg0.912Al9.988Ni0.1O17 and 5 wt% 
Ba0.956Mg0.912Al9.888Co0.2O17 blue zirconia ceramics were polished, and 
then were thermally etched at 1400 ◦C for 30 min. After that, the 
morphology analysis and chemical composition of the as-prepared blue 
zirconia ceramics were studied by field emission scanning electron mi
croscope (FESEM, JSM-7001 F) combined with an energy dispersive 
spectrometer (EDS, X-Max). 

X-ray Computed Tomography (XCT) analysis by an FF35 industrial 
CT scanner (YXLON, Germany) was applied to measure the pore distri
bution of zirconia ceramics with a volume of 1.5 × 1.5 × 5 mm3, and 
the scanning time for each sample was approximately 1.5 h. 

Vickers microhardness (HV) was measured on the polished zirconia 
ceramics by Vickers hardness tester (EM-1500 L) at a load of 300 GF and 
a holding time of 15 s. For each sample, 14 points were tested and 
recorded, and a proper distance must be maintained between the in
dentations to avoid interference. 

The L* a* b* color parameters of pigments powder and as-fired zir
conia ceramic surface were obtained using a benchtop spectrometer (X- 
Rite Ci7600). For this CIE L* a* b* system, L* is the color lightness (L* =
0 for black and 100 for white); a*< 0 indicates green, and a*> 0 in
dicates red; b* < 0 represents blue, and b* > 0 represents yellow. 

The UV-Vis-NIR absorbance spectra of blue pigments and zirconia 
ceramics were acquired in the wavelength range of 250–2000 nm at 
room temperature with a UV-Vis-NIR spectrophotometer (Hitachi 
UH4150), where barium sulfate (BaSO4) was employed as white 
reference. 

3. Results and discussion 

3.1. Analysis of blue pigments 

3.1.1. XRD analysis 
The XRD patterns of the as-synthesized blue pigments are illustrated 

in Fig. 2. As shown, all the diffraction peaks are sharp and well-indexed 
to the hexagonal structure of Ba0.956Mg0.912Al10.088O17 with the space 
group of P63/mmc, indicating Ni/Co doped Ba0.956Mg0.912Al10.088O17 

Fig. 7. Tanabe-Sugano (T-S) diagram for Co2+ (d7 electronic configuration) in 
tetrahedral coordination. 

Fig. 8. XRD patterns of as-fired zirconia ceramics.  
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compounds are successfully synthesized through solid state reaction. 
When x = 0, the observed peak at 28.3◦ corresponds to (102) planes that 
could be indexed to the phase of hexagonal BaAl2O4 (space group: 
P6322). For Ni-doped samples (Fig. 2a), Ba0.956Mg0.912Al9.988Ni0.1O17 is 
observed as a single phase. Small peaks corresponding to BaAl2O4 im
purity exist when x = 0.2, and 0.3. As presented in Fig. 2b, Ba0.956M
g0.912Al9.988Co0.1O17 and Ba0.956Mg0.912Al9.888Co0.2O17 are observed as 
single phase. The BaAl2O4 impurity appears in the samples with higher 
Co concentrations (x = 0.3). 

3.1.2. XPS analysis 
The XPS spectra of Ba0.956Mg0.912Al9.788Ni0.3O17 and Ba0.956M

g0.912Al9.888Co0.2O17 are shown in Fig. 3. According to Fig. 3a, in 
Ba0.956Mg0.912Al9.788Ni0.3O17, the binding energy of Ni consists of a 
main 2p 3/2 peak at 855.6 eV and an associated satellite peak at 
861.7 eV. A similar circumstance is observed in Ni(OH)2, in which the 
main peak is located at 856.2 eV and the satellite peak is located at 
861.2 eV [15]. It is reported that the valence of Ni is + 2 in both 
Ba0.75Ni0.2Al11.8O19-δ (855.7 eV) [16] and BaAl11.3Ni0.7O19 (855.99 eV) 
[17]. In addition, the structure of BaAl12O19 also belongs to the 
β-alumina. Therefore, the oxidation state of Ni in Ba0.956M
g0.912Al9.788Ni0.3O17 is proved to be + 2 valence. 

The Co 2p core-level spectrum is characterized by two components 
due to spin-orbital splitting: Co 2p 3/2 and Co 2p 1/2. Based on previous 
studies [18], the binding energy of Co 2p 3/2 and Ba 3d 5/2 will possibly 
overlap. Fig. 3b shows the peaks of Co 2p orbit overlaps with Ba 3d orbit 
at 780.2 eV and 795.4 eV. The binding energy for Co 2p 3/2 (780.2 eV) 
is consistent with the value reported for Co2+ in CoO (780 eV) [19], 
CoOOH (780.1 eV) [20], and Al2-xCoxTiO5 (780.67 eV) [21]. So the 
oxidation state of Co in Ba0.956Mg0.912Al9.888Co0.2O17 presents + 2 
valence. 

3.1.3. Optical properties 
The apparent colors of pigments powder are demonstrated in Fig. 4. 

The undoped Ba0.956Mg0.912Al10.088O17 sample presents a pure white 
color. When Ni is introduced (Fig. 4a), the color changes to sky blue 
(x = 0.1). A deeper blue hue is observed with an elevated amount of Ni 
in the compound. In the case of Co substitution, the color of Ba0.956M
g0.912Al10.088-xCoxO17 series (Fig. 4b) varies from light blue (x = 0.1) to 
ocean blue (x = 0.3). 

The color coordinates with objective colors in a*b* space of blue 
pigments are presented in Fig. 5. In both Ba0.956Mg0.912Al10.088-xCoxO17 
(0 ≤ x ≤ 0.3) and Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) pig
ments, the value of b* shows a decreasing trend with the doping amount 
changing from 0.1 to 0.3, indicating the blueness increases. The 
b* values in the Co-doped series are lower than that in the Ni-doped 
series, which suggests a deeper blue color is obtained by Co doping. 
Besides, the a* value fluctuated slightly in each blue series, which means 
that the greenness varies slightly. 

The optical spectra of Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3) 
and Ba0.956Mg0.912Al10.088-xCoxO17 (0 ≤ x ≤ 0.3) blue pigments are 

Fig. 9. The polished blue ceramic surface of (a) 5 wt% Ba0.956Mg0.912Al9.988Ni0.1O17, (b) EDS elemental mapping 1 of Al; (c) 5 wt% Ba0.956Mg0.912Al9.888Co0.2O17, (d) 
EDS elemental mapping 2 of Al. 

Table 1 
Multi-elemental atomic percentage (Unit: %) of points 1–2.  

Element Ba Mg Al Ni Co Zr O Total 

1  2.12  1.67  19.98  0.00    15.37  60.68  100 
2  2.35  1.68  20.58    0.00  15.29  60.10  100  
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shown in Fig. 6a-b, respectively. The white Ba0.956Mg0.912Al10.088O17 
powder exhibit an absorption peak at 257 nm that can be assigned to the 
charge transfer of Al-O bond, while negligible absorption is observed 

across the entire visible range [22]. The profiles of Ba0.956M
g0.912Al10.088-xNixO17 (Fig. 6a) are following the features of Ni2+ doped 
CaAl12O19 [23] and CaNixTixAl12–2xO19 [24], in which the absorptions 
are rooted in Ni2+ d-d transitions in tetrahedral coordination. Ni2+ owns 
a 3d8-configuration, three spin-allowed transitions can be expected for 
the tetrahedral Ni2+: 3T1(F)→3T2(F), 3T1(F)→3A2(F), and 3T1(F)→3T1 

(P). Among these transitions, 3T1(F)→3T1(P) transition is the only 
spin-allowed transition in the visible region. Therefore, a doublet band 
of Ni2+ with absorption peaks at 600 nm and 637 nm can be attributed 
to 3T1(F)→3T1(P) and are responsible for the sky blue color. The 
near-infrared peak centered at 1147 nm is assigned to 3T1(F)→3A2(F). 
Weaker bands of 371 nm, 719 nm, and 771 nm are related to 
spin-forbidden transitions from 3T1(F) to 1A1(G), 1E1(D), and 1T2(D), 
respectively. 

Co2+ has a 3d7-configuration that presents three spin-allowed tran
sitions in both octahedral and tetrahedral ligand fields. In the case of 
Co2+ transitions in a tetrahedral ligand field, the spin allowed transi
tions are 4A2(F)→4T2(F), 4A2(F)→4T1(F), and 4A2(F)→4T1(P). When 
considering Co2+ in an octahedral ligand field, three spin allowed 
transitions are 4T1(F)→4T2(F), 4T1(F)→4A2(F), and 4T1(F)→4T1(P). The 
specific band of octahedral Co2+ is the spin-allowed transition 
4T1(F)→4A2(F) near 760 nm, such as in MgWO4 [25] and LiCoPO4 [26]. 
However, there is no absorption band near 760 nm in Ba0.956M
g0.912Al10.088-xCoxO17. Three transitions at 553 nm, 587 nm, and 
626 nm were observed in the visible light range (Fig. 6b). In this way, 
the assignments are consistent with the Tanabe-Sugano (TS) diagram for 
the d7 electron configuration in a tetrahedral crystal field (Fig. 7). The 
absorption profiles are in agreement with the spectral features of 
CoxZn1-xAl2O4 [27] and CoAl2O4/Al2O3 composite [28], in which Co2+

states in a tetrahedral environment and presented three spin-allowed 
transitions, where 4A2(F) is a ground state. Therefore, three bands 
(553 nm, 587 nm, and 626 nm) located at visible light region can be 
attributed to the spin-allowed 4A2(F)→4T1(P) transition, which is the 
origin of the ocean blue color. The other two spin-allowed transitions are 
4A2(F)→4T1(F) and 4A2(F)→4T2(F) located at around 1324 nm and 
1530 nm in the NIR region, respectively. 

3.2. Analysis of blue zirconia ceramics 

3.2.1. XRD analysis 
The XRD patterns of the as-fired zirconia ceramics are shown in 

Fig. 10. Pore distribution of as-fired (a) pure ZrO2 ceramic as well as blue zirconia ceramics of (b) 5 wt% Ba0.956Mg0.912Al9.988Ni0.1O17 and (c) 5 wt% 
Ba0.956Mg0.912Al9.888Co0.2O17. 

Fig. 11. The average Vickers hardness and the standard deviation to each point 
of polished zirconia ceramics. 

Table 2 
The average Vickers hardness and the standard deviation to each point of pol
ished zirconia ceramics.  

Ceramic Average 
(GPa) 

Standard Deviation 
(GPa) 

ZrO2  12.18  0.46 
5 wt% Ba0.956Mg0.912Al9.988Ni0.1O17 + 95 wt 

% ZrO2  

12.77  0.28 

10 wt% Ba0.956Mg0.912Al9.988Ni0.1O17 

+ 90 wt% ZrO2  

12.89  0.33 

5 wt% Ba0.956Mg0.912Al9.888Co0.2O17 

+ 95 wt% ZrO2  

13.09  0.36 

10 wt% Ba0.956Mg0.912Al9.888Co0.2O17 

+ 95 wt% ZrO2  

12.87  0.32  
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Fig. 8. After sintering, the as-synthesized zirconia ceramics completely 
transform to tetragonal zirconia (t-ZrO2) with the space group of P42/ 
nmc. The peaks of Ni/Co doped Ba0.956Mg0.912Al10.088O17 compounds 
are fairly weak due to the small amount of pigment compared to ZrO2 in 
the ceramics. Though weak, the characteristic peaks of Ni/Co doped 
Ba0.956Mg0.912Al10.088O17 are observed at positions (107) (2θ = 33.2◦) 
and (114) (2θ = 35.6◦), as illustrated in Fig. 8b. Additionally, the peak 
intensity of Ba0.956Mg0.912Al10.088O17 peaks is stronger when changing 
the mass fraction of blue pigment from 5 wt% to 10 wt%. These indicate 
that either Ba0.956Mg0.912Al9.988Ni0.1O17 or Ba0.956Mg0.912Al9.888

Co0.2O17 could stably exist in the ZrO2 matrix at the sintering temper
ature of 1400 ◦C. 

3.2.2. Microstructure analysis 
The clear grains and their boundaries are observed under SEM 

(Fig. 9a, c). The grains show a particle distribution between 100 nm and 
500 nm. For Ba0.956Mg0.912Al9.988Ni0.1O17 zirconia ceramic, according 
to the EDS results summarized in Table 1, the dark grains (point 1) 
mainly consist of Al, O, as well as a small amount of Ba and Mg. The ratio 

of Ba:Mg:Al is close to the theoretical value of Ba0.956Mg0.912Al9.988

Ni0.1O17. Nevertheless, the trace of Ni/Co is hard to detect with EDS 
microanalyses, because the mass fraction of Ni/Co in as-prepared blue 
zirconia ceramics is less than 0.1 wt% (the minimum detection limit of 
the EDS instrument). Additionally, the shape of dark grains in the SEM 
image (Fig. 9a) overlays with the EDS elemental analysis of Al in 
Ba0.956Mg0.912Al9.988Ni0.1O17 (Fig. 9b). Therefore, the dark grains are 
determined to be Ba0.956Mg0.912Al9.988Ni0.1O17. All of these results show 
that two phases of Ba0.956Mg0.912Al9.988Ni0.1O17 and ZrO2 could coexist. 
Similar results are also observed in 5 wt% Ba0.956Mg0.912Al9.888Co0.2O17 
with 95 wt% ZrO2 blue zirconia ceramic from the results of point 2 in 
Table 1, as well as Fig. 9c-d. So the as-prepared Ni/Co doped 
Ba0.956Mg0.912Al10.088O17 phase is stable after high-temperature sinter
ing with ZrO2. 

3.2.3. XCT analysis 
3D XCT reconstructions of as-fired zirconia ceramics show the pore 

distribution (Fig. 10) within an observation volume of 
1.5 × 1.5 × 5 mm3. The left color bar indicates the volume of the pores. 

Table 3 
CIE value, digital photo, and the mass fraction of Ni/Co of as-fired zirconia ceramics.  

Ceramic The value of CIE Digital 
photo 

The mass fraction of Ni/Co 

L* a* b* 

ZrO2  89.96  -0.32  2.44 

5 wt% Ba0.956Mg0.912Al9.988Ni0.1O17 

+ 95 wt% ZrO2  

83.76  -12.17  -8.53 0.04 wt% 

10 wt% Ba0.956Mg0.912Al9.988Ni0.1O17 

+ 90 wt% ZrO2  

83.47  -12.54  -12.05 0.08 wt% 

5 wt% Ba0.956Mg0.912Al9.888Co0.2O17 

+ 95 wt% ZrO2  

66.49  -5.87  -22.62 0.08 wt% 

10 wt% Ba0.956Mg0.912Al9.888Co0.2O17 

+ 90 wt% ZrO2  

66.73  -5.97  -25.79 0.17 wt% 

5 wt% CoAl2O4 + 95 wt% ZrO2  45.06  -1.48  -9.48 1.66 wt% 

10 wt% CoAl2O4 + 90 wt% ZrO2  46.01  -0.91  -6.32 3.33 wt%  

Fig. 12. The absorbance spectra of Ba0.956Mg0.912Al9.988Ni0.1O17, Ba0.956Mg0.912Al9.888Co0.2O17, and as-fired blue zirconia ceramics.  
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Specifically, the pores in blue colors are small in size while the red color 
represents larger holes. It can be seen that the pores are independent 
spheres and are randomly distributed in the total scanned volume of all 
samples. The limited number and the small size of the pore show that the 
structure of as-synthesized zirconia ceramics is dense. No significant 
difference in pore distribution is observed when comparing the pore 
distribution of pure ZrO2 ceramic and blue zirconia ceramics. 

3.2.4. Mechanical properties 
The Vickers hardness of the as-prepared zirconia ceramics was 

shown in Fig. 11 and summarized in Table 2. For each sample, mea
surements were taken on 14 different points on the polished ceramic 
surface. The hardness values of blue zirconia ceramics demonstrate a 
slight increase compared with those of the pure ZrO2 ceramic, indicating 
that the hardness is slightly enhanced with the addition of the pigment 
phase. Furthermore, the differences of standard deviation were fairly 
small either on pure zirconia or blue zirconia, indicating a homogeneous 
microstructure. All the hardness value of as prepared ceramics exceeds 
12 GPa of fully dense 3Y-TZP (3 mol% Yttria-stabilized Tetragonal Zir
conia Polycrystal) [29], which meets the application requirements. 

3.2.5. Optical properties 
The CIE value, digital photos, and the mass fraction of Ni/Co of as- 

fired zirconia ceramics are presented in Table 3. The pure ZrO2 
ceramic presents a pure white color. When Ba0.956Mg0.912Al9.988Ni0.1O17 
pigment is introduced, the color of ceramic is tuned to sky blue. The 
ceramic appears ocean blue with the addition of Ba0.956Mg0.912Al9.888

Co0.2O17 pigment. In both Ba0.956Mg0.912Al9.888Co0.2O17 and Ba0.956M
g0.912Al9.988Ni0.1O17 zirconia materials, the results show that with the 
pigment fraction increasing from 5 wt% to 10 wt%, the lightness value 
L* and the redness value a* is stable while the yellowness value 
b* decreases. For a comparison, cobalt blue powders and their zirconia 
ceramic are synthesized following the same solid state reaction route. As 
shown in Table 3, the as-prepared cobalt blue zirconia ceramics show a 
less blue hue and heavier darkness which corresponds to a higher 
b* value (−9.48) and a lower L* value (45.06). So for the synthesis of 
blue zirconia based on cobalt blue, complicated procedures such as in
jection molding and solution infiltration method [30] as well as het
erogeneous nucleation method [31] must be employed to maintain an 
intense blue color. While in Co/Ni doped Ba0.956Mg0.912Al10.088O17 
based blue zirconia prepared by simple solid state reaction, the blue 
zirconia ceramics show almost the same intense blue colors as its 
pigment powder, indicating a simplification in the blue zirconia ceramic 
synthesis. Moreover, the mass fraction of Co in 5 wt% CoAl2O4 zirconia 
ceramic is 1.66 wt%, which is almost 20 times higher than that in 5 wt% 
Ba0.956Mg0.912Al9.888Co0.2O17 zirconia ceramic (0.08 wt%). Therefore, 
Ba0.956Mg0.912Al9.888Co0.2O17 is a promising pigment in the blue zirco
nia ceramic synthesis with advantages of low Co content and an 
easily-achieved synthesis procedure. 

The absorbance spectra of Ba0.956Mg0.912Al9.988Ni0.1O17 and 
Ba0.956Mg0.912Al9.888Co0.2O17 blue pigments powder, as well as as-fired 
blue zirconia ceramics, are given in Fig. 12. The peak positions of the 
blue pigments and blue zirconia ceramics are similar, which indicates 
that the color origin of the blue zirconia ceramic is the same as its 
pigment. Based on the optical characterizations of the blue zirconia 
blocks, ZrO2 could be tuned to a blue color with a small amount of 
pigment. 

4. Conclusions 

In summary, the Ni/Co doped Ba0.956Mg0.912Al10.088O17 blue pig
ments were successfully synthesized by a solid state reaction. The UV- 
Vis-NIR spectra revealed the color mechanism of the as-synthesized 
pigment is d-d transitions from the doped transition metal ions. For 
Ba0.956Mg0.912Al10.088-xNixO17 (0 ≤ x ≤ 0.3), the origin of sky blue is 

attributed to the spin-allowed transition of 3T1(F)→3T1(P) (600 nm and 
637 nm) from Ni2+ in tetrahedral coordination. The ocean blue color of 
Ba0.956Mg0.912Al10.088-xCoxO17 (0 ≤ x ≤ 0.3) is associated with the spin- 
allowed 4A2(F)→4T1(P) transition (553 nm, 587 nm, and 626 nm) from 
Co2+ in a tetrahedral site. Then, the blue zirconia ceramics containing 
5 wt% and 10 wt% as-synthesized blue pigments were prepared at 
1400 ◦C via a solid state method. Confirmed by both XRD and SEM 
analysis, the pigment phase is maintained after high-temperature sin
tering with ZrO2. Based on the XCT and Vickers hardness results, the 
blue zirconia ceramics are dense, and the mechanical properties of the 
fabricated blue ceramics were maintained compared to pure ZrO2 
ceramic. With a lower amount of Co as well as a simple ceramic synthesis 
procedure, the as-prepared novel Ni/Co doped Ba0.956M
g0.912Al10.088O17 blue pigments are proved to be promising colorants for 
blue zirconia ceramics. 
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