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Ceramics usually have irregular grains, cracking, or porosity, which result in their lightproof. Y,Mo3O1; ceramics
have more porosity due to the heavy hygroscopicity. Introducing ZnLi to Y,Mo0301; could form regular grains, reduce
cracking and porosity. With increasing the content of ZnLi, the grain shapes self-assembly gradually and then the laser
scattering and transmittance improve. The laser scattering property and transmittance of diverging rays become the best in
ceramics Yo (ZnLi)Mo3Oy, (x = 1.0 and 1.2) with regular grains and low thermal expansion. The formation mechanism
of regular grains is ascribed to the substitutions of Zn>* and Li* for Y3+ in Y,Mo30;, resulting in the preferential growth.
The investigation in laser scattering, transmittance and low thermal expansion behaviors of Y,_,(ZnLi);Mo301, could
pave a way to weaken the strong-laser attack from the high-power laser weapon and the other.

Keywords: low thermal expansion, laser scattering, regular grains, diverging rays transmittance

PACS: 65.40.De, 78.20.Ek, 81.05.Je, 81.10.Jt

1. Introduction

The harm on the aircrafts from a strong laser weapon
is mortal although the strong laser undergoes the atmosphere
refraction, absorption, scattering, turbulence, thermal bloom-
ing, and breakdown.[!=3] Scattering the laser beam to diverg-
ing rays with high transmittance rate by a protective layer on
aircrafts is the optimal method to weaken the mortal attack
from the high-power laser weapon. However, the protective
layer could fall off due to thermal expansion on heating from
laser. Negative thermal expansion (NTE) materials could find
applications due to their abnormal thermal expansion proper-
ties and potential applications in realizing near-zero thermal
expansion. -7 NTE mechanisms such as phonon anharmonic-
ity, phase transition, charge transfer, Jahn-Teller effect, and
nanoscale effect have been proposed to explain the NTE origin
successfully for open framework structure materials, magnetic
and ferroelectric materials, high pressure-phase LaCusFe;O1>
and BiNiOs3, etc.[* 18] Of the NTE materials, the A;M30, (A:
trivalent ion, M: W or Mo) family with larger NTE coeffi-
cients and stable open framework structure is very attractive,
however the heavy hygroscopicity resulting in the disappear-
ance of NTE near room temperature and the single function
are the main obstacle for its applications to reduce the ther-
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[19-281 During the release process of

mal expansion coefficient.
crystal water, A,Mo0301, even shows an abrupt positive ther-
mal expansion, and only after the complete release of crys-
tal water, the NTE presents. To reduce the hygroscopicity of
A>Mo301,, some trivalent ions have been employed separately
to substitute the A3 ions, such as AI’T, Fe3*, Cr3t, La3™,
Ce3+: YbZ,xAlxM03012, FCZ,XYXMO3012, L}’ZZ,XCI"XMO3012
(Ln: Er, Y), Yo La,M03012, Ce*T/Y,Mo03015.120-24] Partial
uni-ion substitution for A3* changes the large openings in the
network?! and the bond angle of A—O—M, therefore, the hy-
groscopicity of AoM3O1, is reduced greatly. The primary or-
thorhombic structure of Y,Mo301, changes in space group
(Pba2 to Pbcn1), and even transforms to monoclinic2%-21-281
or tetragonal structures.

The above investigations suggest that it may be difficult to
retain the orthorhombic structure after eliminating the hygro-
scopicity of YoMo3O1, by the partial uni-ion substitution for
Y3+, The reason is ascribed to the different structures of mon-
oclinic (A3t with smaller radius) or tetragonal (A3t with much
larger radius) with orthorhombic (A-Y, Yb). Considering the
orthorhombic structure of LixMgyMo0301,,B3% in our recent
investigation, two ions of Li* and Mg?* have been adopted
as the substitution ions for Y>* and then the hygroscopicity
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of Y,Mo301, was reduced.*'! However, detailed investiga-
tion suggested that even though remaining the orthorhombic
structure, the x-ray diffraction (XRD) peaks changed so much
that some orientations such as (102) and (131) were separate
from the others due to the large radius difference between Lit
(76 pm) and Mg?* (72 pm), consequently, the grain clear-
ance was observed obviously. The result indicates that two
ions with less radius difference should be under consideration
to change the crystal structure moderately, so that the hygro-
scopicity and grain clearance are reduced together and multi-
function could be realized.

In the present paper, considering the orthorhombic struc-
ture of Li»ZnyMo3012,3%331 Li* (76 pm) and Zn?>* (74 pm)
with less radius difference as substitutions for Y+ are adopted
to reduce the hygroscopicity and obtain regular grains. The
orthorhombic structure changes gradually and the hygroscop-
icity decreases with increasing the content of (LiZn)3*. The
low thermal expansion ceramics Y;_,(ZnLi),Mo3O2 (x=1.0
and 1.2) with regular grains possess excellent laser scattering
property and high transmittance rate of diverging rays. The re-
lationship between the laser scattering property/transmittance
and regular grain is discussed.

2. Experiment

Analytical regents of Y03, M0oO3, ZnO, and LiNO3 as
raw materials were weighted according to the stoichiometric
ratios of destination materials of Y,_,(ZnLi);Mo030, (x =0,
0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0). The raw
materials were mixed and ground for about 2 h. The mixtures
were coldly pressed into pellets at pressure about 200 MPa fol-
lowed by sintering at 1073 K for 5 h in air and then cooling
down to room temperature naturally.

XRD measurements were carried out with a Bruker D8

Advance x-ray diffractometer to analyze the crystal structure.
Raman spectra were recorded with a Renishaw inVia Raman
spectrometer with 633 nm laser excitation. The microstruc-
tures and energy dispersive spectra of the samples were ex-
amined with a scanning electron microscopy (SEM, Model
Quanta 250).
scanning calorimeter (DSC) measurements were carried out

The thermogravimetry (TG) and differential

on a Netzsch STA 449F3 simultaneous thermal analyzer in
the temperature range of 300-700 K, with the heating rates of
10 K/min. The linear coefficients of thermal expansion (CTE)
were measured with a dilatometer (Linseis DIL L76). The
laser with wavelength of 633 nm and power of about 50 mW
passed through a microscope objective lens connecting with
the Raman spectrometer. The laser is a He—Ne laser with the
brand of Renishaw. The red laser (633 nm) scattering pictures
were recorded with a digital camera (Canon 100D).

3. Results and discussion

3.1. Laser scattering property and regular grains forma-
tion of Y,_,(ZnLi),Mo30,

Figures 1(a)-1(e) show the red laser (633 nm) scattering
pictures of Y;_,(LiZn),Mo3Oq, with x = 0.3, 0.7, 1.0, 1.2,
and 1.8. For the ceramic sample with x = 0.3 (Fig. 1(a)), when
a laser beam (633 nm) illuminates the surface of the ceramic
block, the laser beam is scattered and half of the ceramic block
becomes bright because some diverging rays are transmitted.
The bright field is larger than half of the ceramic block for
the ceramic sample with x = 0.7 (Fig. 1(b)). Especially, for
the ceramic samples with x = 1.0 and 1.2, the whole ceramic
blocks are bright and much more diverging rays are transmit-
ted (Figs. 1(c) and 1(d)). However, only much size is bright
for the ceramic sample with x = 1.8 (Fig. 1(e)).

Fig. 1. (a)—(e) Red laser scattering and transmittance pictures of Y,_,(LiZn),Mo030;, with x = 0.3, 0.7, 1.0, 1.2, and 1.8. The laser beam is
focused on the upper surface center of the pellets. The diameters of the pellets are about 0.8 cm. The heights of the pellets are about (a) 5 mm,
(b) 5 mm, (c) 6 mm, (d) 5 mm, and (¢) 6 mm. (f) Schematic diagram of laser scattering and transmittance in the ceramic grains.
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The laser scattering is reported to relate to the size of the
ceramic particles.**) In general, when a laser beam illumi-
nates the surface of a ceramic, the laser beam will be absorbed
and scattered partly. Laser scattering could be divided into
three types: Rayleigh (a9 < 1), Mie (ag ~ A), and Tyndall
(ap > A), where qg is the size of the scattering center and A is
the laser wavelength. For Rayleigh (ap < A) and Mie (ap ~ 1)
scatterings, the scattering cross section relates to 6 = A /2r.
The scattering coefficient increases with the size of the scat-
tering microspheres when the sphere diameter is smaller than
the wavelength and reaches the maximum when the particle
size equals to the laser wavelength, and thereafter decreases
with the particle size.

In order to explore the effects of the grain size and pores
on the laser scattering phenomenon, the microstructure of
Y, x(LiZn),Mo30Oj, was investigated with SEM. Figure 2
shows the SEM images of Y;_,(LiZn),Mo30O;, with differ-

ent contents of (LiZn)>t. For pure YoMo3O1, (Fig. 2(a)),
squeezed together spherical grains are separated with each oth-
ers by some pores due to the influence of crystal water and air
left in the ceramics. For x = 0.3 (Fig. 2(b)), even though with
less content of (LiZn)>* in Y2Mo030», the air pores in the ce-
ramics are reduced largely and much larger spherical grains
appear. When the content reaches x = 0.7 (Fig. 2(c)), the reg-
ular quadrangular prisms and tetrahedral are observed, i.e., the
grains appear edges and corners rather than mere circular arcs,
however, air pores still exist. For x = 1.0 (Fig. 2(d)), larger
regular grains contact with each other along straight edges
and some smaller grains fill in the clearance among particles,
therefore, there are much less pores. Then there appear some
octahedra, rods among the grains with straight edges (see im-
age of the sample with x = 1.2 in Fig. 2(e)), which grow along

the slits among the larger grains.

-~

10 pm

Fig. 2. (a)—(h) SEM images of Y,_,(LiZn),Mo30, withx =0, 0.3, 0.7, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0. The grain shapes change remarkably

with increasing the content of (LiZn)**.

The continuous change in grain shapes rather than the
grain sizes is found with increasing the content of (LiZn)3*
in YoMo30y,. The results suggest that the grain shapes in
Y>_x(LiZn),Mo030O1, ceramics could change the laser scatter-
ing behavior. The transmittance of diverging rays could also
be related to the regular grains and density of the ceramics.
The regular grains have less porosity and high density.

The octahedra and rods have more content of (LiZn)>*

in YoMo3Oj; and the larger grains with straight edges have
lower content of (LiZn)?*, which can be discerned from the
relative intensities of the peaks of Zn, Y, Mo in the EDS spec-
tra (see Figs. 3(a)-3(e)). For x = 1.4 (Fig. 2(f)), the amount
of (LiZn)** takes up the majority in Y,_,(LiZn),Mo03O1», i.e.,
Y3+ as a substitution ion, the tetrahedra are of (LiZn);Mo301,
with certain amount of Y3*. The grains grow along the sub-
stitution direction to form the rods/point ends according to the
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lowest energy principle along the substitution direction. How-
ever, excess (LiZn)>* induces some pores even though some
small grains fill in the pores (Figs. 2(g) and 2(h)). Therefore,
a suitable amount of (LiZn) is critic for high relative density
of Y,_4(LiZn);Mo30O1,, which results from the filling effect

of the small grains. Though the theory densities increase with
increasing the substitution of (LiZn)** for Y3* in Y,Mo3015,
the relative density of ceramics Y;_,(LiZn),Mo30O, increases
with increasing x to the maximum of 92.85% (x = 1.0) and
then decreases (Fig. 3(f)).
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Fig. 3. EDS spectra of Y;_,(LiZn),Mo30;, with (a) x = 0, (b)—(d) 1.2, and (e) 2.0. (f) Theory density and relative density curves of

Y, (LiZn);Mo3O1, withx =0.5,0.7,0.9, 1.0, 1.2, and 1.8.

The remarkable change in the microstructure of
Y,_x(LiZn),Mo030O1, is analyzed from sintering behavior as
follow. The raw materials of Y,0O3 and MoOs3 are compacted
in a cylindrical mold via point contact containing air pores
under pressure. During the sintering process, atoms (Y, Mo,
0O) and molecules (Y,03 and MoO3) rapid scatter and then
a chemical conversion (Y,03+3Mo03 — Y,Mo301;) takes
place, changing the shape and position of the particles and
internal pores. Consequently, smaller particles with larger
total surface area transform to lager particles with less total
surface area, which are energetically more favorable than the
smaller ones. During the cooling process, YoMo30, expands
and some crystal water invades into the crystal from the mi-
crochannels. With introducing ZnO and LiNOj3 in the raw ma-
terials, Zn%>* and Li™ enter into the lattice and substitute Y3+
in YoMo301», resulting in the shrinkage of microchannels and
thereafter reduction of crystal water and air pores. The de-
structive effect of crystal water on crystal structure could be
weakened and the high-temperature crystal structure remains
to room temperature. A reduction of grain-boundary-surface
energy ratio could be obtained and consequently the densifica-
tion increases.*>! On the other hand, the crystal grows rapidly
along the direction of substitution of (LiZn)*t for Y37 due to
the lowest energy principle and cylinder/rod particles appear.
Therefore, for the present case, the regular grains and less
porosity together should be responsible for the laser scatter-
ing and transmittance of diverging rays. Figure 1(f) shows

the schematic diagram of laser beam brightening the ceramic
grains. A laser beam is scattered by the regular ceramic grains
and weak rays exit from the ceramic surface, therefore, the
laser energy is dispersed by the ceramic grains. The scattering
property of the ceramics could effectively reduce the killing
effect of strong laser, whose high energy focus on the surface
might melt the target. If the military aircrafts are coated with
the as-prepared ceramic Y,_,(LiZn),Mo030O1, withx = 1.0 and
1.2, the high energy of the strong laser from laser guns could
be dispersed to diverging rays by the coating layer and the mil-
itary aircrafts might be safe.

3.2. Crystal structure

Figure 4(a) shows XRD patterns of Y,_,(LiZn),Mo3O1;
with x from O to 2.0 at room temperature (the left part presents
the diffraction of 26 from 15° to 40°, while the right part cor-
responds to 260 from 25° to 27°). For x = 0, there are only a
few broad diffraction peaks due to heavy hygroscopicity, ']
which indicates that the crystal water in the lattice lowers
the crystal quality of Y,Mo3Oj, to form amorphous struc-
ture. Crystal water molecules in the lattice drag Y>* and near-
est oxygen ion!?*! distorting the growth along crystal plains,
which results in less difference between the crystal plains and
broadened diffraction peaks.

With increasing the content of (LiZn)** from x = 0.1 to
x = 0.9, the diffraction peaks become sharp, some new peaks
corresponding to Pba2-Y,Mo301, appear, and some peaks
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split. For example, the broad diffraction peak about 25.5°
according to Pba2-Y,Mo301; splits into two peaks at 25.4°
and 25.6° (right in Fig. 4(a)), indicating the quality enhance-
ment of the crystal plains of Y,Mo0301;,. It is believed that,
with increasing the content of (LiZn)**, smaller ions of LiT
(76 pm) and Zn>* (74 pm) partially substitute the larger ion
of Y3* (90 pm) to shrink the microchannels in the lattice of
Y>Mo030;; and induce the growth orientation of Y,Mo03O1»
crystal (the relative intensities of diffraction peaks are differ-
ent from those of Pba2-Y,Mo30y, at 423 K1), which re-
sults in the decrease of crystal water. However, the transfor-
mation from space group Pba2 to Pbcn!*! during the temper-
ature increasing process is not observed, which suggests the
different effects between temperature and ion-substitution on

the decrease of crystal water. With increasing temperature, the
average kinetic energies of crystal water molecules increase
enough and run away from the lattice of Yo Mo0301;. The rel-
ative sites of Y3*, Mo®", and O>~ change obviously, which
results in the change of symmetry. However, with increas-
ing the content of (LiZn)** to substitute Y3*, crystal water
molecules are repelled out of the lattice. The lattice changes
a little due to the substitution of (LiZn)>**. When the con-
tent of (LiZn)** reaches x = 1.0, the lattice changes enough
and there appear some new peaks such as peaks at about 25.9°
and 26.3°, which are corresponding to (LiZn),Mo030O1,. From
x = 1.0 to x = 1.4, there are two phases of Pba2-Y,Mo0301;
and (LiZn);Mo301,. From x = 1.6 to x = 2.0, there is only a
single phase of (LiZn),Mo03015,.

(a)
x=2.0
r=1.8
x=1.6
r=1.4
AT =12
b bz =1.0
A i rz=0.9
LA we h s hz=0.7
x=0.5
z=0.3
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i

15 20 25 30 35
20/(°)

40/25 26 27 200 400 600 800

|

Intensity

)

B48Y X
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Fig. 4. (a) XRD patterns and (b) Raman spectra of Y,_,(LiZn),Mo301, with x from 0 to 2.0 at room temperature.

Figure 4(b) shows Raman spectra of Y,_,(LiZn),Mo03O1>
with x from O to 2.0 at room temperature. For pure YoMo3013,
there are only broad peaks at about 343 cm~!, 835 cm™!,
and 947 cm™! due to the effect of crystal water on the vi-
brations, which are assigned to symmetric and asymmetric
bending motions in both YOg octahedra and MoQy tetrahedra,
symmetric and asymmetric stretching vibrations of the MoO4
tetrahedra.!'>1%21] With increasing the content of (LiZn)>*,
the vibrations of Y-O and Mo-O are affected so strongly that
the Raman peaks become sharp and the peaks split: the peak
at 343 cm™! splits into 314 cm™! and 359 cm™! and the peak
at 947 cm ™! splits into 895 em !, 938 em !, and 951 cm™!.
Even though the peak splitting appears, there is no character-
istic peak showing the monoclinic structure.?*?!! The result
indicates that the crystal phase is still orthorhombic.

3.3. Hygroscopicity reduction and low thermal expansion

property

In order to show the hygroscopicity reduction of
Y;Mo301; with increasing content of (LiZn)*t, the TG
measurements of Y;_,(LiZn),Mo3O1, were performed (see
Fig. 5(a)). The amount of crystal water in the samples with dif-
ferent contents of (LiZn)>* can be estimated with TG curves:
Y2M03012-2.97 HZO, Y1.9(LiZn)0.1M03012'0.84 HzO,

Y, 5(LiZn)gsMo0301,-0.38 H,0, Y, ;(LiZn)yoMo30;2-:0.18 H,O.
The results confirm that the substitutions of (LiZn)** de-
crease the hygroscopicity obviously. The samples (x = 1.0
and 1.2) with highest transmission rate of diverging rays have
no hygroscopicity. This suggests that the laser scattering and
transmittance of diverging rays could also be influenced by
crystal water, which is consisted with the result from Fig. 1.
The relative length changes of Y,_,(LiZn),Mo030;;, with
different contents of (LiZn)*>* were measured with increasing
temperature (Fig. 5(b)). For x = 0.0 (pure Y,Mo030,), there
are two expansion processes and two contraction processes
corresponding to the release of adsorbed water and crystal
water. Only after the complete release of crystal water, the
NET phenomenon is observed. With increasing the content
of (LiZn)3*, the thermal expansion and contraction parts cor-
responding to the release of crystal water become weakened,
indicating that the heavy hygroscopicity is reduced remark-
ably. For the sample of x = 0.7, much lower thermal expansion
(CTE o =5.79 x 107° K=, 480-670 K) than that of x = 2.0
(CTE ot = 19.21 x 107¢ K~1, 290-670 K) is obtained besides
the reduced hygroscopicity. For the samples of x = 1.0 and
1.2, the hygroscopicity is deleted completely and the CTEs
(o190 =13.66 x 107 K1, a1, = 16.24 x 107¢ K~!, 290-
670 K) are reduced obviously comparing with that of x = 2.0.
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Fig. 6. TG-DSC curves of Y,_,(LiZn),Mo301, with different contents ((a)—(d) x = 0.1, 0.5, 0.9, 1.0) of (LiZn).

Figures 5(a) and 5(b) show that the release process of
crystal water is usually accompanied by the relative length
change. Therefore, the two expansion processes and two con-
traction processes of pure Y,Mo301; (x = 0.0) are drawn to-
gether with the release processes of water. Before the release
of adsorbed water (blue line part in Fig. 5(c)), the crystal lat-
tice expands with increasing temperature. During the release

process of adsorbed water (green line part in Fig. 5(c)), the lat-

tice contracts just like the contraction of seeds by releasing the
adsorbed water. For the release process of crystal water (yel-
low line part in Fig. 5(c)), the lattice presents abrupt expansion
and hysteresis. Only after the complete release of crystal water
(red line part in Fig. 5(c)), the NET phenomenon is observed.
The reduction of hygroscopicity is discussed as follows: the
substitutions of Li™ and Zn>* for Y3+ cause one and two elec-

trons less than the needed three electrons, and then two type
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ions of (Liy)?~ and (Zny)~ form to repel the oxygen in H,O
(Fig. 5(d)).

In order to investigate the water change with temperature
of Y,_,(LiZn),Mo30, with different contents (x = 0.1, 0.5,
0.9, 1.0) of (LiZn), TG-DSC curves are presented (Figs. 6(a)—
6(d)), where the axis of weight loss is from 100% to 94% for
comparison. For x = 0.1, the release process of adsorbed water
reaches ~ 97%, much less than ~ 93% of x = 0.0 (Fig. 5(¢)).
The release process of crystal water is from ~ 97% to 95%,
also less than that from ~ 93% to 86% of x = 0.0 (Fig. 5(c)).
It shows that the adsorbed water and crystal water of the sam-
ple with x = 0.1 are less than those of the sample with x = 0.0.
With increasing x from 0.5 to 1.0, the adsorbed water and crys-
tal water reduce remarkably, even close to zero for x = 1.0.

4. Conclusion

The relationships of the laser scattering/transmittance

of diverging rays, regular grains, and porosity of

Y, (LiZn),Mo30;> with x from O to 2.0 are investigated.
It is found that the as-prepared ceramic Y;_,(LiZn),Mo03O1»
with x = 1.0 and 1.2 present excellent laser scatter-
ing/transmittance, regular grains, and less porosity, no hy-
groscopicity. The result suggests that a certain amount of
(LiZn)** leads to the reduction of hygroscopicity, the forma-
tion of regular grains, less porosity, and then excellent laser
scattering/transmittance of diverging rays. The low thermal
expansion ceramics of Y,_,(LiZn),Mo301, with x = 1.0 and
1.2 could find applications in coating layer with properties of
laser scattering and transmittance of diverging rays for reduc-
ing harm from strong laser beam.
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