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h i g h l i g h t s
� Mn: CaF2 ceramics were fabricated by hot pressing method.
� The sintering temperature affected densification and microstructure.
� Mn: CaF2 ceramic sintered at 900 �C showed excellent optical properties.
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a b s t r a c t

5 at.% Mn: CaF2 nanoparticles were used to fabricate transparent Mn: CaF2 ceramics by hot pressing
method at the sintering temperature varying from 700 �C to 1000 �C. The microstructure and optical
transmittance of the samples were characterized by FE-SEM and UVeVis-IR spectrophotometer. It was
found that the average grain size of Mn: CaF2 ceramics increased with the increase of sintering tem-
perature, whereas the relative density firstly increased and then decreased. The highest density of Mn:
CaF2 ceramic reached 99.13% at 900 �C, and its average grain size was about 1.95 mm. The best in-line
transmittance was at 900 �C, with transmittance being about 51.49% at 640 nm and 90.2% at
2000 nm, respectively. The excitation and emission spectra of Mn: CaF2 ceramic were also measured and
discussed.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Thermoluminescence (TL) materials have been widely used to
measure absorbed radiation doses in the areas of clinical, personal
and environmental monitoring [1e3]. In the TL processes [1], solid-
state inorganic materials produce electronehole pairs after being
irradiated by some kind of radiation such as X-rays, gamma rays,
beam of electron and cosmic rays, etc. The electrons and holes are
separately trapped at defects, creating a metastable state. When
these materials are heated, trapped electrons can be de-captured
and entrapped in the hole traps, which causes a light emission by
means of electronehole recombination.
Calcium fluoride (CaF2) has gainedmuch attention in the field of

thermoluminescence materials, because it has a wide-spread en-
ergy band gap values in the range 10e11 eV [4,5]. As a result,
probability of the electron re-trapped or de-trapped range is high,
whenever ionizing radiation interacts with them. Furthermore, it
exhibits a face-centred cubic lattice which can accept many im-
purities such as transition metal or rare-earth metal ions so that
basic dosimetric properties (i.e. sensitivity, dose response, fading,
etc.) can be improved. CaF2 doped with different impurities such as
Dy [6], Tm [7], Eu [8] and Mn [9] have been extensively studied
earlier. Among these materials, Mn: CaF2 is the most suitable ma-
terial for environmental dosimetry and is commercially available as
a TLD-400 from Harshaw Chemical Company [10,11]. It shows a
high sensitivity and linear response to the radiation dose in an
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Fig. 1. XRD patterns of Mn: CaF2: (a) nanoparticle; (b) 900 �C HP-sintered ceramic.
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extremely wide range of doses, from 0.5 mGy to about 103 Gy [12].
Besides, it has a single thermoluminescence peak about 260 �C
which is very stable at room temperature. Owing to the advantages
described above, Mn: CaF2 seems to be of great importance to
investigate.

Recently, most reports about Mn: CaF2 are either on poly-
crystalline powder [13] or single crystal [14], but there are only a
few reports on Mn: CaF2 transparent ceramics. Transparent ce-
ramics are of great interest, because its extended advantages over
single crystals: larger doping concentration with controllable dis-
tribution in the material volume, scalability to large size, low
fabrication cost, goodmechanical and thermal properties [15,16]. In
addition, S.G. Singh et al. [17,18] had found that Mn: CaF2 trans-
parent ceramics had superior luminescence properties at relatively
higher temperatures than the single crystal, and a better sensitivity
to lower doses of gamma than the polycrystalline powder samples.
Unfortunately, the obtained Mn: CaF2 transparent ceramic showed
a relatively low transmittance which was about 50% above 800 nm
and 64% at 2000 nm. It is necessary to fabricate Mn: CaF2 trans-
parent ceramics with better optical properties for practical
application.

In the present study, Mn: CaF2 ceramics were fabricated by hot
pressing method at different sintering temperatures. The micro-
structure, relative density, optical transmittance and photo-
luminescence spectrum were investigated. Therefore, our findings
provide an optimal sintering condition to improve the trans-
mittance of Mn: CaF2 ceramics.

2. Experimental

2.1. Nanoparticle synthesis

Mn: CaF2 nanoparticles were synthesized by co-precipitation
method. The starting materials hydrate calcium nitrate (99.9%),
manganese (II) chloride tetrahydrate (99.9%), and hydrate potas-
sium fluoride (99.9%) of analytical (AR) grade were used as received
without further purification. The weights of these reagents were
determined according to the chemical formula Ca0.95Mn0.05F2.
Firstly, a certain amount of Ca(NO3)2$4H2O and MnCl2$4H2O were
dissolved in the deionized water to make a 1 mol/L cationic solu-
tion. The same molar concentration of KF aqueous solution was
added dropwise to the cationic solution at the rate of 6 ml/min
while stirring continuously for 30 min. The mixture aqueous so-
lutionwas stayed for 3 h at room temperature for completion of the
reaction. Then the obtained precipitates were centrifuged at
11000 rpm for 10 min and washed several times with deionized
water. Finally, the products were dried at 80 �C for 24 h in an oven
and lightly crushed in an agate mortar.

2.2. Ceramics fabrication

The Mn: CaF2 transparent ceramics were fabricated by hot
pressing method. The nanoparticles were filled into a high density
graphite mold (inner diameter: 16mm)without any treatment, and
sintered at 700 �C, 800 �C, 900 �C and 1000 �C respectively in a
vacuum environment under uniaxial pressure of 30 MPa. The
heating rate was 10 �C/min and the soaking time was 1 h. Finally,
the ceramic samples were mechanically mirror polished on both
surfaces for microstructural and optical characterizations.

2.3. Measurements

The nanoparticles and ceramic sintered at 900 �C for 1 h were
characterized for the phase identification by X-ray diffraction (XRD,
D/Max-RB, Rigaku, Tokyo, Japan) measurement using Cu Ka
radiation source (l¼ 1.54056 Å). The 2q for all data ranged from 20�

to 80� with a step size of 0.02�. The surface morphology of nano-
powders was observed by Field-emission Scanning electron mi-
croscope (FE-SEM, HitachiS4800, Tokyo, Japan) which was also
used to measure the microstructure of the fracture surface of ce-
ramics sintered at different temperatures. The average grain size
was measured from the SEM pictures using the Nano measurer
software. The relative densities of ceramics were measured by
Archimedes method with the theoretical density of the doped
sample as 3.201 g/cm3. The optical transmittance of Mn: CaF2
transparent ceramics with a thickness of 2 mm, was measured by a
spectrophotometer (Lambda 750, PerkinElmer, USA). The excitation
and emission spectra of Mn: CaF2 sintered at 900 �C were recorded
using a spectrofluorometer (FLS920, Edinburgh, UK) with a 900 W
Xenon lamp as the excitation source. All measurements were per-
formed at room temperature.
3. Results and discussion

The XRD patterns of Mn: CaF2 nanoparticles and ceramic sin-
tered at 900 �C for 1 h are presented in Fig. 1. Compared with
standard XRD patterns (PDF#35e0816), all the peaks can be well
indexed to a cubic phase (fluorite-type structure) of CaF2 and there
are no any second phase appeared. The result indicates that the
structure of CaF2 was not altered by doping with Mn2þ ions. It can
be clearly seen that the full width at half maximum (FWHM) of the
ceramic sintered at 900 �C was much narrower than the powder,
and its diffraction peak intensity was stronger which demonstrated
an increase of crystallinity after sintering. The crystallite size of the
nanoparticle was calculated using the Scherrer equation:

L ¼ 0.89l/[D(2q) � cos(q)] (1)

Where l is the diffractometer wavelength, 2q is the position of the
peak and D(2q) is the peak width at half maximum, corrected from
the instrumental broadening. The average size of Mn: CaF2 nano-
particles was about 28 nm.

Fig. 2 shows the SEMmicrograph of the Mn: CaF2 nanoparticles.
The Mn: CaF2 nanoparticles exhibited nearly spherical morphology,
which possessed good homogeneity in a large scale accompanied
with a certain extent of agglomeration. The average particle size
observed by SEM was about 40 nm, which was larger than the



Fig. 2. SEM image of the Mn: CaF2 nanoparticles.
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average size calculated from XRD patterns. This result may be
caused by nonideality of real crystals (defects, difference of the
chemical composition of the surface layer, etc.) and aggregation
processes [19]. These nanocrystalline powders showed good dis-
persibility and were useful for the preparation of high quality Mn:
CaF2 transparent ceramics.

The microstructures of Mn: CaF2 ceramics sintered at different
temperatures are shown in Fig. 3. When the sintering temperature
rised from 700 to 1000 �C, the distinctive changes were the grain
Fig. 3. SEM images of the fracture surface of Mn: CaF2 ceramics sintered at (a) 700 �C,
(b) 800 �C, (c) 900 �C, (d) 1000 �C; (e) EDS spectrum from the square box 'A0 in (c), (f)
EDS spectrum from the square box 'B0 in (d).
size and the number of pores. In general, densification works
through particle rearrangement and plastic flow at the particle
contacts at the initial stage of sintering [20]. As shown in Fig. 3(a),
some particles yielded plastically at their contact points and its
contact area increased by neck growth. Therefore, large agglom-
erate pores, some small grains without clear grain boundaries and a
loose structure can be observed. It indicated that the sample was
insufficiently sintered and had a lower density which was sup-
ported by the relative density value of 85.45% displayed in Fig. 4. At
the intermediate stage of sintering (Fig. 3(b)), large pores were
eliminated from the pore channels to grain boundary and the grain
size increased mainly through grain sliding. A relatively well
developed microstructure and fewer residual pores can be
observed in Fig. 3(b). At the last stage of sintering, matter can be
transported along the grain boundaries onto the surface of the
spherical voids, thereby enhancing grain growth [21]. When the
sample was sintered at 900 �C, no obvious pores can be observed at
the grain boundaries or inside the grains (see Fig. 3(c)). Besides, the
structure became more compact and much denser composed of
grains with uniform size. Both intergranular and transgranular
fracture features can be observed in Fig. 3(b) and (c), and inter-
granular fracture was the leading fracture mode. Increasing the
sintering temperature up to 1000 �C, grain growth rate accelerated,
leading not only to a larger average grain size but also to the for-
mation of intragranular pores. And intragranular pores are hard to
be removed and have a bad effect on the optical transmittance of
ceramics, because residual pores are widely known as strong light-
scattering centers.

The EDS spectra were used to analyze the elements in the
selected areas, and the results are shown in Fig. 3(e) and (f). For the
main phase the elements Ca, Mn, and F were found by EDS detec-
tion, whereas the extra element O is observed in Fig. 3(f), and the
manganese content remarkably increases. It is supposed that
manganese oxides formed at grain boundaries and falled out of the
solid solution as the secondary phase at higher temperature [22].
The impurities were generated due to the diffusion of oxygen at
higher temperature [23]. The oxygen was maily from the decom-
position of residual nitrate radical in nanopowders. So the pre-
cipitates should be washed several times to eliminate nitrate
radical as possible. Sils et al. [22] reported that the formation of
oxide phase(s) would depend on the temperature and time. As a
result, the fabrication of Mn: CaF2 transparent ceramics should be
at an appropriate sintering temperature to prevent the oxidation of
manganese. Moreover, the heating rate should be controlled to
Fig. 4. Relative density and average grain size of Mn: CaF2 ceramics sintered at
different temperatures.



Fig. 6. In-line transmittance spectra of Mn: CaF2 ceramics sintered at different tem-
peratures for 1 h (2.0 mm thickness).
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ensure the sufficient pore elimination.
The influences of sintering temperature on the densification and

grain growth were analyzed by the density and grain size mea-
surements (Fig. 4). The average grain size was measured by the
linear intercept method [24], it was found to be 0.96 mm, 1.80 mm,
1.95 mm and 1.98 mm for the sintering temperatures of 700 �C
800 �C, 900 �C and 1000 �C, respectively. As the temperature
increased from 700 �C to 800 �C, the relative density of the spec-
imen increased rapidly, from 85.45% to 97.01%. The sharp densifi-
cation rate occurred because plastic deformationwas the dominant
mechanism in this process. It is an instantaneous densification
mechanism and is related to significant volume shrinkage [25]. The
relative density increased slowly with the increasing of tempera-
ture above 800 �C, and reached amaximum of 99.13% at 900 �C. The
densification rate decreased, attributed to its fewer number of fast
diffusion paths (i.e., grain boundaries) intersecting each pore [26].
Then the relative density decreases to 98.56% at 1000 �C. Hence,
increasing the sintering temperature to a certain extent favors
densification.

Fig. 5 shows a photograph of mirror-polishedMn: CaF2 ceramics
sintered at different temperatures. It should be noteworthy that the
ceramic sintered at 900 �C had high transparency and the letters
under the ceramic can be seen distinctly. Generally, porosity and
the scattering of light at grain boundaries were identified as the
most important factors governing the final transmittance of
transparent ceramics. The transmittance can be accurately calcu-
lated according to equation [27]:

T¼(1-Rs)exp(-gd) (2)

Rs ¼ 2R'/(1 þ R0) (3)

R' ¼ [(n-1)/(nþ1)]2 (4)

Where Rs describes the reflection losses at the two sample surfaces,
g is the total scattering coefficient, d is the transparent ceramic
thickness, and n is the refractive index of fluorite optical materials.
The refractive index n inmaterials with cubic symmetry is the same
in all directions.

Fig. 6 shows the in-line transmittance of Mn: CaF2 ceramics
sintered at different temperatures. A zero transmittance of all
samples can be observed at wavelengths ranging from 200 to
420 nm. The strong absorption may be the result of crystal defect
and Mn2þ absorption in a CaF2 lattice [28e30]. The sample sintered
Fig. 5. Photograph of Mn: CaF2 ceramics sintered at differe
at 700 �C showed the lowest transmittance compared with the
samples sinterd at other temperatures. When the sintering tem-
perature increased to 800 �C, the transmittance of sample increased
sharply, reached about 31.54% at the wavelength of 640 nm and
86.06% at the wavelength of 2000 nm, respectively. The highest in-
line transmittance was obtained when the sample was sintered at
900 �C. It reached about 51.49% at 640 nm and 90.2% at 2000 nm,
while the theoretical transmittance was calculated to be about
93.86% at 640 nm and 94.08% at 2000 nm. The different optical
losses can be explained by Rayleigh formula [31]. For smaller
wavelength (l), the scattering intensity is greater, which results in
the decrease of transmittance. The transmittance of the specimen
sintered at 1000 �C decreased a lot, ascribed to intragranular pores
and secondary phase (see Fig. 3(f)). Therefore, a sintering temper-
ature of 900 �C was adequate to obtain Mn: CaF2 transparent ce-
ramics with high transparency and a desired microstructure.

Fig. 7 displays the excitation and emission spectra of Mn: CaF2
ceramic sintered at 900 �C for 1 h. A series of characteristic exci-
tation signals appeared in the excitation spectrum for the 508 nm
emission. The several bands were centered at 318, 336, 395, 408,
and 442 nm which were corresponding to the transition from
nt temperatures for 1 h under vacuum environment.



Fig. 7. Excitation and emission spectra of Mn: CaF2 ceramic sintered at 900 �C.
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6A1(S) ground state to the 4E(D), 4T2(D), [4A1(G), 4E(G)], 4T2(G), and
4T1(G) excited states, respectively [32]. Under 395 nm excitation,
the emission of Mn: CaF2 sample was in the green spectral range
peaking at 508 nm. The broad emission band can be attributed
unambiguously to the spin forbidden transition of 4T1g(4G) /
6A1g(6S) of Mn2þ, suggesting the only octahedral coordination of
Mn2þ ions with surrounding F� ions, which was consistent with
previous reports [30,32].

4. Conclusions

Transparent Mn: CaF2 ceramic was fabricated by hot pressing
method. The effect of sintering temperature on the microstructure
and optical transmittance of Mn: CaF2 ceramic was investigated.
The sample sintered at 900 �C showed clean grain boundaries
structure and no impurities were detected, whereas the secondary
phase appeared in the sample sintered at 1000 �C. The result
confirms it is essential to control the heating rate at an appropriate
sintering temperature to ensure the sufficient pore elimination and
suppress oxide. The best Mn: CaF2 transparent ceramic was made
by sintering at 900 �C for 1 h, which was dense and homogeneous
in structure with the average grain size of about 1.95 mm and the
maximum density of 99.13%. The in-line transmittance of the
samplewith the thickness of 2 mmwas 51.49% at 640 nm and 90.2%
at 2000 nm, respectively. The main emission peak of Mn: CaF2
ceramic was centered at about 508 nm, which can be attributed to
the spin forbidden transition of 4T1g(4G) / 6A1g(6S) of Mn2þ.
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