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The sky-green glaze of ancient Jun ware was successfully imitated with the addition of 4wt% calcium phosphate for introducing
the phosphorus (P) to the composition. Effects of the calcium phosphate contents on the chromaticity, precipitated phase and
microstructure of sky-green glaze were investigated. Based on the analysis of colorimeter, XRD, FT-IR, XPS and SEM, a possible
coloring mechanism was proposed to explain the variation of glaze colors with the increasing of calcium phosphate content. The
results indicated that the addition of calcium phosphate contributed to increasing the content of calcium iron phosphate
[Ca19Fe2(PO4)14] and the size of phase separation droplets in glazes. The formation of Ca19Fe2(PO4)14 decreased the ratio of Fe2+

to Fe3+ and the increased size of phase separation droplets weakened the structural color, which increased the L* and b* value of
glazes. Therefore, the color of sky-green glaze got more green and white gradually.
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1. Introduction

Jun ware, produced in Yuzhou, Henan Province, is one of the
five famous wares (Jun, Ru, Guan, Ge and Ding ware) in the
Chinese Song Dynasty (AD 960-1279).1) Jun Guan ware has
long enjoyed a very high reputation with phantasmagoric glaze
colors. In which, purplish-red and purplish-blue series are two
representative colors. Especially, the purplish-blue series exhibit
blue of different intensities and have more complex coloring
mechanism.2) According to the depth of blue, it can be classified
into sky-blue, sky-green and moon-white glaze, etc. However,
what makes the difference in them still need to be studied at some
length.
Previous studies have shown that Fe2O3 content has a huge

influence on the glaze color and the optimum content is about
2.5wt% in sky-green Jun glaze. Additionally, the microstructure
is also an important factor affecting the glaze color.2) And a lot
of efforts have been focused on the microstructure of glaze to find
the further coloring mechanism. W. D. Kingery3) found that the
inhomogeneous structure could lead to scattering and reflection
of light, so blue opalescence was formed on Jun glaze surface.
Chen et al.4) confirmed that the inhomogeneous structure was
actually liquid-liquid phase-separation structure, and the blue
opalescence of Jun glaze originated from scattering of droplets
in separative-phase glaze. And they also investigated that the
blue opalescence was brighter when the average size of discrete
droplets was 100 nm.5) Some scholars suggested that unmelted
raw materials, such as residual cristobalite and calcium phosphate
particles, and many tiny bubbles (1­2mm) would also play a role
in the formation of the blue opalescence in Jun glaze.6),7) All of
the analyses show that phase-separation structure is the origin of
blue opalescence of Jun glaze, and the size of phase separation
droplets determines the color intensity of blue opalescence.

However, which items in the composition affect the micro-
structure and glaze color more intensively still need to be
confirmed.
In addition, researches show that the P content has a major

influence on the glaze color of Jun ware.6) The P is basically
introduced by calcined bone ash in ancient ware, which has the
disadvantages of hard control of glaze compositions and environ-
mental pollution.8) With calcium phosphate replacing calcined
bone ash, it is not only easy to control of glaze compositions but
also good for environmental protection.
In this work, calcium phosphate was utilized as the promoter of

phase separation to imitate the sky-green glaze of ancient Jun
ware in the R2O­RO­Al2O3­SiO2­P2O5 base system. The effects
of calcium phosphate contents on the evolution of crystalline
phase and phase separation of the sky-green glaze were inves-
tigated in detail. The coloring changing mechanism about the
sky-green glaze color was also discussed.

2. Experimental procedures

2.1 Glaze preparation
Chemical compositions of the raw materials are given in

Table 1. Based on the ancient sky-green Jun glaze (Liujiamen
Jun Kiln) compositions (Table 2) which were measured by our-
selves, the base glaze compositions were made by 60wt% of
Na-feldspar, 21wt% of quartz sand, 15wt% of calcite, 2wt%
of talc, 2wt% of kaolin and 0­12wt% of calcium phosphate.
Meanwhile 2wt% of commercial grade iron oxide was added as
the colorant.
The raw glaze slurry was prepared by directly milling the

starting materials which was weighted before with 70wt% water,
0.8wt% sodium carboxyl methyl cellulose (CMC), 0.3wt%
sodium tripolyphosphate (STP) and milled at a rate of 300 r/min
for 35min. The glaze slip was sieved and the density was adjust-
ed to 1.5 g/cm3 by water. Then the glaze slip was applied to
the biscuits test piece (Ø 4­5 cm) by dipping. After dried, the
test pieces were fired at a heating rate of 3°C/min to 900°C and
1°C/min to 1300°C, and then insulated for 20min at this tem-
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perature under a reducing atmosphere. Finally, the samples were
cooled down to room temperature naturally.

2.2 Characterization
The color parameters (L*, a*, b*) for the fired specimens were

measured using the WSD-3C colorimeter. And the phase com-
position of the test pieces was identified by X-ray diffraction
(XRD) using a D/max 2200PC X-ray diffractometer (Japan) with
CuK¡ radiation (­ = 1.5406¡). Meanwhile the samples were
measured at a scanning rate of 8°/min in the 2ª range of 10­60°
under 40 kV and 100mA. The infrared spectra at 400­1200 cm¹1

were characterized by a Spectrum One FT-IR spectrometer
(VERTE70) using the KBr standard pellet method. The chemical
analysis was performed on an ESCALAB MKII X-ray photo-
electron spectrometer (VG Scientific, UK) using AlK¡ radiation.
The microstructure of the samples was investigated by scanning
electron microscopy (SEM, Hitachi, S-4800) equipped with
energy dispersive spectrometry (EDS). Before the testing, the
surface of the samples was etched using 10 vol% HF for 30 s to
expose the crystal and phase separation structures.

3. Results and discussion

Figures 1(a)­1(h) shows the typical glaze colors depending on
the contents of calcium phosphate. And the color values (a*, b*)
and lightness (L*) parameters (whiteness) are listed in Table 3.
As being observed, the L* values increased with the increase of

calcium phosphate content. In addition, negative values of a* and
positive values of b* were measured from the glazes with 0­2
and 12­14wt% calcium phosphate addition, indicating that the
values lay in the upper left quadrant (green and yellow region)
with coordinates, and at the same time, negative values of a* and
negative values of b* were measured from the glazes with 4­
10wt% calcium phosphate addition, indicating that the values
lay in the under left quadrant (green and blue region) with coor-
dinates. Hence, it was found that the amount of calcium phos-
phate was a main factor of the L* and b* values in the present
system. Besides, the colors of samples were similar to the sky-
blue, sky-green (i) and moon-white glaze colors of ancient Jun
ware when the calcium phosphate contents were 2, 4 and 6­8
wt%, respectively.
Figure 2 shows the XRD patterns of the glazes with different

calcium phosphate contents. There were only amorphous phase in
the glazes that contained 0­2wt% calcium phosphate [Figs. 2(a)
and 2(b)]. Whereas Ca19Fe2(PO4)14 crystal phases emerged at
31.17 and 34.55° peaks in the glazes containing 4­8wt% calcium
phosphate [Figs. 2(c)­2(e)], and the glazes with 10­14wt% cal-
cium phosphate [Figs. 2(f )­2(h)] displayed two major crystalline
phases, whitlockite [Ca3(PO4)2] with main peaks at 31.13 and
34.47° and a small amount of Ca19Fe2(PO4)14. Furthermore, as
the calcium phosphate contents increased, the peak intensity of
crystalline phase and the opacity of glazes were also increased.
Figure 3 displays the SEM images of glazes with 4, 8, 10,

14wt% calcium phosphate, respectively. In which, the irregular
shaped crystals were observed in every sample. The EDS analy-
sis results are presented in Table 4, measured on the microspots
denoted by the numbers 1­4 in the SEM images of crystals
(Fig. 3). It showed that the crystals in position 1 and 2 were rich
in Fe, Ca, P and O, whereas the crystals in position 3 and 4 were
rich in Ca, P and O. The XRD pattern in Fig. 2 proved that the
irregular shaped crystals were Ca19Fe2(PO4)14 when the calcium
phosphate contents were 4 and 8wt%, and Ca3(PO4)2 was also
precipitated when the calcium phosphate contents were 10 and
14wt%.
According to some researches from Zhang et al,9),10) the

structure of Fe3+­O­Fe2+ was the essence of iron-colored glass,

Table 2. Chemical compositions of ancient Jun glaze

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O P2O5

wt% 65.90 9.71 2.68 14.33 2.37 2.79 1.67 0.55

Fig. 1. Appearance of imitating and ancient Jun glazes, (a)­(h) different
calcium phosphate contents of 0, 2, 4, 6, 8, 10, 12 and 14wt%;
(i) Ancient sky-green Jun glaze.

Table 3. L*, a* and b* values and glaze colors according to different
calcium phosphate contents

Ca3(PO4)2 (wt%) a* b* L* Color

0 ¹7.97 2.92 37.87 Olive-green
2 ¹7.24 7.93 49.09 Sky-blue
4 ¹9.00 ¹5.58 55.46 Sky-green
6 ¹7.00 ¹3.40 56.45 Moon-white
8 ¹7.34 ¹3.24 63.44 Moon-white
10 ¹6.61 ¹0.55 58.05 Pea-green
12 ¹7.09 1.03 63.90 Pea-green
14 ¹6.85 0.96 64.59 Pea-green

Table 1. Chemical compositions of the raw materials (wt%)

Raw materials SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Ca3(PO4)2

feldspar 69.94 17.41 0.51 3.54 1.01 0.51 7.08 ®

quartz 98.37 1.41 0.22 ® ® ® ® ®

calcite 0.67 ® ® 98.68 0.65 ® ® ®

talc 64.64 ® 0.06 0.24 34.96 0.06 0.04 ®

kaolin 52.94 45.46 0.57 0.36 0.11 ® ® ®

calcium phosphate ® ® ® ® ® ® ® 99.9
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and more Fe2+ could make color of glass get bluer under a reduc-
ing atmosphere. Hence, with the increasing of the content of
generated Ca19Fe2(PO4)14, the Fe2+ content in the glazes de-
creased, which led to the glaze colors become lighter. However,
as shown in Figs. 1(a)­1(h), the glaze colors with the addition of
calcium phosphate got bluer than the glaze without calcium
phosphate. Consequently, the glaze colors with calcium phos-
phate had not only the coloration of iron.

By comparing the glaze colors and phases with different
calcium phosphate contents at the same firing temperature, the
glazes in which the calcium phosphate contents were respectively
0, 2, 4, 8, 10 and 14wt% would be researched further.
FT-IR spectrum of the studied glazes is showed in Fig. 4(a).

The results showed that the main features were five bands at
1048, 774, 605, 573 and 461 cm¹1, respectively. The bands at
1048 and 461 cm¹1 were assigned to the stretching vibration of
Si­O bonds.11) The absorption band at 774 cm¹1 could corre-
spond to the (PO4)3¹ asymmetric stretches of P­O­P bond.12),13)

And the low-frequency absorption bands at 605 and 573 cm¹1

might be assigned to Fe­O stretching vibration.14),15) Addition-
ally, with increasing the Ca3(PO4)2 crystal content, the stretching
vibration of Si­O and Fe­O bonds and the asymmetric stretches
of P­O­P all increased. It was suggested that broken silica
tetrahedrons and Fe3+­O­Fe2+ structures became more when
calcium phosphate content was increased. Spectroscopic studies
had shown that iron ions in the calcium iron phosphate glasses
could form stable P­O­Fe covalent bonds, so P5+­O­Fe3+ bond
was formed in the glazes.13),16) Moreover, the phosphorus-oxygen
tetrahedron replaced P­O­P linkages, which weaked the cross-
linking of the glass network.13) As a result, the viscosity of
molten glazes decreased with the increase of calcium phosphate
content. The main reactions are expressed by Eqs. (1) and (2) as
following:

Fe3þ­O­Fe2þ þ Ca3ðPO4Þ2 ! Ca19Fe2ðPO4Þ14 þ Fe3þ ð1Þ
ðSiO4Þ4� þ Ca3ðPO4Þ2 þ Fe3þ

! Si4þ­O­Fe3þ þ P5þ­O­Fe
3þ ð2Þ

The surface element analysis of the glazes with 0, 8 and
14wt% calcium phosphate is illustrated in Fig. 4(b). And from
Fig. 4(b), the XPS binding energy peaks of Fe 2p1/2 and Fe
2p3/2 appeared at 712.1 and 725.49 eV.17) The broad Fe 2p3/2
peaks suggested the coexistence of Fe2+ and Fe3+ in samples.12)

The fitting spectra of the Fe 2p3/2 peaks are displayed in
Fig. 4(c), where the binding peaks were fitted by Lorentzian-
Gaussian functions. It was found that the Fe2+ concentration
decreased obviously with the increasing of the calcium phosphate

Fig. 3. SEM images of crystals on the glaze surfaces, (a)­(d) corre-
spond to calcium phosphate contents of 4, 8, 10, and 14wt% in glazes.

Table 4. Element compositions of precipitated crystals measured at the
points indicated in Fig. 3

Crystal C O Na K Mg Al Si P Ca Fe

1 4.42 19.02 1.44 1.40 1.64 2.28 6.40 17.79 26.33 19.28
2 4.42 20.28 1.07 1.07 1.51 1.84 5.76 19.75 32.10 12.20
3 4.41 24.55 1.09 2.07 1.27 1.55 7.05 21.29 35.43 1.29
4 4.40 20.68 1.03 2.17 1.35 1.87 7.75 21.71 37.81 1.25

Fig. 4. (a) FT-IR spectrum, (b) Fe2p XPS spectra and, (c) Fitting
spectra of the Fe2p 3/2 peaks of the glazes with different calcium
phosphate contents.Fig. 2. XRD patterns of glazes, a­h different calcium phosphate

contents of 0, 2, 4, 6, 8, 10, 12 and 14wt%.
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content. The Fe2+ to Fe3+ atomic rations of glazes were 93.53/
6.47, 88.38/11.62 and 42.26/57.74, respectively. Therefore, the
XPS results further confirmed that the calcium phosphate was
helpful to reduce the Fe2+ concentration in glazes, which could
make glaze colors turn yellow gradually.
Figure 5 presents the SEM micrographs of samples with

different calcium phosphate contents of 0, 2, 4, 8, 10 and 14
wt%. As shown in Fig. 5(a), the glaze did not have the liquid-
liquid phase separation structure, and even the discrete droplet
phase separation structures were formed in Figs. 5(b)­5(f ).18) 60
discrete droplet phase separation structures were chosen ran-
domly from Figs. 5(a)­5(f ) to investigate the average size of
phase separation droplets by the Image-Nano Measurer software.
As depicted in Table 5, the size of phase separation droplets was
the smallest when the content of calcium phosphate was 2wt%.
With 4­10wt% calcium phosphate, the size of droplets did not
changed and the density decreased. Furthermore, the size of
droplets was the largest with 14wt% calcium phosphate. The
reason for this was that, the viscosity of molten glazes decreased
when the content of calcium phosphate increased. Therefore, the
movement speed of particles got faster so that discrete phase was
easy to move to the surface of phosphate glass.19)

Due to a three-dimensional amorphous structure of the short-
range order instead of the long-range order in the separative-
phase glaze, it was the main source of the structural color. The
structural color of object was caused by optical effects developed
by microstructure such as interference, diffraction and reflection
when the size range of the object was comparable to the optical
wavelength range.20),21) The developing color strongly depended
on the refractive index and the size of periodic structure.21) Its
color rending principle could be analyzed by the Rayleigh
scattering. When the size of scattering ions was 1­300 nm, the

Rayleigh scattering might occur on glaze surface. The scattering
intensity was determined with the following formulas.22),23)

Ið­ Þscattering /
Ið­Þincident

­4
ð3Þ

Where I (­)incident is the incident intensity and ­ is the incident
light wavelength. As ­ is smaller, the Rayleigh scattering devel-
oped more easily. Since blue light was at the short wavelength
end of the visible spectrum, it was scattered in the atmosphere
much more than the longer-wavelength red light. As a result, the
structural color developed by the Rayleigh scattering showed
blue and the glazes color became blue with addition of calcium
phosphate.24) When the size of phase separation droplets became
larger, the scattering intensity [I (­)incident] was smaller and the
opalescence blue which was formed by structural color was
lighter, as shown in Fig. 5(g). So the blue of glaze surfaces were
lighter with the increasing of the calcium phosphate content.
According to the research from Chen et al.,25) the Fe2O3 was
gathered in the phase separation droplets so that the refractive
indices between base phase and phase separation droplets got
larger. As a result, the structural color darkened with addition of
Fe2O3. Based on the trichromatic theory, the composite color
of the yellow and the blue was green.26) Therefore, the glaze
surfaces were pea-green when the calcium phosphate contents
were 10­14wt%.

4. Conclusions

The sky-green glaze of ancient Jun ware was successfully
imitated with the addition of 4wt% calcium phosphate. With
increasing of the calcium phosphate content, Ca19Fe2(PO4)14 was
formed so that the opacity of glazes improved while the ratio
of Fe2+ to Fe3+ in glazes decreased. The SEM microstructure
showed that the discrete droplet phase separation structures were
developed in glazes and their sizes were less than 100 nm, so the
structural color was formed owing to the Rayleigh scattering. A
dual coloring changing mechanism with the increasing of the
calcium phosphate content was in effect for the sky-green glaze
of imitating ancient Jun porcelain, covering the precipitated crys-
tals and the varying size of phase separation droplets. Besides,
the chemical color of Fe2O3 was main coloring factor, and the
structural color formed by phase separation droplet played a role
in auxiliary coloring in the glaze.
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