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In the present study, a series of far-infrared ceramics were successfully synthesized using vanadium-
titanium slag solid waste and some ordinary minerals as main raw materials with lanthanum (La) as an
additive. The phase composition and microstructure of the prepared samples were characterized by X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM).
Besides, the far-infrared emission and absorption properties of the ceramics were determined via Fourier
transform infrared spectroscopy (FT-IR). The results indicated that the doped La®>* could efficiently
promote the transformation of Fe?* to Fe3*, which decreased crystallite size and increased lattice strain
in the orthopyroxene-like structure. When doped with 9 wt% La, the vibration absorption intensities of
Si—-O-Mg and Si-O-Fe in orthopyroxene's irregular polyhedron and inerratic octahedron sites were
strongest, which consequently contributed to enhanced far-infrared emissivity in 8-14 um wavebands,
reaching as high as 0.927. Moreover, the product exhibited a high bending strength of 30.45 + 0.54 MPa
for the La-doped groups, satisfying the requirement of ISO 13006 standard (>18 MPa). These results
indicated that our prepared La®"-doped vanadium-titanium slag ceramics hold great promise for
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1. Introduction

Far-infrared ceramics, which can spontaneously launch intense
infrared rays at specific wavelengths, are extensively employed
in many advanced fields, such as energy, health care, military
areas, etc., owing to their excellent radiometric force and
permeability.” For instance, far-infrared ceramics have the
ability to energize water activation by stimulating resonance
among water molecules,* which is conducive to penetration,
mineralization, and biochemistry processes in organisms. On
the other hand, a far-infrared ceramic powder has been incor-
porated into low-density polyethylene for the preparation of an
antibacterial packaging material.® In these applications, far-
infrared ceramic exhibits excellent thermal stability, antibac-
terial properties, and good corrosion resistance, as well as high
mechanical strength. Therefore, far-infrared ceramics have
attracted considerable attention in current scientific research
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and technological applications for protecting human health
and saving energy.

Vanadium-titanium slag (VIS) is a type of solid waste from
vanadium-titanium magnetite. With the huge increasing of
industrial production, the management of VIS has become
a tough challenge for environment conservation. The resource
utilization of VTS is becoming a big tendency to solve the
problem of VTS pollution. Over the past few decades, nume-
rous research studies mainly focused on the recovery of
titanium, vanadium, iron, chromium from VTS through various
approaches, including water leaching after NaOH molten salt
roasting,® liquid oxidation technologies,” acidic solution leach-
ing,*® and pressure acid leaching.'® It was also reported that VTS
could be used as a raw material to fabricate a gamma-ray
shielding material,"* sorbents,">** and Ti-rich materials.** To
the best of our knowledge, nevertheless, there is rare work
regarding the application of VTS in manufacturing far-infrared
ceramics. Using VTS to prepare the far-infrared ceramic arises
from the following advantageous factors: compositions and
costs. Firstly, the selected VTS is iron-rich rather than low-
titanium VTS. Fe element presents various valences in the VTS,
and influences crystallization behaviour of special phases, which
plays a role in the infrared radiation properties of the ceramic.™
Additionally, the VTS contains some oxides including SiO,,
Al, 03, Na,0, MgO and CaO, conforming to the composition of
silicate ceramic matrix. Secondly, far-infrared materials derived
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from purified oxides or expensive rare minerals enhance the
production cost, while VTS with cheap price are easily obtained.
Thus, using TVS as a secondary resource for the preparation of
far-infrared ceramic can substantially decrease the production
cost. More importantly, this approach turns wastes into assets.

Rare earths (RE) own the reputation of “industrial vitamin”,
which are extensively used in the field of ceramic in order to
enhance their performances. Furthermore, rare earths play
a critical role in improving the luminescent properties of
materials.'®” Single RE ions doped or co-doped infrared emis-
sion materials have been widely investigated.'®?* Wu et al*
reported an enhancement in infrared radiation properties for
CoFe,0, through single Ce*" doping. Zhao et al.?® studied the
infrared emission from Er’*/Y*" co-doped oxyfluoride glass-
ceramic, and found that intensities of the band emissions at
980 nm and 2730 nm were greatly increased due to the RE co
doping. Zhang et al.”® improved the near-infrared luminescence
attributes of Zn,SnO, ceramic discs with the incorporation of
Eu’'. Previous efforts indicated that RE ions doping would be
a valid way to improve the infrared emission property of mate-
rials. Two main advantages of using RE ions in various systems
are summarized here: (1) the powerful oxidization of RE ions
causes the variation of cationic valences, radius and distribu-
tion, resulting in enhancing lattice distortion and lattice
asymmetric vibration.>*** (2) RE ions tend to occupy lattice or
interstitial site in crystal structure to further introduce internal
defect.>**” In a word, RE ions can effectively break interatomic
equilibrium state so that they have an ability to modulate far-
infrared emission properties of material through above two
effects. From the quantum mechanics viewpoint, whether
single doping or co-doping, the probabilities of multi-phonon
relaxation would be reduced in energy level transition system,
which contributes to promoting far-infrared radiation prop-
erty.”** In our experiment, representative rare earth La was
selected as a dopant in a bran-new VTS ceramic system
considering the following reasons. (1) according to Hund rules,
La with 5d'6s> electronic configuration is apt to lose three
electrons to become La*", displaying strong reaction activities
and stable trivalent state. (2) Considering the lanthanide
contraction effect, La*" has largest ionic radius (0.1061 nm)
among lanthanide elements and the movement of La®* in lattice
structure mostly depends on its large radius. La** may form an
isolating secondary phase in ceramic matrix or dissolve into
particular phases to form solid solution.*® Coincidentally, both
of the aspects are closely associated with far-infrared radiation
performance. Therefore, an in-depth investigation on the far-
infrared emission properties of La-doped VTS ceramic is still
desired.

Hence, in this paper, VIS were chosen as the main raw
materials to prepare the far-infrared ceramic with La doping.
The effect of La element on the far-infrared radiation property
was systematically studied. It is extra noteworthy that compared
with expensive pure materials, our raw materials including VTS
solid waste and other normal minerals used in the work are
more suitable for large-scale production, because of their low
production cost and rich source. Overall, our results revealed
that the as-obtained far-infrared ceramic displayed both high
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far-infrared emissivity and strong bending strength. The aim of
our current study resides in promoting the functional applica-
tion of VTS and accelerating the introduction of VTS into IR
flied.

2. Materials and methods

2.1. Materials

VTS wastes were provided from Pangang Group Company
(Panzhihua, China), and other mineral materials including clay
1, clay 2, dolomite (CaMg(COs3),), aluminum (Al), and sand were
obtained from the Sichuan Baita Xinlianxing Ceramic Co., Ltd.
(Neijiang, China). Table 1 showed the main chemical compo-
sitions of all raw materials tested by X-ray fluorescence spec-
trometer (XRF, XRF-1800, Shimadzu, Japan). Lanthanum nitrate
hexahydrate (La(NO3);-6H,0, =99.5 wt%) was purchased from
Chendu Kelong Reagent Company (Chengdu, China). All other
chemicals were of analytical reagent grade and were used as
received without further purification. All aqueous solutions
were prepared with de-ionized water (D.I. water).

2.2. Preparation of far-infrared vanadium-titanium slags
ceramic

In the present work, La(NOs); were used as dopant, and the
weight percentages of La(NO;); in the experimental group were
3 wt%, 5 wt%, 7 wt%, 9 wt%, and 11 wt%, denoted as La3, La5,
La7, L9, and Lall, respectively; while the control group was
noted as La0 (0 wt%). The formulas of far-infrared ceramic
bodies obtained from orthogonal experiment were presented in
Table 2.

The procedural details of experiment were given below. The
raw materials and dopants were first mixed completely through
wet milling in a high-density nylon pot for 30 min using zirconia
balls using water as grinding medium. The resultant slurry was
screened via 104 pm sieve, dried at 110 °C, powdered to crush
the agglomerate, homogenized with 7-9 wt% water for pelleting
(granules size around 1 mm). The humidified granules were
pressed at 50 MPa into 40 x 6 x 5 mm strip body, and subse-
quently dried at 110 °C for 2-3 h. The sintering process involved
in a step-by-step heating and cooling approach as follows: (1)
ceramic body was put into a muffle furnace (SX-G03163, Tianjin
Zhonghuan Lab Furnace Company, China) and heated from
room temperature to 300 °C for 2 h to remove the residual
moisture. (2) Then the temperature was slowly raised to 800 °C
with heating rate of 2.5 °C min~". (3) The temperature was
continually elevated to 1100 °C for 2 h and just kept for 5 min,
and then naturally cooled to room temperature to obtain the
far-infrared ceramics. The prepared ceramics were crushed into
fine powder with the help of an agate mortar for material
characterization.

2.3. Characterization

The crystalline phases of the as-obtained samples were exam-
ined by X-ray diffraction analysis (XRD, Empyrean, PANalytical
B.V, Netherlands) using graphite monochromatized Cu Ko
radiation (A = 1.54056 A). The diffraction angles (26) were set

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27935j

Open Access Article. Published on 28 February 2017. Downloaded on 1/14/2026 10:36:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

between 10° and 60° with an incremental step size of 0.02°. The
phase identification was achieved by comparing the sample
diffraction pattern with standard cards in ICDD-JCPDS data-
base. The elemental states of Fe ions were characterized by X-ray
photoelectron spectroscopy (XPS, XSAM800, Kratos, UK) and
the spectral deconvolution was conducted using the XPSPEAK
software (Version 4.1). The microstructure and elemental
analysis of the samples was examined by scanning electron
microscope (SEM, JSM-7500F, JEOL, Japan) equipped with X-ray
energy dispersive spectrometer (EDS). All samples were coated
by gold for 1 min before SEM observation.

2.4. Far-infrared absorption and emission properties
evaluation

Fourier transform infrared spectra of these VTS ceramic
powders were recorded on an infrared spectrometer (FT-IR,
NEXUS 670, Thermo Electron Corporation, USA) detected in
the form of pellets (KBr pellet). The spectra were recorded from
400 cm ™' to 1600 cm ™', The far-infrared emissivity of samples
in 8-14 um wavebands was tested by an FT-IR emission tester
(Bruker 80V, Bruker, Germany).

2.5. Physical performances tests

The strip samples were reserved for the physical performance
test. The linear shrinkage (LS%) was calculated by the formula
of LS = (L, — Lp)/L, (L, = initial length of ceramic body before
sintering, and L;, = final length of ceramic after sintering). The
water absorption (WA%) were measured according to the ISO-
EN 10545-3 standard. Samples were vacuumized for 30 min
and soaked in D.I. water for 15 min. The values of water
absorption were calculated using the equation of WA = (M, —
M,)/M,, where M, is the initial weight of ceramic, and M,
denotes the ceramic weight after soaking. The bending strength
(BS) was tested through a universal material testing machine
(XDL-50000N, Xinhong Test Factory, Jiangdu, China) with the
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loading rate of 12 mm min'. Three pieces of samples were
used to improve the statistics. All quantitative data expressed as
mean =+ standard deviations were derived from experiments.

3. Result and discussion

3.1. XRD analysis

The chemical compositions of the slag and mineral raw mate-
rials were examined by XRF. It was clear in Table 1 that these
raw materials from different batches contained nearly identical
inorganic components including SiO,, Al,O3, Fe,03, TiO,, CaO,
MgO, K,O and Na,O, although there were some tiny differences
in the amount, indicating the good quality consistency of all raw
materials. We first performed powder XRD analysis to identify
the crystalline phase of these ceramics after sintering as shown
in Fig. 1. It could be seen that as-prepared samples were
predominantly consisted of quertz (SiO,, JCPDS no. 79-1906)
and orthopyroxene (Cag.043Mgo.254F€0.703)(MEo.896F€0.104)[S1206),
(JCPDS no. 86-0162), coupled with anorthite (Nag45Cags3-
Al, 5,Si5 45, JCPDS no. 85-0878), iron titanium (FegTiO;5, JCPDS
no. 24-0072) and lanthanum oxide (La,Os, JCPDS no. 83-1349)
as minor phases. Comparing doped groups with the undoped
counterpart, the obvious diffraction peaks of La,O; indicated
that La®" formed isolating crystalline phases during sintering
process. The sharp typical diffraction peaks of orthopyroxene
implied good crystallinity with the augment of La amounts. The
variation of orthopyroxene's crystallite size was further calcu-
lated according to Debye Scherrer's formula:***>

K
" Bcosb

where D is the crystallite size (nm), & is the shape factor (k =
0.89), A is the X-rays wavelength (A = 1.54056 A), 0 is Bragg
diffraction angle (°), and g is the full width at half maximum of
an estimated peak (rad). The result of crystallite sizes in various
planes and their averages (D) are shown in Table 3.

Table 1 The main chemical compositions of the different batches of the slag and mineral raw materials acquired from XRF (wt%)

Raw material Sio, Al,O3 Fe, 03 TiO, Cao MgO K,O Na,O
Test 1 VTS 17.16 3.70 40.06 10.35 2.41 1.92 0 6.51
Clay 1 59.85 25.49 1.36 1.16 0.19 0.78 3.13 0.28
Clay 2 68.29 18.16 1.22 0.79 0.69 1.28 2.76 0.30
Dolomite 5.35 1.65 0.80 0.06 38.10 11.53 0.85 0.01
Aluminum 42.71 33.01 2.40 4.76 1.39 0.47 0.30 0.52
Sand 83.91 8.81 0.60 0.27 0.35 0.14 1.98 0.66
Test 2 VTS 16.75 4.20 42.10 9.46 1.51 1.44 0.05 7.02
Clay 1 56.91 24.56 1.79 1.08 0.09 0.53 4.31 0.10
Clay 2 72.32 16.29 0.85 0.32 0.51 2.34 4.02 0.38
Dolomite 6.79 1.97 0.52 0.02 40.33 10.87 1.45 0
Aluminum 39.56 29.47 1.03 6.79 0.84 0.33 0.11 1.04
Sand 85.03 7.79 0.21 0.45 0.09 0.42 3.02 0.40
Test 3 VTS 18.03 3.25 43.01 11.27 2.79 2.65 0 5.98
Clay 1 61.17 26.79 2.02 0.94 0.31 0.66 4.22 0.15
Clay 2 69.93 16.94 1.91 0.52 0.83 2.09 2.35 0.20
Dolomite 5.69 1.84 1.12 0.03 40.95 12.34 0.94 0.01
Aluminum 43.25 30.98 1.94 6.34 1.71 0.50 0.19 0.86
Sand 82.62 9.03 0.72 0.55 0.18 0.39 2.25 0.43

This journal is © The Royal Society of Chemistry 2017
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Table 2 Original formula of far-infrared ceramic bodies (wt%)
Total amount of
Sample La(NO;); VTS clay (Clay1: Clay2 =1:1) Dolomite Aluminum Sand
La0 0 20 50.00 11.0 4.0 15.0
La3 3 19.4 48.5 10.67 3.88 14.55
Las 5 19.0 47.5 10.45 3.80 14.25
La7 7 18.6 46.5 10.23 3.72 13.95
La9 9 18.2 45.5 10.01 3.64 13.65
Lall 11 17.8 44.5 9.97 3.56 13.35
v Table 3 Crystallite sizes of orthopyroxene on various planes
V Quartz
& Orthopyroxene Code D314 Dazo D02 D502 (nm)
o Anorthite
« TIron titanium La3 59.457 21.594 43.327 24.995 37.343
,; v L] + Lanthanum oxide Las 54.978 23.606 25.870 30.859 33.828
o H* e 0 & La7 26.582 21.421 33.370 37.065 29.609
oe
ot 4 YV Ve o *Lall La9o 42.472 20.715 30.542 21.342 28.768
? A A Lal1l 37.334 24.982 29.349 25.077 29.186
& | ‘ La9
[T W WAURIPY, VAN A
L] NMI/‘W \/,L\M\_vf\wf\jww\m Moo ALiaS|
- AN e mees” A . . .
jﬁ ) peak area ratio of Fe**/Fe®" was gradually increasing from 1.30 to

2Theta (degree)

Fig. 1 XRD patterns of vanadium-titanium slags ceramic doped with
different La contents.

It could be found that D descended firstly and then
rebounded mildly, reaching its minimum (28.768 nm) when
doping 9 wt% La. This result has a certain correlation with the
far-infrared emissivity of samples. The decrease of average
crystallite size might cause from the addition of La**, and the
main reason for the change of average crystallite size was that Fe
elements were oxidized by La** transforming from Fe®" to Fe*",
and then entered into orthopyroxene's structure." Given that
the radius of Fe** (0.0645 nm) is smaller than that of Fe** (0.078
nm), the shrinkage of unit cell volume was inevitable.

3.2. XPS spectra with high resolution of Fe2p

To confirm the predication that Fe®>* was oxidized to Fe*" by La*",
the high-resolution XPS spectra of Fe2p for La0, La7, La9 and
Lall were presented in Fig. 2. The Fe2p spectrum exhibited
a doublet at approximate 710.0 eV and 722.5 eV, which was
consistent with the published work.**** The overlapped peaks of
Fe®" and Fe®" were resolved by XPSPEAK software, and the test
curves were divided into four parts corresponding to the peaks of
Fe*" (Fe2py,, = 723.2 + 0.5 eV and Fe2p;,, = 710.4 + 0.3 eV) and
Fe** (Fe2py, = 721.0 & 0.4 eV and Fe2p;, = 707.9 £ 0.3 eV).
Simultaneously, the peak area of corresponding valence could be
automatically generated by XPSPEAK software, and the calcu-
lated peak area ratio (Fe** area/Fe”" area) of the each sample had
been marked in the spectra. It could be intuitively found that the

13512 | RSC Adv., 2017, 7, 13509-13516

2.11 with the La concentration varying from 0 wt% to 11 wt%.
Because of a positive correlation between the content and the
peak area per Gaussian-Lorentzian function, we might
safely draw a conclusion that the content ratio of Fe**/Fe** was
improved as the increasing of La doping. It demonstrated that
the powerful oxidization of La*" could strengthen the
transformation of Fe*" to Fe*", which provided a proof for the
conjecture of XRD analysis.

24,35

3.3. SEM analysis

The SEM micrographs of all samples were presented in Fig. 3,
where Fig. 3(A) and (B) were element information derived from
EDS. Evidently, the fractured surface of ceramics appeared to be

La7 - B

Intensity (a.u)
Intensity (a.u)

Fe!' :Fel =1.96:1

Fe2p ,

730 725 720 715 710 705 730 725 720 715 710 705

Binding Energy (eV)
e’ Fe2p

Lall Fe' e

Fe2p ,

Intensity (a.u)
Intensity (a.u)

Fe :Fe =2.02:1 ‘de‘”
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Fig. 2 XPS high resolution spectra of Fe2p peaks in La0, La7, La9 and
Lall ceramic powders.

This journal is © The Royal Society of Chemistry 2017
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Fig.3 SEM micrographs of vanadium—titanium slags ceramic samples
(La0-Lall), and EDS spectra of representative 9 wt% La-doped
sample. (A) The red circle was marked for granular phase, and (B) the
blue box was marked for ceramic matrix.

relative smooth. The significant distinction between non-doped
one and the doped groups was that some granular phases with
submicron level were dispersed in original amorphous ceramic
matrix, and the amounts of granular phases were mounting with
the increasing of La content. In consideration of XRD results and
EDS consequences in Fig. 3(A) and (B), the granular phases
containing La could be verified to be La,O;. The EDS results
conducted on granular phase (A) and ceramic matrix (B) sug-
gested that elements of Fe, Ca, Mg were concentrated in La,O;
phases. These concomitant elements were identical with the
main compositions of orthopyroxene. The results illustrated that
there was a tight connection between La,O; and orthopyroxene.

The movement process of La*" was shown in Fig. 4. The
evolution of La,0; could be detailed as follows: the foregoing
consequence showed that the La®* primarily entered into
orthopyroxene. Then La*" would migrate into its crystal struc-
ture or interstitial site, giving rise to internal defects. With
increment of La dopant, the vacancy and interstitial site in
orthopyroxene would be filled as far as possible. Redundant La
ions had a tendency to diffuse toward grain boundary.** Once
the limitation of energy barriers was overcome, the excrescent
La’>" would separate out of orthopyroxene, and La,O; was

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The proposed motion of La®* in the VTS ceramics.

generated around grain boundary, resulting in the junction of
La,0O; and orthopyroxene. It suggested that the excess La,O;
phases might hamper the formation of orthopyroxene phases,
because the competition for crystal nucleation and growth
between La,O; and orthopyroxene was inevitable. To summa-
rize, the effect of La was prone to a balance between generating
crystal defect and limiting the development of sosoloid.

3.4. Local microstructure analysis

To further explore the impact of cation distribution on the
microstructure of orthopyroxene, the results from XRD, XPS and
SEM were analysed together. Based on the equation of
Ar=(ry — rb)/ra(ra > rb)a36
where r, and r, denote the two ionic radius. The Ar between Fe**
and Mg”* (0.072 nm) is 10.42%, and Ar between Fe*" and Mg**
is 7.7%, and the value between Fe** and Ca** (0.1 nm) is 22%.
From the standpoint of crystal stability, the formation condi-
tion of continuous solid solution is Ar under 15%, and that of
substitutional solid solution is Ar ranging from 15% to 30%. In
this case, Fe’", Fe** and Mg>" can mutually displace, and Fe**
and Ca’* ions enable to replace each other conditionally.
Thereby, the formation of orthopyroxene-like solid solution
(Ca;_x_yMg,Fe)) (Mg;_.Fe,)[Si,O] is feasible.

It is well-known that orthopyroxene belongs to orthorhombic
system and possesses pyroxene-type construction (XY[Si,Og]). In
XY[Si,O¢], larger cation X (six coordination) tends to occupy
irregular polyhedron sites (A-site), and smaller cation Y (eight
coordination) is inclined to enter into inerratic octahedron sites
(B-site).*”*8 In detail, because of the restriction of coordination
polyhedron and the selection of potential energy, the smaller
Fe®* ions was much easier to move into B-site than larger Fe**
ions. Due to the powerful oxidization of La®*, the content of Fe**
would be reduced drastically, whereas Fe*" gradually increased
and occupied the main position in the B-site. It meant that

RSC Aadv., 2017, 7, 13509-13516 | 13513
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Fig. 5 Alteration of orthopyroxene's lattice strain and crystallite size
with different La doping.

lattice distortion from shrinkage of the unit cell might be
introduced. To quantify the degree of its lattice distortion, the
lattice strain of orthopyroxene was analysed via the Williamson-
Hall equation:*

kA .
B cos f = B+4esm6’

where ¢ is the lattice strain, and other parameters referred to the
calculation of crystallite size. The XRD data between 4 sin 6 (x-
axis) and @ cos 6 (y-axis) fits straight line and its positive slope
represents the lattice strain (¢). As seen in Fig. 5, the value of
lattice strain reached its maximum (0.27%) when doping 9 wt%
La, corresponding to the smallest crystallite size (28.768 nm).
The rising trend of the lattice strain was synchronized with the
downtrend of crystallite size, and vice versa. In the range of 3-9
wt% doping, Fe*" played a dominant role in lattice distortion
and leaded to a decrease of atoms order degree. Simultaneously,
it should not be ignored that a part of La ions dissolved into
orthopyroxene, which also made a contribution to the increased
lattice strain. Nevertheless, lattice strain fell back to 0.24%
when doped contents reached 11 wt%. Based on SEM analysis,
it seemed to be that the excessive second phase (La,0;) around
crystal boundary would inhibitthe growth of orthopyroxene-like
phases and reduce its lattice strain. It has been reported that the
lattice strain of materials is of great relevance to the infrared
radiation property.*>*

3.5. Infrared absorption spectra

Fig. 6 showed the FT-IR spectra of the samples in the range of
400-1600 cm ™ *. There were two broad absorption bands », and
v, in the range of 400-1600 cm™ ' wavenumber. These bands v,
and v, were ascribed to the stretching vibration of multifarious
bridge bonds in A- and B-site, respectively. Combined with the
analytic results of local microstructure, the existence of a large
number of Fe** ions in B-site might push Mg®* and Fe** ions
towards A-site. On account of being oxidized, the influences of
Fe”* seemed to be small, even negligible in A-site. Meanwhile,
the larger Ca®" originally tended to occupy A-site, which should
not alter the original mode of interatomic vibration.*® Mg>" and
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Fig. 6 IR spectra of vanadium—titanium slags ceramic samples doped

with different La contents.

Fe*" were considered as newly-introduced ions to substitute for
quondam ions in the A-site and B-site respectively, which
necessarily affected the stretching vibration of conterminal Si-
0. Thus, the band »; at 1080 cm ' might be linked with the
bridging vibration of Si-O-Mg in A-site, and the band v, at 465
cm~ ' was related with the bending vibration of Si-O-Fe in B-
site.*>** These bridge bonds were crucial to infrared properties.

In general, with the addition of La, the alterations of cations
distribution in A-site and B-site decrease the metal-oxygen
bond lengths, enhance the lattice asymmetric vibration, and
ultimately increase IR absorption vibration intensity of
sample.® As for La9 group, the absorption vibration of Si-O-Mg
in A-site and Si-O-Fe in B-site were strengthened greatly.

According to the kirchhoff's law of thermal radiation, the
ratio of emissivity and absorption is irrelevant to property of
substances, which is the universal function of temperature and
wavelength. It shows a positive correlation with the absorption
coefficient.” In brief, the superior absorption ability means the
excellent emission capacity, and the position of vibration
absorption is just the location of radiation release. The basic
reason on the improvement of the far-infrared absorption
properties of materials derived from appropriate doping, which
strengthened the infrared radiation capabilities of materials
synchronously.

3.6. Far-infrared emission property

Infrared emissivity is significant to evaluate the infrared emission
property, especially in the wavelength range of 8-14 pm.*® The
average infrared emissivity of all samples in the 8-14 pm wave-
length range was listed in Fig. 7. It witnessed an evident increase
in the far-infrared emissivity with the doping La from 0 wt% to 7
wt%, reaching the maximum (0.927) at 9 wt%. Then, it decreased
dramatically to 0.916 for Lall sample. The infrared emission
spectrum of La9 was displayed in the upper left inset of Fig. 7.
Because the highest emissivity was 0.927, the as-prepared
ceramics belonged to the category of high far-infrared

This journal is © The Royal Society of Chemistry 2017
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emissivity materials, based on the comparison with reported
studies.®** Our experiments demonstrated that infrared
emission properties could be effectively stimulated by appro-
priate La additives, and the optimal doped amount of La for the
specimen was 9 wt% in this work. The generation of high far-
infrared emissivity resulted from oxidation of Fe*" to Fe*" by
La**, which caused alteration of cations distribution in A-site and
B-site, leading to the shrinkage of unit cell and lattice strain.
From Fig. 5 and 7, it was worthy to note that the IR emissivity was
changed from 0.854 to 0.927 (increased by 7.1%) as the reduction
of crystallite size of orthopyroxene from 37.343 nm to 28.768 nm
and the increasing of its lattice strain from 0.21% to 0.26%. The
severer lattice strain is and the lower lattice vibration symmetry
has. When the lattice strain achieved the maximum, the vibration
intensity of Si-O-Mg and Si-O-Fe in A-site and B-site were
strongest. Thereby, the sample displayed the greatest far-infrared
emission properties. The profound reasons might was attributed
to aggrandizing the lattice asymmetrical vibrations, and largely
changing the dipole matrix, and improving the impacts of
a harmonic oscillation of polar lattice and phonon coupling,
and promoting the action of phonon combination radiation.'®*®
Hence, the far-infrared radiation property was strongly strength-
ened in our prepared La-doped VTS ceramics.

3.7. Physical properties

The linear shrinkage (LS%), water absorption (WA%), and
bending strength (BS) were further measured. As reported in
Table 4, the LS% of all experimental and control ceramic
samples of was around 1.6% within a controllable range, and
the bending strength of the all samples was higher than 25 MPa.
According to ISO 13006 standard-Group BIIL, (6% < WA% <
10%), this kind of far-infrared ceramic meets the requirement
of ISO 13006 standard (>18 MPa). It was noted that bending
strength of the doped groups was slightly higher than that of
pure VTS ceramics, and it peaked at 30.63 MPa for Lal1l group.

Form XRD analysis, we could see that the quartz and anorthite
phases were co-existed in as-burnt production. The chemical
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Table 4 The physical properties including linear shrinkage, water
absorption, and bending strength of ceramics

Sample LS% WA% BS (MPa)

LO 1.62 £ 0.10 6.75 & 0.55 26.38 + 2.43
L3 1.59 + 0.05 6.50 + 0.84 28.91 + 1.04
L5 1.66 + 0.04 6.49 + 0.58 29.57 + 3.27
L7 1.63 + 0.09 6.58 + 0.87 30.47 + 3.70
L9 1.65 £ 0.12 6.61 & 0.72 30.45 + 2.28
L11 1.66 + 0.06 6.63 + 0.34 30.63 + 2.25

structure of quartz is stable, and the anorthite possessed high
mechanical strength and low sintering temperature. The exis-
tences of quartz and anorthite phases would ensure the funda-
mental physical strength and chemical stability of the ceramics.
From the SEM images, the doped production with smoother
fracture surface displayed more glass phase during sintering. The
addition of La could accelerate the rate of mass transfer and
facilitate the densification process of ceramics.* Moreover, the
dispersive distribution of La,O; phase also contributed to the
augment of bending strength via crack deflection toughening.
When cracks extended to the surface of dispersive granular
phases (La,O3), the direction of cracks propagation would deflect
and slope, which could enhance energy consumption of crack
propagation and improve toughness. Consequently, these factors
jointly contributed to the higher bending strength of doped
groups, especially for Lall samples.

4. Conclusions

In conclusion, VTS has been successfully used as a secondary
resource for the preparation of far-infrared ceramic doped
with 0-11 wt% rare earth La. The effect of doped La on the far-
infrared radiation properties of VTS ceramics have been
studied detailedly. When doped with 9 wt% La, the VTS
ceramics possessed the best far-infrared radiation attribute,
and its emissivity reached 0.927. Our finding showed that La**
ions made Fe®" oxidize to Fe*" in the orthopyroxene-type
phases, causing the shrinkage of its unit cell volume. Simul-
taneously, La** dissolved into orthopyroxene-type phases to
form solid solution with a complex structure. The superposed
effects of La®* work together to cause lattice distortion and
improve the vibration of two bridge bonds Si-O-Mg and Si-O-
Mg, which ultimately result in the enhancement of the far-
infrared emission properties of VTS ceramics. Despite of the
uncontrollability of vast quantities for mineral raw materials,
this study may provide some suggestive guidance for the bulk-
production of far-infrared ceramics and the resource utiliza-
tion of VTS.
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