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--------------- + Study of scintillation mechanism in SrHfO;, SrZrO; and garnet-based
ceramics

Prof. Martin NIKL
Department of Optical Materials, Institute of Physics, Academy of Sciences of the Czech republic,
Cukrovarnicka 10, 162 53 Prague, Czech Republic

I was invited to work as a visiting professor at Advanced Research Center
of Metallic Glasses in the Institute for Materials Research of Tohoku
University from June 1 till July 31, 2013. During my stay I worked together
with Professor Akira Yoshikawa and members of his laboratory. My group in
the home institute in Prague has long (from 2002) and very successful
collaboration with the group of Prof. A. Yoshikawa which has resulted in more
than 130 publications so far. As the topic of my stay in IMR in 2013 we have
selected the optical ceramics based on high density strontium hafnate as we
have recently revealed that nonstochiometric material of the formula
StiHf,i04, 1= 0.9 — 0.95 shows very intense radioluminescence in near UV,
fig. 1, with reasonably fast decay time of about 180 ns at room temperature.
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Fig. I Radioluminescence spectra of nonstochiometric SHO. X-ray excitation, 40 kV.
Starting powders for optical ceramics preparation were made in composition SryoHf; 105 by a multi-step
solid state sintering procedure with the annealing temperature within 1 100— 1 200 °C. The grain size of the
prepared powders was of the order of several microns, fig. 2
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Fig. 2 SEM photo of the prepared SHO powder.
Their radioluminescence characteristics matched well those in fig. 1.

3



T T (| T L e T —
AR 18

Spark plasma sintering (SPS) method was used in IMR to produce the ceramic material using the
machine DR. SINTER (Fuji Denpa), fig. 3, the SPS condition were as follows: pressure: 100 MPa;
temperature: X °C, 45 min, (x=1,600, 1,700, 1,800, 1,900) in vacuum (a few Pa). Prepared samples
were of black appearance, fig. 4, due to strongly reductive conditions of the preparation procedure

Fig. 3 SPS apparatus DR.SINTER (F uji Denpa) iCoopemtive esearch and Development Center for
Advanced Materials / IMR.

F 1,600°c ff 4 1,700°C 1,800°c f 4 1,900°C *

Y 4

Fig. 4 SHO samples prepared by SPS method. Preparation temperature is noted above each sample.

Photoluminescence properties of ceramic samples were tested by Hamamatsu, C9920-02G
spectrometer and the results are shown for two preparation temperatures in fig. 5. Under the
excitation within 270 — 320 nm each sample shows two emission peaks at about 340 nm (identical
with that of the starting powder) and 560 nm. The latter luminescence comes probably from lattice
defects related to oxygen deficiency of ceramic. Well-resolved luminescence signal was observed
for the samples prepared at temperatures T =1700 “C.

The samples will be further elaborated by annealing in air to restore the oxygen deficiency and
carbon deposits and their luminescence will be continuously tested.
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Fig. 5 2D photoluminescence spectra of ceramic samples from Fig.' 4

During my stay we have prepared with Prof. Yoshikawa the collaborative program and project
proposal for next two years which will be submitted to JSPS and Czech Ministry of schools in the
presently opened call. We have also agreed with Prof. T. Goto to write down a chapter reviewing
the preparation of optical ceramics by SPS method for my book project approved in Pan Standford
Publ. house.

I have also enjoyed very much meeting the other colleagues in IMR and discussing the forefront of
the research related to optical and dielectric materials.
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""""""""""""" * Structure of (ZrCu)sAlio Bulk Metallic Glasses
Prof. Wojciech Dmowski
Dept. of Mat. Sci. and Eng., University of Tennessee, Knoxville, TN 37996, USA.
Introduction

Metallic glasses (MGs) are structurally disordered metallic solids without
translational symmetry and a well-defined unit cell. They are usually
prepared by quenching alloys from the melt, bypassing crystallization. They
may be considered to be a liquid frozen at the so-called glass transition
temperature. The critical step in the development of glassy alloys happened
in late 90’s when Zr containing bulk metallic glasses (BMG) were
discovered [1,2].The random atomic arrangement in metallic glass

contributes to many outstanding mechanical properties and good corrosion
resistance, among others [3]. BMGs are characterized by the yield strength close to the theoretical
values, large elastic strains (~2%), and the capacity for local plastic flow, which can result in
extremely high fracture toughness of some glasses [4,5,6]. The superplastic-like viscous flow has
been studied extensively near the glass transition to explore the potential for net shaping and forming.
The combination of superior mechanical properties [7] and net shape formability [8,9] makes bulk
metallic glasses promising new structural materials. Potential applications of metallic glasses include
molding, printing, structural components, magnetic cores, coatings, damage-tolerant and
bio-materials.
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Experimental methods

The Zrys+xCuysxAljo, (x=0,5,10,15,20) BMG samples were prepared by the arc-tilt casting method
[10]. Master-alloy ingots were produced by arc melting mixtures of pure Zr, Cu, Pd, and Al metals in
an argon atmosphere. In order to avoid oxygen contamination, a special high purity Zr (< 100 mass
ppm oxygen) was used. The master alloy was completely re-melted and cast into a rod shape BMG (4
mm diameter x 60 mm height). The glass transition temperature and crystallization temperature were
determined by calorimetric measurements (DSC) with a heating rate of 0.33 K/sec (20 deg/min). Thin
slices of ~0.5 mm thickness were used for the X-ray diffraction experiments. High energy X-ray
scattering experiments were performed at the beamline 6-ID. The incident energy was 100 keV, the
beam size was 0.4 x 0.4 mm?, and a 2 dimensional (2D) stationary detector was placed ~30 cm away
from the sample. The 2D images were corrected for dark current and normalized to the incident beam
monitor. The samples had comparable thickness, resulting in negligible systematic errors due to
background and absorption corrections. Azimuthally integrated intensities were processed using the
pdfgetX2 [11] package to obtain the structure function up to 24 A" and then the reduced pair

distribution function G(r).

The reduced pair distribution function G(r) is obtained by the direct Fourier-transformation of the
total scattering function S(Q), as given in Eq. 1, where Q =4zsin(6)/ A is the modulus of the

scattering vector, @ is the scattering angle and A denotes the wavelength of the probe,

G(r) = 47r(p(1) - p) == [Q1S(0) - 1lsin(Qr)aQ . M
The atomic pair density function 2(7) (PDF) can be obtained from G(r):
p(r)=py + 28, (12)
4r
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where £ is the atomic density.
1100 1200 1300 1400 1500 1600 170 1800 1900 2000 2100 2200 2300 2400 The PDF iS related to the pair
distribution function g(r), by
p(r) = g(r)p, .The atomic PDF
gives direct information about
B the  distribution of  the
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Figure 1. Halves of 2D diffraction patterns for Zr45 (left) and Zr65 sample was rotated by 90
(right) of ZrCuAl10 BMGs degrees with respect to the

original position, and the
measurement was repeated. The difference between these two orientations should be
zero for isotropic samples within errors due to monitor normalization and detector dark
current correction. On the other hand, anisotropic patterns can be unambiguously
detected [12]. This procedure confirmed the isotropic structure of BMG after
tilt-casting.

The molecular dynamics (MD) simulations were performed using LAMMPS code
using embedded atom potentials for Zr, Cu, and Al developed by Sheng et al. [13]. The
standard npt setup included 32,000 atoms. The initial configuration was the f.c.c
random alloy, which was melted at 2000 K. The 1000000 steps were carried out with
resolution 1 fs. The atomic configuration was saved at every 50 ps. The temperature
was varied by 50 degree to 300 K resulting in 1010 K/s cooling rate. The structure of
cooled liquid and glass was resolved to obtain the partial pair distribution function.
These were weighted by X-ray amplitudes to obtain compositionally averaged G(r) that
could be compared with the experimental data.

Results and discussion
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The original 2D images for the two

C | w4 .
Gt Ao compositions of Zr=45 and 65 are shown in

Figure 1. Both samples show diffuse
scattering typical for metallic glasses. The
different positions of the Debye rings reflect

S . change in
the
E structure w0
; | ‘ | ' ‘ as the | o = 5
* O ' * compositio & 5
: : n is varied. g
Figure 2. Strcuture function of the ZrCuAlig ; ifar]
This trend
BMG alloys .
is clearly ¥
seen in the dependence of the structure function S(Q) . s -
on the relative Zr/Cu content as illustrated in Figure | * == 2
2. With increasing Zr content, the peak high is oy e ©
increasing and is also shifted to the smaller @ values. T T e
This behavior is plotted in Figure 3. The top plot Figure 3. The composition dependence
shows the dependence of the @p — the position of the | (7 ato%) of the S(Qp) and Q;
peak of the S(Q). The value of @, corresponds

approximately to the average inter-atomic spacing in

the structure: =~ zQﬂ The trend indicates that average inter-atomic spacing, d, (and
P

atomic volume) is increasing with the increasing Zr content (inverse proportionality).
This is consistent with the decreasing atomic density in this system. We may notice that
the relation is linear between Zr=45 and Zr=60 at%. On the other hand the maximum at
& is quickly increasing with Zr content. The main peak height at the S(@,) represents
the efficiency of packing of the structural units in the structure and increasing packing
order. For example, crystalline order would be reflected in dramatic increase in this
peak height. This trend seems to be contradictory to the common perception of the order
in the ZrCu based BMG glasses. It is believed that most important structural units in
bulk metallic glasses are icosahedral clusters which tend to be Cu-centered. Addition of
aluminum introduces some covalency into the system and improves this ordering —
making icosahedra better geometrically defined. Thus, ordering should be better
defined in Cu rich side. In fact, this is observed in the binary Zr-Cu glassy system.
Therefore, the observed trend needs further investigation using alloys with higher Cu
content.
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Using the structure functions, S(€), shown in Figure 2, we obtained atomic pair

Zr,Cugy Alyg

Gir)

r[A]

alloys.

distribution functions by performing isotropic
Fourier transformation, using extended data
up to 24 A1 The results, g(r), showing only
first and second PDF peaks, are presented in
Figure 4. The shape and position of the first
peak i1s changing with the increasing Zr
concentration. The first PDF peak is most
heavily weighted by Zr-Zr and Zr-Cu
contributions.  The  left-side  shoulder
corresponds to the average Cu-Zr distance

Figure 4. The PDF for the (ZI‘CU.)A].m BMG and the right~side shoulder to the average

Zr-Zr interatomic distance. With increasing

Zr content we can observe that the right-side

shoulder is increasing in height, reflecting an

increase in the number of Zr-Zr pairs. At the same time, the whole peak is shifting to
the right. This corresponds reasonably to the behavior of the @, in Figure 3 (plot at the
top). Thus, the atomic volume is increasing with Zr content. We can also observe that
change in the weighting of the Zr-Cu and Zr-Zr contribution is proportional to the Zr content up to
60 %at. Beyond 60 %eat the change is rather small. The change in the shape of the broad peak in the
PDF in the range between 4 and 6.6 A is quite pronounced. It clearly indicates variation in the way the

34 — X-S(q)
—— X-8(g) - experiment

S(Q)

QlA-1]

X- PDF

—— X-pdf
—— X- experiment

0.05 4

0.00 F—

riAl

Figure 5. Comparison of the S(Q) and
the PDF obtained by MD with

experimental data.

structure is organized in the medium range. The
compatibility and packing of the structural motifs is
changing in the glass with increasing Zr content.

The experimental PDF for the three elements
system 1is difficult to interpret directly. There are
contributions from different chemical species, and
also PDF is a spherical average projected on the
radial distance. In such a case, molecular dynamic
(MD) simulation may be helpful to understand
compositional trends. The problem with MD is that
it requires atomic potentials that have to be fitted
to the alloy system. This is typically done using first
principle calculations. Also, the cooling rate in MD
is orders of magnitude higher than laboratory times.
Therefore, MD results cannot be used literally, but
rather to explain physical trends. We had
performed MD calculation for the ZrsoCusoAlio alloy
system. We used the resolved partial structure and
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pair correlation functions to obtain the total S(@) and PDF that are weighted by the
X-ray form factors. The results are shown in Figure 5. It is seen that experimental data
are similar to the MD simulations; however, there are also distinct differences. The
main difference is observed in the valley between first and second PDF peaks and shape
of the second, broad PDF peak. The MD data represent more disordered structure,
which is not surprising considering that it is obtained with such a high cooling rate.
Therefore, the MD structure represents rather high temperature liquid. On the other
hand, the first PDF peak is better defined in MD simulation, which indicates that MD is
more sensitive to chemical ordering. Nevertheless, the MD data looks promising and we
will continue to expand MD to other compositions to test the usability of the potentials
and to find structural motifs that are changing with the Zr content in this alloy system.
This project will be continued through additional diffraction experiments for Cu-rich
alloys, MD simulations, and structural analysis.

I would like to thank sincerely Ms. Yuka Chiba for her help in “getting started” in

Japan, and her constant, and firm supervision of administrative procedures and paper
work.

Domo arigato gozaimasu!
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