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bstract

n this study, CrxSn1−xO2 (0 ≤ x ≤ 0.06) and Cr0.03Sn0.97−yTiyO2 (0 < y ≤ 0.97) compositions were synthesized by the ceramic method and charac-
erized by X-ray diffraction, UV–vis spectroscopy and CIE L*a*b* (Commission Internationale de l’Eclairage L*a*b*) parameters measurements.
rom Cr Sn O samples fired at 1600 ◦C/1 h, x = 0.03 was established as the composition limit of formation of solid solutions. When x ≤ 0.01,
x 1−x 2

etter coloration of glazed tiles were obtained from short thermal treatment (1400 ◦C/1 h or 1600 ◦C/1 h) than from long thermal treatment
1400 ◦C/24 h). When 0.01 < x < 0.06 small variations of color in glazed tiles were obtained from samples fired at 1400 ◦C/24 h and 1600 ◦C/1 h.
rom Cr0.03Sn0.97−yTiyO2 compositions, a better purple color was obtained when y = 0.02 (Ti/Sn ∼ 2.1 × 10−2) than when y = 0.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

SnO2 is a n-type semiconductor oxide and has been studied
s gas sensor,1 catalyst2 and ceramic pigment.3 The SnO2-based
atalysts modified by Fe, Cr and Mn show generally higher activ-
ty than the unmodified SnO2. XRD analysis indicates that Fe,
r and Mn cations could be incorporated into the lattice of rutile
nO2 (cassiterite) to form solid solutions.4 SnO2 is used as a host

attice for ceramic pigments, e.g. Sn/Cr purple,5 Sn/V yellows6

nd Sn/Sb blue-greys.7

Chrome Tin Cassiterite is an inorganic pigment (11-22-5
CMA, Dry Color Manufacturers Association8) with chemical

ormula (Sn,Cr)O2. It is a reaction product of high temperature
alcination in which tin(IV) oxide and chromium(III) oxide in
arying amounts are homogeneously and ionically interdiffused
o form a crystalline matrix of cassiterite. The violet color of Cr-
nO2 can only be developed in the narrow range of the Cr2O3
ontent. Ren et al.9 studied chromium-based ceramic colors.

r4+ in SnO2 produced a purple color. They established that

he concentration of chromium dissolved in SnO2 is less than
.8 mol% as CrO2, that is 1.6 wt% as Cr2O3. The solubility limit

∗ Corresponding author. Tel.: +34 964728249; fax: +34 964728214.
E-mail address: tena@qio.uji.es (M.A. Tena).
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f chromium in the inner part of the SnO2 grain is considerably
maller than 1.6 wt% as Cr2O3. From lattice constants, 1.4 mol%
rO2 (0.8 wt% as Cr2O3) was reported as the solubility limit
alue. From reflectance spectra, these authors showed the over-
apping of Cr3+ spectrum with Cr4+ spectrum in the 0.83 wt%
ample. From susceptibility measurements, they established the
r3+ ratio of 18% to total chromium in the 0.193 wt% sample.
ot only the solubility limit of chromium, but also the Cr3+/Cr4+

atio is an important piece of information in designing ceramic
olors. Oxidation state and localization of chromium ions in
r-doped cassiterite were studied by Ocaña and co-workers5

r/SnO2 molar ratio = 0.046 produced the optimum pigments.10

hese authors concluded that most chromium species in this pig-
ent were not dissolved in the cassiterite lattice. The presence

f a pre-edge peak in the XANES spectrum at Cr K-edge con-
rmed that a certain amount of the total chromium ions was in

he tetravalent state with an atomic environment similar to that in
rO2. Cr(III) antiferromagnetic clusters and a small amount of

erromagnetic CrO2 nanoparticles were detected from magnetic
ata.

Chromium dissolves as Cr3+ and Cr4+ in rutile type oxides.

ordischi et al.11 studied the properties of VI B transition
etal ions in rutile TiO2 solid solutions. When mixtures of
O2 (M = Cr, Mo, or W) and TiO2 were heated in vacuo at

173–1273 K, solid solutions formed. Chromium entered into

mailto:tena@qio.uji.es
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.183
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parameters are shown in Table 1. Representative UV–vis spec-
tra are shown in Fig. 1. The coloration of samples, according
with spectra indicates that Cr(III) is present in raw sample
(Cr2O3, green), Cr(VI) is present in sample fired at 600 and

Table 1
Observed color and CIE L*a*b* color parameters in Cr0.005Sn0.995O2 fired com-
position (powdered samples)

T (◦C) Observed color L* a* b*

600 Yelow 87.04 −2.51 5.47
700 Yelow 85.58 −2.07 4.96
800 Pink 84.25 0.37 2.2
900 Pink 79.07 3.2 −2.34

1000 Pink 77.5 4.47 −3.84
1100 Pink 78.04 3.76 −2.88
16 M.A. Tena et al. / Journal of the Euro

he rutile structure up to ≈4% (Cr atoms/100 Ti atoms), as
r3+ (3d3 ion). At higher chromium content compounds of
eneral formula Tin−2Cr2O2n−1 were found. The treatment in
ir at 1273 K slightly decreases the solubility limit (3%) and
hanged the color (from orange to dark brown) because a non-
toichiometric compound, CrOx, formed on the titania surface.
he formation of the compound CrOx was confirmed by Ishida
t al.12 These authors studied chemical state and coloration of
hromium in rutile. Cr-doped TiO2 had a yellow color resulting
rom dissolved Cr3+ when the Cr content was less than 0.1 wt%
rO3. Maple color produced by both Cr3+ and Cr4+ dissolved

n TiO2 was obtained with a Cr content equal to 0.2 wt% CrO3.
lack color caused by undissolved CrO3−x (x = 0.4–0.8) on the
iO2 grains was obtained when the Cr content was 1 wt% CrO3.
roft and Fuller13 attempted to obtain new pigments by doping

ons into solid solutions of SnO2 and TiO2. Their attempt was
nsuccessful in the case of Cr2O3-Sn1−xTixO2 system. In that
tudy, the Cr/(Sn + Ti) ratio was 10 mol%.

From literature it is seem clear that both Cr3+ and Cr4+ are
ecessary to obtain violet colorations characteristics of Cr-SnO2
igment. Although the solubility of chromium in SnO2 is small,
dequate colorations are obtained with chromium amount higher
han the solubility limit value. There is little information about
he influence of thermal treatment and their efficiency as violet-
urple ceramic pigment on glazed tiles.

The aim of this study is to establish the compositional range
f CrxSn1−xO2 samples for which the materials are purple, the
nfluence of thermal treatment in the coloration of these mate-
ials and to determine the influence of Ti/Sn ratio on formation
nd coloration of these materials.

. Experimental procedure

CrxSn1−xO2 (0 ≤ x ≤ 0.06) compositions were prepared by
he ceramic method. The starting materials were SnO2 (Panreac)
nd Cr2O3 (Merck). The appropriate amounts of the starting
aterials were mixed and homogenized in acetone in a plan-

tary ball mill for 20 min. Residual acetone was removed by
vaporation. All dried samples were put into refractory cru-
ibles and fired. In order to establish the temperature range in
hermal treatment of samples, a composition (Cr0.005Sn0.995O2)
ith chromium amount smaller than the solubility limit value of
r4+ in SnO2 reported by Ren et al. (1.4 mol% CrO2) was cho-

en. This composition (Cr0.005Sn0.995O2) was fired at 600, 700,
00, 900, 1000, 1100, 1200, 1300, 1400 and 1600 ◦C for 1 h of
oaking times at each temperature. Violet coloration characteris-
ic of Cr-SnO2 pigment was obtained when T ≥ 1400 ◦C. Thus,
rxSn1−xO2 (0 ≤ x ≤ 0.06) samples were fired at 1400 ◦C/1 h,
400 ◦C/24 h and 1600 ◦C/1 h.

From the characterization of these samples, when TiO2 were
dded to CrxSn1−xO2 compositions x = 0.03 was chosen to com-
are results. The chromium amount in this composition exceeds
he concentration of chromium dissolved in SnO2 (2.8 mol%

s CrO2) proposed by Ren et al.9 but Cr/Sn molar ratio is
maller than Cr/Sn molar ratio = 0.046 proposed by Ocaña
nd co-workers5 Thus, Cr0.03Sn0.97−yTiyO2 (0 ≤ y ≤ 0.97) com-
ositions were prepared by the ceramic method and fired at

1
1
1
1
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000 ◦C/24 h and 1400 ◦C/24 h. The starting materials were
iO2 anatase (Panreac), SnO2 (Panreac) and Cr2O3 (Merck).

Thermogravimetric analysis (TG) were carried out in a Met-
ler Toledo instrument in a synthetic air atmosphere using alu-

ina crucible and a heating rate 5 ◦C/min.
The resulting materials were examined with a Siemens

5000D X-ray diffractometer with Cu K� radiation to study
he development of the crystalline phases at different tempera-
ures. In fired samples at 1400 and 1600 ◦C, a structure profile
efinement was carried out by the RIETVELD method14 with
he data obtained in the [20–100] 2θ◦ Bragg angle interval. The
xperimental conditions used were Cu K� radiation, graphite
onochromator, 40 kV, 30 mA, 2◦ divergence slit, 0.06 detector

lit, step size of 0.02 2θ◦ and 14 s for each step.
UV–vis–NIR spectroscopy (diffuse reflectance) allows the

resence of Cr3+ and Cr4+ in the prepared speciments to be
tudied. A Lambda 2000 Perkin-Elmer spectrophotometer was
sed to obtain the UV–vis–NIR (ultraviolet visible near infrared)
pectra in the 200–1400 nm range.

In order to test their efficiency as violet-purple ceramic pig-
ent, the compositions fired at 1400 ◦C/1 h, 1400 ◦C/24 h and

600 ◦C/1 h were 5% weight enamelled with K2O-ZnO-SiO2
lazes, usual in ceramic tile industry. Glazed tiles were fired for
min at 1085 ◦C for the single-firing glaze in a cycle of 60 min

cold-to-cold).
CIE L*a*b* color parameter measurements,15 conducted

ith a Perkin-Elmer colorimeter using a standard illuminant
, were used to differentiate the samples in terms of color. L*

s the lightness axis (black (0) → white (100)), a* is the green
−) → red (+) axis and b* is the blue (−) → yellow (+) axis. The
easurements were made on powdered samples and on glazed

iles.

. Results and discussion

Cassiterite is the only crystalline phase obtained
n Cr0.005Sn0.995O2 fired sample. Observed color of
r0.005Sn0.995O2 fired composition and CIE L*a*b* color
200 Pink 79.08 2.85 −0.1
300 Pink 74.34 6.07 −3.08
400 Violet 66.71 10.75 −8.82
600 Violet 51.88 12.75 −10.81
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Table 2
Crystalline phases in CrxSn1−xO2 samples fired at 1400 and 1600 ◦C

x 1400 ◦C/1 h 1400 ◦C/24 h 1600 ◦C/1 h

0.002 C (s) C (s) C (s)
0.005 C (s) C (s) C (s)
0.01 C (s), E (vw) C (s) C (s)
0.02 C (s), E (vw) C (s) C (s)
0.03 C (s), E (vw) C (s), E (vw) C (s)
0.04 C (s), E (vw) C (s), E (vw) C (s), E (vw)
0.05 C (s), E (vw) C (s), E (vw) C (s), E (vw)
0.06 C (s), E (vw) C (s), E (vw) C (s), E (vw)

Crystalline phases: C = cassiterite, E = Cr2O3. Diffraction peak intensity:
s = strong, m = medium, w = weak, vw = very weak.
ig. 1. UV–vis spectra of Cr0.005Sn0.995O2 raw sample and sample fired at
00 ◦C (1), 800 ◦C (2), 1100 ◦C (3), 1400 ◦C (4) and 1600 ◦C (5).

00 ◦C (yellow) and Cr(IV) is present in fired samples when
≥ 800 ◦C (pink and violet). In the raw sample, bands around
00 and 470 nm are assigned to Cr3+ in an octahedral site
Cr2O3): 4A2(F) → 4T2(F), first octahedral Cr3+ transition and
A2(F) → 4T1(F), second octahedral Cr3+ transition. In fired
ample at 600 and 700 ◦C, absorption at 390 nm is assigned
o the presence of chromates. When T ≥ 800 ◦C, the location
f maximum absorption is in 550 nm. This absorption band
t 550 nm is assigned to Cr4+ in an octahedral site, according
ith literature.9 The absorption in 550 nm increases when

emperature increases.
◦
From these results, T ≥ 1400 C was established as firing tem-

erature range to obtain violet ceramic pigments in this system
L* < 70, a* > 8, b* < −8).

ig. 2. TG curves of Cr2O3 and CrxSn1−xO2 samples with 0.002 ≤ x ≤ 0.06.

Fig. 3. UV–vis spectra of glazed tiles from CrxSn1−xO2 samples with (1)
x = 0.002, (2) x = 0.005, (3) x = 0.010, (4) x = 0.020, (5) x = 0.030, (6) x = 0.040,
(7) x = 0.050 and (8) x = 0.060 fired at (a) 1400 ◦C/1 h, (b) 1400 ◦C/24 h and (c)
1600 ◦C/1 h.
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For the production of these pigments, Cr2O3 can be used as
recursor. The use of chromates as precursors is not necessary.
hromates are obtained about 600–700 ◦C from Cr2O3. This is

n accordance with results in a previous study.16 In this study
as concluded that chromate amount was not dependent of the

hromium precursor but depends of the allowed reactivity level
nd the reaction media.

Fig. 2 shows the TG curves of CrxSn1−xO2 samples. A
eight increase from 100 to 1250 ◦C is detected in all TG

urve. It could be associated with the oxidation of Cr(III). When
00 < T < 350 and 900 < T < 1300 ◦C, the increase is higher
n CrxSn1−xO2 samples than in Cr2O3. Chromium oxidation
s helped in presence of SnO2. A weight loss in samples
ith x ≥ 0.01 is detected when T > 1250. It can be associated
ith volatilization of chromium or reduction of chromium in

amples.
Table 2 shows crystalline phase evolution with temperature

n CrxSn1−xO2 (0 ≤ x ≤ 0.06) samples. Cassiterite is the only
rystalline phase obtained in these samples fired at 1400 ◦C/24 h
r 1600 ◦C/1 h when x < 0.03 or x < 0.04, respectively. Together
ith cassiterite phase Cr2O3 is detected when x ≥ 0.01 in these

amples fired at 1400 ◦C/1 h, when x ≥ 0.03 in samples fired at
400 ◦C/24 h and when x ≥ 0.04 in samples fired at 1600 ◦C/1 h.
his residual phase masks the violet color in glazed tiles. From
amples fired at 1400 ◦C/1 h and x > 0.02, gray color is obtained
n glazed tiles. Fig. 3 shows representative UV–vis spectra of
lazed tiles from samples fired at 1400 ◦C/1 h, 1400 ◦C/24 h and
600 ◦C/1 h. The increase of absorbance around 600 and 470 nm
hen x > 0.05 (Fig. 3a) is in accordance with the presence of

r2O3 (Cr3+ in an octahedral site) detected by XRD (Table 2).
he absorbance in 550 nm indicates the presence of Cr4+ in all
amples. Higher absorbance at 550 nm from samples fired at
600 ◦C/1 h is detected than from samples fired at 1400 ◦C/24 h

r
d
d
t

able 3
IE L*a*b* color parameters in CrxSn1−xO2 samples

Samples fired at 1400 ◦C/1 h Samples fired at 14

L* a* b* L* a*

.002 68.60 9.99 −8.32 75.28 7.43

.005 66.71 10.75 −8.82 67.72 11.70

.010 66.59 11.10 −8.88 58.94 14.33

.020 65.87 9.85 −7.98 51.99 11.51

.030 66.03 8.64 −7.09 49.22 10.39

.040 65.66 7.93 −6.46 51.65 10.13

.050 65.54 7.25 −5.76 48.37 9.05

.060 65.33 6.74 −5.42 49.04 8.55

Glazed tiles from samples
fired at 1400 ◦C/1 h

Glazed tiles from
fired at 1400 ◦C/2

L* a* b* L* a*

.002 69.87 17.29 −7.69 84.41 4.9

.005 64.63 18.47 −11.43 82.19 7.8

.010 64.96 17.88 −9.15 76.97 11.9

.020 61.53 14.80 −8.09 61.14 18.7

.030 59.72 12.21 −6.52 58.52 17.0

.040 59.55 10.32 −3.87 58.93 16.7

.050 57.39 7.63 −3.71 58.08 14.2

.060 58.27 7.13 −1.70 56.65 12.4
Ceramic Society 27 (2007) 215–221

or 1400 ◦C/1 h) (Fig. 3c). From results, 1600 ◦C/1 h might be
stablished as firing temperature to obtain violet-purple ceramic
igments in this system when x < 0.02. When x ≥ 0.02, it is
bserved that blue component in color of glazed tiles (b*(−))
hanges with fired temperature of samples (Table 3) while red
omponent (a* (+)) is similar from samples fired at 1400 ◦C/24 h
nd in samples fired at 1600 ◦C/1 h. This change of coloration
an be attributed to oxidation of Cr2O3 into glazed tiles.

No appreciable changes are detected in cassiterite unit cell
arameters in CrxSn1−xO2 samples fired at 1400 ◦C/24 h. A
ight decrease of unit cell parameters is detected from these
amples fired at 1600 ◦C/1 h (Fig. 4). It is in agreement with
he replacement of tin by the Cr4+ ion ((r(Sn4+) = 0.69 Å and
(Cr4+) = 0.55 Å from Shannon radii for octahedral coordina-
ion). This fact indicates that solid solutions with cassiterite
tructure are formed. The decrease of the a parameter is smaller
han the decrease of the c parameter. Therefore, a distortion in the
assiterite structure is obtained with these solid solutions. The
ecrease of unit cell parameters is detected when 0 < x ≤ 0.03.
his result and the presence of Cr2O3 as residual crystalline
hase detected by XRD (Table 2) allow to establish the limit of
olid solutions about x = 0.03 from samples fired at 1600 ◦C/1 h.

Table 4 shows crystalline phases detected in
r0.03Sn0.97−yTiyO2 (0 < y ≤ 0.97) samples and their evo-

ution with temperature. From these samples, cassiterite only
hase is obtained when y < 0.485 at 1400 ◦C/24 h. Rutile
nly phase is obtained when y > 0.77 at 1400 ◦C/24 h. Two
rystalline phases with tetragonal structure are detected when
.485 ≤ y ≤ 0.770 in samples fired at 1400 ◦C/24 h. Although

utile is isostructural with cassiterite, because of the great
ifference between Ti4+ and Sn4+ ionic radius, it is possible to
istinguish between the cassiterite phase, rutile phase and the
wo-phase mixture. Fig. 5 shows XRD patterns of samples with

00 ◦C/24 h Samples fired at 1600 ◦C/1 h

b* L* a* b*

−5.13 62.94 12.18 −10.21
−9.37 51.88 12.75 −10.81

−12.03 50.62 11.25 −9.52
−9.66 50.06 9.49 −7.55
−8.69 46.54 9.01 −6.96
−8.44 49.45 7.87 −6.42
−7.71 46.64 7.07 −5.60
−7.20 44.02 6.56 −5.01

samples
4 h

Glazed tiles from samples
fired at 1600 ◦C/1 h

b* L* a* b*

0 8.73 72.74 15.61 −8.12
0 1.87 61.28 19.83 −16.43
5 −0.60 55.80 20.73 −18.43
2 −11.59 52.57 18.93 −19.99
2 −9.14 49.93 16.88 −19.86
4 −7.73 46.49 16.05 −21.86
9 −7.21 50.47 13.46 −20.34
5 −6.07 50.33 13.80 −18.85
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Fig. 4. Unit cell parameters of cassiterite phase for CrxSn

Table 4
Crystalline phase evolution in Cr0.03TiySn0.97−yO2 samples with temperature

y Nominal composition 1000 ◦C/24 h 1400 ◦C/24 h

0.000 Cr0.03Sn0.970O2 C (s), E (vw) C (s), E (vw)
0.020 Cr0.03Ti0.02Sn0.95O2 C (s) C (s)
0.070 Cr0.03Ti0.070Sn0.90O2 C (s) C (s)
0.270 Cr0.03Ti0.270Sn0.70O2 C (s), R (w) C (s)
0.485 Cr0.03Ti0.485Sn0.485O2 C (m), R (w) C (m), R (w)
0.770 Cr0.03Ti0.770Sn0.20O2 R (s), C (w) R (s), C (vw)
0.850 Cr0.03Ti0.850Sn0.12O2 R (s) R (s)
0.970 Cr0.03Ti0.970O2 R (s) R (s)

Crystalline phases: C = cassiterite: (Cr,Sn,Ti)O2 solid solution with SnO2-rich
c
t
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solid solutions.

Fig. 6 shows visible spectra of Cr0.03Sn0.97−yTiyO2
(0 < y ≤ 0.97) samples fired at 1400 ◦C/24 h and visible spectra
omposition. R = rutile: (Cr,Sn,Ti)O2 solid solution with TiO2-rich composi-
ion, E: Cr2O3. Diffraction peak intensity: s = strong, m = medium, w = weak,
w = very weak.

= 0.270, y = 0.485 and y = 0.770 fired at 1400 ◦C/24 h. The
ariation of unit cell parameters with composition confirms the

ormation of two (Cr,Ti,Sn)O2 solid solutions (Table 5). One
f them is (Cr,Sn,Ti)O2 solid solution with SnO2-rich compo-
itions and the another one is (Cr,Sn,Ti)O2 solid solution with

able 5
nit cell parameters of Cr0.03TiySn0.97−yO2 samples fired at 1400 ◦C/24 h

a (Å) c (Å) c/a

.00 4.7372(1)a 3.1864(1)a 0.6726a

.02 4.73401(1)a 3.1823(1)a 0.6722a

.07 4.72848(1)a 3.1735(1)a 0.6711a

.27 4.7022(2)a 3.1531(2)a 0.6705a

.485 4.7016(3)a 3.1574(2)a 0.6715a

4.6542(4)b 2.9651(4)b 0.6371b

.77 4.6273(2)b 2.9639(3)b 0.6405b

.85 4.6158(1)b 2.9603(1)b 0.6413b

.97 4.5970(1)b 2.9584(1)b 0.6435b

a Cassiterite solid solution.
b Rutile solid solution.

o

F
a

1−xO2 (0 < x ≤ 0.06) samples fired at 1600 ◦C/1 h.

iO2-rich compositions. These unit cell parameters decrease
ith composition according to the replacement of a great ion

Sn4+) by a smaller one (Ti4+) when solid solutions are formed.
he contraction of “c” and “a” parameters is observed to be
ifferent. When y increases, the value of c/a ratio decreases in
assiterite solid solutions (y < 0.3) and it increases in rutile solid
olutions (y > 0.5). Phase development and the variation of unit
ell parameters with temperature indicate that an immiscibility
ome is present in (Cr,Ti,Sn)O2 solid solutions at 1400 ◦C.
rom these results it is possible to establish the solubility

imits in y ≈ 0.3 and y ≈ 0.8 for prepared cassiterite and rutile
olid solutions, respectively, at 1400 ◦C. The great difference
etween Ti4+ and Sn4+ ionic radius masks the small variation of
nit cell parameters due to the presence of chromium in these
f glazed tiles from these samples when y < 0.3. In these spec-

ig. 5. XRD patterns Cr0.03Sn0.97−yTiyO2 of samples with y = 0.270, y = 0.485
nd y = 0.770 fired at 1400 ◦C/24 h.
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Table 6
CIE L*a*b* parameters of Cr0.03TiySn0.97−yO2 samples

y Raw sample 1000 ◦C/24 h 1400 ◦C/24 h

0.000 L* = 84.79 L* = 82.42 L* = 49.22
a* = −5.88 a* = 2.42 a* = 10.39
b* = 4.27 b* = 2.63 b* = −8.69

0.020 L* = 85.06 L* = 84.37 L* = 53.52
a* = −4.87 a* = −0.50 a* = 15.09
b* = 3.84 b* = 6.48 b* = −11.53

0.070 L* = 88.42 L* = 84.99 L* = 55.14
a* = −3.99 a* = −0.90 a* = 11.80
b* = 3.52 b* = 8.45 b* = −5.78

0.270 L* = 86.34 L* = 73.65 L* = 54.10
a* = −5.27 a* = 1.08 a* = 6.86
b* = 4.84 b* = 11.17 b* = 16.25

0.485 L* = 88.45 L* = 68.19 L* = 50.62
a* = −4.69 a* = 1.57 a* = 4.16
b* = 3.83 b* = 6.88 b* = 11.16

0.770 L* = 91.42 L* = 59.02 L* = 52.27
a* = −3.81 a* = 3.88 a* = 1.10
b* = 2.08 b* = 13.96 b* = 7.24

0.970 L* = 88.30 L* = 61.39 L* = 51.87
a* = −3.96 a* = 4.51 a* = 0.99
b* = 1.95 b* = 21.40 b* = 5.61

Table 7
CIE L*a*b* parameters in glazed tiles from Cr0.03TiySn0.97−yO2

Sample Color of glazed tiles
with sample addition

L* a* b*

Cr0.03Sn0.970O2 Purple 58.52 17.02 −9.14
Cr Ti Sn O Purple 55.88 16.48 −15.45
C
C

t
s
b
f

4

b
a
t
c
a
t

f
a
r

ig. 6. UV–vis spectra of Cr0.03Sn0.97−yTiyO2 (0 < y ≤ 0.97) samples fired at
400 ◦C/24 h (a) powdered samples and (b) glazed tiles.

ra, the band in 550 nm assigned to Cr4+ in an octahedral site
s detected in samples with y < 0.10 (SnO2-rich compositions).

hen titanium amount increases, a very broad absorption in
50–850 nm range is present in spectra. This broad absorption
s due to the presence of Cr ions in different valence states.9

he incorporation of titanium modifies the crystal field strength
nd Cr4+ is not the dominant dissolved specie in prepared solid
olutions with y > 0.10.

Table 6 shows the variation of CIE L*, a* and b* parame-
ers of raw samples and samples fired at 1000 and 1400 ◦C. In
red samples at 1400 ◦C, green coloration of initial mixtures
hanges to purple coloration when y < 0.10 and to brown col-
ration when y > 0.10. In fired samples at 1000 ◦C, the coloration
s very light. Thus, coloration of prepared materials is purple
hen the predominant specie is Cr4+ (y < 0.10). The best pur-
le color (minimum b* and maximum a*) is obtained in sample
ith y = 0.02. A small increase of Ti/Sn ratio improves the purple

olor but when y > 0.07 the coloration of materials has a tendency

o brown color. From glazed tiles, the best purple color is also
btained when y = 0.02, Ti/Sn = 2.1.10−2 (Table 7). Ti/Sn ratio
eems to influence on the coloration of materials because the
ncorporation of titanium in casiterite solid solutions modifies

b
p
1
s

0.03 0.02 0.95 2

r0.03Ti0.070Sn0.90O2 Violet 58.84 14.32 −7.88
r0.03Ti0.270Sn0.70O2 Brown 59.08 9.66 14.74

he crystal field of SnO2 matrix. The results indicate than compo-
itions about of Cr0.03Sn0.95Ti0.02O2 (Ti/Sn = 2.1 × 10−2) may
e the optimum composition to obtain purple ceramic pigments
rom Cr0.03Sn0.97−yTiyO2 samples.

. Conclusions

CrxSn1−xO2 (0 ≤ x ≤ 0.03) cassiterite solid solutions have
een synthesized at 1600 ◦C/1 h. These materials develop suit-
ble violet-purple colorations that are stable in glazed tiles. Both
emperature and soaking times influence on the development of
oloration in noticeable form. T ≥ 1400 ◦C has been established
s firing temperature range to obtain violet ceramic pigments in
his system.

Two (Cr,Ti,Sn)O2 solid solutions have been characterized
rom Cr0.03Sn0.97−yTiyO2 samples fired at 1400 ◦C/24 h. They
re cassiterite solid solution with SnO2-rich compositions and
utile solid solution with TiO2-rich compositions. It is possi-

le to establish the solubility limits in y ≈ 0.3 and y ≈ 0.8 for
repared cassiterite and rutile solid solutions, respectively, at
400 ◦C/24 h. Purple coloration is only obtained from cassiterite
olid solutions. Ti/Sn ratio seems to influence on the coloration



pean

o
W
b
g

A

E

R

1

1

1

1

1

1

M.A. Tena et al. / Journal of the Euro

f materials prepared from Cr0.03Sn0.97−yTiyO2 compositions.
hen Ti/Sn is small (Ti/Sn = 2.1 × 10−2), purple coloration is

etter than when y = 0.0 (Ti/Sn = 0) in powdered samples and
lazed tiles.
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