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1. BACKGROUND

Inorganic scintillators are one of the most common gamma ray sensors at present and are
widely used in existing nuclear and particle physics experiments. These detectors are also ex-
pected to be a very important component of future nuclear physics experiments including those
being planned for the Rare Isotope Accelerator [1]. In addition to nuclear and particle physics,
scintillation spectrometers are routinely used in nuclear nonproliferation, medical imaging,
environmental monitoring, nondestructive testing, and geological exploration [2].

The performance of the systems used in these applications is often limited by the properties
of scintillation detectors available at present. Important requirements for the scintillation crystals
used in these applications include high light output, high gamma-ray attenuation, fast response,
high energy and timing resolution, low cost, and good proportionality [3,4,5]. Moreover, since
the highly energetic gamma photons penetrate up to a centimeter or more into the bulk of even
the densest scintillators, it is also essential that the scintillator be highly transparent. All these
requirements cannot be met by any of the commercially available scintillators. Also, the high
cost associated with the growth of good quality, uniform single crystals (especially for materials
that melt at very high temperature such as LSO and GSO) is a major limitation.

Recently, RMD reported on a new class of materials, the cerium-doped hafnates, which were
explored during the completed Phase II research project for particle physics applications. In par-
ticular, SrHfO3:Ce, BaHfO3:Ce and Lu,Hf,07:Ce have excellent gamma ray stopping efficiency
due to their high density (7.7, 8.5, and 9.4 g/cm’, respectively) and show a light output under X-ray
excitation that is much higher than that of BGO. For example, the light output of BaHfOs:Ce was
measured to be 28,000 photons/MeV, which is 3% times higher than that of BGO, whereas the light
output of StHfO3:Ce was recorded to be as high as 45,000 photons/MeV, 572 times higher than that
of BGO. The light yield of Lu,Hf,O7:Ce was of the same order as that of BGO. SrHfO;:Ce,
BaHfO;:Ce and Lu,Hf,07:Ce were found to have a peak emission wavelength of approximately
400 nm and a fast scintillation decay of about 10 - 20 ns with a rise time of approximately 200 ps. In
addition, their nearly isotropic optical properties allow for the fabrication of fully transparent
optical ceramics (TOC), providing a reliable and low cost alternative to single crystal growth.
Clearly, these results indicate that StTHfO3:Ce, BaH{fO3:Ce and Lu,Hf,O7:Ce are unique materials
that combine a high density with good light output and a fast scintillation decay, and therefore, have
the potential to offer a unique alternative to traditional crystal scintillators such as BGO, LSO and
GSO, with potentially better performance, greater reproducibility, and significantly lower cost.

2. TECHNICAL OBJECTIVES

The Phase II effort was built on the success of Phase I, with the initial focus on further optimiza-
tion of the optical ceramic technology for the cerium-doped hafnate scintillators, particularly
SrHfO;:Ce, BaHfO;:Ce and Lu,Hf,07:Ce. The preparation of transparent optical ceramics with
improved transparency has been a crucial aspect of this work. In our experience with another opti-
cal ceramic, Lu,Os, we found that a narrow grain size distribution, reduced porosity, and elimi-
nation of light-scattering second phases are very important for producing ceramic samples with
a high degree of transparency. Hence, the first step in our ceramic preparation process was focused
on producing powders of the candidate hafnates with as narrow a particle size distribution as reason-
ably possible, and with absolute sizes and morphology tailored to the consolidation process so as
to maximize the feasibility of achieving full density. Consequently we explored a number of
different techniques to fabricate the requisite powders, ultimately settling on two, one for each
consolidation process. Powders were fabricated both in-house and by commercial sources, and
each played a major role in our study.
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Two different consolidation processes were studied in this program, mechanical hot pressing
and sintering followed by hot isostatic pressing (conventionally termed sinter-HIPing). Each
technique was extensively studied through systematic variation of densification parameters in an
effort to define the conditions that will produce optimal specimens. The resulting hafnate ceramic
specimens were extensively characterized and compared with high quality LSO and BGO single
crystals, including measurement of light output, decay time, emission spectrum, and energy and
timing resolution, with particular attention to their potential performance in nuclear and particle
physics applications. The possibility of using these new scintillators in other potential applications
such as X-ray computed tomography was also investigated during the Phase II research project.

This effort has been a joint venture between RMD, Inc. and ALEM Associates, both of which
have extensive experience in scintillators, gamma ray detectors and nuclear instruments. A major
collaborator in this project was Dr. Vinod Sarin at Boston University’s Department of Manufactur-
ing Engineering, who was responsible for the hot pressing of the hafhate powders to produce optical
ceramics. Also participating in the ceramic fabrication effort as consultant was Dr. William H.
Rhodes, who is one of the foremost authorities on powder consolidation and ceramics. Other partici-
pants included Dr. Craig Woody at the Brookhaven National Laboratory, an expert in scintillators
and detectors for nuclear and particle physics applications, who was to perform optical and radiation
hardness measurements on suitable specimens; Dr. William Moses at Lawrence Berkeley National
Laboratory, to provide support in scintillator characterization as needed; and Dr. Partha Chowdhury
at the University of Massachusetts (U-Mass, Lowell) and Dr. C.J. Lister at Argonne National
Laboratory, to evaluate appropriate scintillator specimens s for nuclear physics applications.

3. TECHNICAL PROGRESS
3.1. OVERVIEW

This program began with three candidate materi-
als, SrHfO;, BaHfOs, and Lu,Hf,O;. In Phase I we
successfully demonstrated that all three could be fab-
ricated in the form of transparent optical ceramics,
with densities and scintillation capabilities appropriate
for use in nuclear physics applications. Each, how-
ever, displayed its unique combination of advantages
and drawbacks. Lutetium hafnate ceramics, for exam- ol
ple, show the best transparency of the three, but the
lowest light output. This low light yield (see Figure 1) Wavelength (nm)
is probably related to the crystal structure of the ma- Figure 1. Radioluminescence spectra of the
terial, a disordered defect cubic pyrochlore in Wthh three hafnate ceramics and comparison with
the cation sites are randomly occupied by either Lu’® BGO. Numbers below ID tags indicate total
or Hf*" ions [6]. While the Ce activator could enter (Spectrally integrated) light relative to BGO.
the lattice substltutlonally in either site, the ionic radius of Ce’" is considerably larger than that of
Lu**, while Ce* fits quite nicely into the Hf site. Thus the great preponderance of the cerium goes
in as a tetrapositive ion, which happens not to emit at all, rather than as the strongly emitting 3+ ion
needed for scintillation. We attempted to stabilize the desired tripositive state by codoping with
fluorine ions, but we were not successful in improving the light output.

100
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o o o
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Barium hafnate showed different problems Here the size of the lattice site was not the prob-
lem since Ba®" is actually larger than Ce®" and its lattice site will easily accommodate this dopant
in the 3+ state. Consequently here we needed only to avoid substantial exposure to oxidizing
conditions and to add a corresponding amount of AI’" as a codoping substituent for Hf*" to pro-
vide charge balance. Unfortunately, barium hafnate posed a more subtle problem: As it turns
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out, the vapor pressure of barium oxide at the temperatures required for hot pressing to full den-
sity is high enough to lead to substantial barium deficit, particularly at higher processing tempera-
tures. In principle, this could be addressed by providing a suitable excess of barium content in
the starting powder, but this quantity would necessarily vary depending on the temperature and
duration of the consolidation step, making it extremely difficult to define optimum consolidation
conditions. Thus, even though we were able to fabricate BaHfOs:Ce ceramics of adequate trans-
parency (this cubic material does, after all, have full optical isotropy), its scintillation light yield
was substantially less than that of its strontium counterpart (again see Figure 1), and remained so
despite numerous variations in consolidation conditions or post-treatment. We even explored the
potential of mixed crystals (that is, introducing into the barium hafnate lattice as much strontium
as it could accommodate without losing its cubic structure), but to no avail. The details of these
efforts have already been presented in an earlier report.

This left us with strontium hafnate as the most promising candidate material for this program. The
material is by no means ideal: For one thing, it poses the same vapor pressure issue as its barium
counterpart, but at a far more tractable magnitude. Also, its structure is orthorhombic rather than
cubic, albeit with relatively small refractive index differences. But the material has two compelling
factors in its favor: It can indeed be consolidated into fully dense transparent optical ceramics of suf-
ficiently high quality for scintillator application, as we have already demonstrated; and it consistently
displays the highest light yield. Consequently, we decided that the most prudent course of action for
the latter part of the program was to concentrate our effort on the strontium hafnate material, which
we judged would give us the best chance of reaching our goal. We discuss this in more detail below.

3.2. PowDER DEVELOPMENT AND CONSOLIDATION

An accepted truth in ceramic technology is that the product is only as good as the powder
from which it is made. In order to manufacture transparent optical ceramic (TOC) scintillators, it
is crucial to have good precursor powder with the right composition. Moreover, the particle size
of the powder must be appropriate to the specific technology used for consolidation to full density.
Consequently, much attention was focused on powder optimization, an iterative development
effort in which the results of the consolidation experiments provided the primary guidance.
Moreover, since we were applying two different powder densification technologies, hot pressing
and sinter-HIPing, it is not surprising that the optimal requirements for starting powders were
found to differ substantially. In particular, sinter-HIPing requires smaller particle size than hot
pressing, in order to enable achievement of closed porosity at lower temperatures and without
excessive grain growth. Since we have already presented the details of the powder development
effort in previous reports, we present in the following only a brief summary of the results.

3.2.1. Solid State Synthesis

The simplest technique for powder synthesis was by means of solid-state reaction. This term is
often used to describe interactions where neither a solvent medium nor controlled vapor-phase in-
teractions are utilized. Materials are prepared using furnaces, which allow reaction between chemi-
cals to be conducted at temperatures up to 2000°C. For the synthesis of strontium hafnate, we used
the solid-state reaction between SrCO; and HfO, to produce StHfOs:Ce. Here we used stoichiomet-
ric amounts of SrCO; [Alfa, 99.99%] and HfO, [Cerac, 99.95%]. The two compounds were mixed
and milled for several hours in isopropanol [Alfa, ACS] using zirconia media. After drying, a
small amount of Ce(NO3)3:6H,0 [Aldrich, 99.999%], AI(NO3);-9H,0 [Aldrich, 99.997%], and a
molar excess of oxalic acid dlhydrate [Alfa, ACS] was added. The alummum was added as a co-
dopant to compensate for the charge mismatch that occurs when Ce enters a lattice site that would
otherwise be occupied by Sr*". By substltu‘ung4 for Hf*', the AI*" corrects the charge imbalance
that would otherwise allow the insertion of Ce™ into Hf1 lattice sites, with adverse impact on the
scintillation properties of the ceramic. The mixture was milled overnight while allowing for the
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evaporation of CO,, which is released during the reac-
tion between the oxalic acid and the metal carbonates.
The resulting slurry was dried overnight, calcined in
air at 1200°C for 4 hours and calcined in forming gas
(95% N, 5% Hy) at 1200°C for 4 hours. Finally, the
powder was sieved using a -100 mesh nylon screen.

The smallest average particle size that we were
able to achieve through such synthesis was on the
order of half a micron (Figure 2). While this was
too high for the sinter-HIP process, our in-house
powder did ultimately give very good results by
hot pressing, as will be seen later.

Unfortunately, our results with powder de-
veloped by an external vendor, TransTech Corp.
(Adamstown, MD), were nowhere nearly as success-
ful. With an eye toward eventual commercializa-
tion, we had chosen TransTech as a potential sup-
plier on the basis of their extensive experience with chemically similar materials, such as
strontium titanate. Indeed their powders showed good physical characteristics, with a particle
size on the order of 0.5 — 2 um and good morphology. However, both of their hafhate powders
(strontium as well as barium) simply did not produce adequate specimens by means of hot
pressing, with sample after sample showing evidence of departure from stoichiometry as well as
a persistent intergranular glassy phase containing high levels of silicon and carbon. The
presence of such foreign phases proved to be an insurmountable barrier to the achievement of
transparency with the TransTech powders, and this effort was ultimately abandoned.

3.2.2. Sol-Gel Synthesis

We did, however, also explore a wet chemical technique, namely the sol-gel process. This
starts with a solution (“sol”) of inorganic/organic precursors, which is then subjected to chemical
treatment to produce an integrated network (“gel”). Typically, the precursors are metal alkoxides,
which undergo hydrolysis and condensation reactions to form a system composed of solid parti-
cles dispersed in the solvent. When dried, the gel transforms into a powder having a relatively
small particle size (on the order of 1 micron), with fairly narrow size distribution.

Figure 2. SEM micrograph of strontium haf-
nate powder synthesized by solid-state reac-
tion. The average particle size is ~600 nm,
but with some larger (2-2.5 pm) agglomerates.

For this program, we synthesized strontium hafnate doped with trivalent cerium by using
stoichiometric amounts of Sr(OCs;Hy), [Strem, >95%], Hf(OC,Hs)s [Gelest, >95%], a small
amount of Ce(NO3)3;-6H,O [Aldrich, 99.999%], and Al(NO3);-9H,0 [Aldrich, 99.997%]. The
starting materials were dissolved in methoxyethanol to obtain the sol. The elaboration proceeded
by adding a few hundred milliliters of de-ionized water to the sol which immediately yielded a
thick gel of polymer chains of strontium hafnate. Subsequently, the gel was dried at approximate-
ly 100°C for about 24 hours to remove water and the remainder of the methoxyethanol solvent.
Next, the gel was calcined in air at 1000°C for about 6 hours to burn off residual organic com-
pounds, and calcined in forming gas (95% N, 5% H,) at 1200°C for about 4 hours. Finally, the
powder was milled in isopropanol using yttria-stabilized zirconia media for about 8 hours, dried,
and sieved using a -100 mesh nylon screen.

Size analysis of this powder indicated that a relatively large particle size of about one micron
was obtained after calcination. Repeated calcining studies showed that due to the nature of the sol-
gel process, the formation of StHfOj; particles from the sol-gel network proceeded quite rapidly and
submicron particles could not be obtained. Consequently, this technique was not deemed suitable to
provide submicron StHfO;:Ce powders for use in sinter-HIPing. Moreover, while the sol-gel pow-
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ders would indeed be suitable for hot pressing, we did not feel that they provided any profound
advantage over solid state reaction that would justify the high cost of the starting materials (metal
alkoxides) particularly with regard to the ultimate commercial manufacture of StHfO;:Ce TOC.

3.2.3. Combustion Synthesis

Unfortunately (as described above), the solid-state reaction approach proved unsuitable to pro-
duce the submicron powder needed for sinter-HIPing. The need for a high calcination tempera-
ture (~1200°C) to obtain phase-pure hafnates invariably caused an unacceptable increase in parti-
cle size. One approach to resolve this conflict utilizes combustion synthesis. This process, which
is characterized by fast heating rates and short reaction times [7], can provide finely divided pow-
der at temperatures significantly less than those used in equivalent solid state reactions. The
process involves an exothermic reaction
between metal nitrates and a fuel such as
citric acid, EDTA, or carbohydrazide.

100 A f

80 —Distribution
—— Cumulative

To prepare StHfO3:Ce powder by the com-
bustion approach, we used Sr(NOs), [Alfa,
99.95%], Ce(NO3)3-6H,0 [Aldrich, 99.999%],
HfO(NO3),-2H,0 [NOAH, 99.95%], with cit-
ric acid or carbohydrazide as fuel. This pro-
duced powder of the appropriate stoichiome-
try and phase purity, with a particle size dis-
tribution shown in Figure 3. Here we see an .
average particle size of about 170 nm, consid- o 100 200 300 400 500 600
erably finer than the approximately half mi- Particle size (nm)

cron that we obtained with solid state synthe- rijgyre 3. particle size distribution of StHfO5:Ce pow-
sis. Note the single-mode nature of the distri- der synthesized by the combustion-synthesis method.
bution, with no evidence of agglomerates.

Unfortunately, however, the extremely exothermic reaction gave us great difficulty in
controlling the synthesis and in most cases only a fraction of the powder could be recovered.
Also, the stress to the laboratory equipment used was unacceptably high and in one case resulted
in the destruction of the reactor vessel. Consequently, we rejected this method to produce
SrHfOs3:Ce nanopowder; although the technique in theory could provide high-quality starting
material for a sinter-HIP approach to the manufacture of SrHfO;:Ce TOCs, we felt that the
following technique was far more appropriate.

3.2.4. Flame-Spray Pyrolysis

The core technology of this effort consists of specially controlled Liquid Phase Flame Spray
Pyrolysis (L-FSP), which has been successfully used to prepare a wide variety of mixed metal oxide
nanopowders with controlled and optimized composition, purity, phase, morphology, and nano-
structure. Although also a combustion technique, this approach differs from the previous one in that
the combustion is induced rather than intrinsic. Here we have organometallic precursors dissolved
in a combustible organic solvent and sprayed as a fine mist into a reaction chamber where it ignites.
Thus the reaction temperature is defined not by the kinetics of the chemical reaction but rather by
the dynamic steady state conditions in the flame as established by the pressures, concentrations and
feed rates of the reactants. This makes the conditions far more controllable, and the product far more
predictable, than in the previous case. Since the synthesis of nanoparticulate powders involves
highly specialized experience and technology, this effort was carried out by a commercial vendor
of such powder, Nanocerox Inc. (Ann Arbor, MI), which is an established leader in the field.

[e2]
o
L

Intensity (a.u.)

IS
S}

20 1

The strategy of flame synthesis in general is well known and has been used industrially for the
production of carbon black for well over 100 years [8]. The hydrolysis of volatile precursors such as
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SiCly and TiCly are used today to produce kiloton quantities of high surface area SiO, and TiO, pow-
ders [9]. The unique variation practiced by Nanocerox, so-called Liquid Phase Flame Spray Pyroly-
sis (L-FSP), relies on controlled combustion of stoichiometric mixtures of soluble metal precursors
dissolved in a flammable carrier solvent. It has been patented by the University of Michigan, where
the core concepts were originally developed, and
licensed exclusively to Nanocerox [10]. After sev-
eral years of development, the original technology
has been refined and expanded in scope, such that the
custom synthesis of a large catalog of mixed metal
oxide nanopowders is now routine [11].

Hafnates, however, were not a part of Nano-
cerox’s product line, necessitating a significant de-
velopment effort to identify the proper fabrication
conditions. Although this was ultimately quite suc-
cessful (see Figure 4), it did limit the time we had

AccV  Spot Magn  Det WD F————— 1]m
available fOI' a concerted Stlldy Of the sinter-HIPed 10.0 kY 30 20000x SE 120 1RE169 SrHIO3Ca Al 600C2h -60

ceramic itself. Nevertheless, we were able to amass
a substantial body of information on these materials,
details of which are presented in subsequent sections. means of Liquid Phase Flame Spray Pyrolysis
3.3. CERAMIC FABRICATION (L-FSP). The particles are spherical, with an

3.3.1. Hot Press Consolidation Process average size of ~40 nm.

Figure 4. SEM micrograph of strontium haf-
nate powder synthesized by Nanocerox by

As discussed in Section 3.2, all powders used in the hot pressing experiments were obtained
via solid state synthesis. The single-phase nature of these powders was confirmed by XRD, al-
though these measurements could not preclude the presence of small amounts (up to ~1%) of
foreign-phase contamination, which could be detected only by microscopic examination of con-
solidated disks. While this should not substantially affect scintillation performance, the impact
on transparency can be substantial, and will have to be addressed.

The hot pressing process proceeded as follows: First, a predetermined volume of powder
was charged into a graphite die whose walls were coated with boron nitride. The die was placed
in the hot press chamber and the system evacuated to below 100 mtorr. Mechanical pressure was
applied through a graphite piston as the temperature was raised. The ceramics were hot pressed
at different temperatures and held at each temperature for 2 hours while subjected to 8,800 psi
uniaxial pressure. After hot pressing, the samples were polished before characterization.

3.3.2. Sinter-HIP Consolidation Process

For sinter-HIP consolidation, we used only the sub-micron powder supplied by Nanocerox. This
powder was subjected to the same pre-consolidation screening by XRD as had been applied to the
product synthesized by solid state reaction. Here, however, the diffraction patterns were less satisfac-
tory, with broad lines suggestive of a highly disordered or even amorphous network, and indications
of incomplete reaction between the constituent oxides. While calcination at z00 C could largely
correct this problem, we found that it made little difference in the final (consolidated) compact.

Unlike hot pressing, which directly transforms loose powder into fully dense ceramic, sinter-
HIPing has at least three distinct stages. To begin, the starting powder is compacted into a self-
cohesive mass (at or near room temperature) by external force alone, applied first by a mechani-
cal press and then by cold isostatic pressing. This forces the individual powder particles into as
close proximity as possible, so as to maximize the effectiveness of the sintering step to follow
At this point the so-called green body has a density some 55-60% of that of the single crystal.

In the next step this green body is placed in a furnace (in vacuum or diffusible gas atmosphere)
and slowly raised to a temperature high enough (typically y000 C, some a00 C below the melting
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point) for material diffusion to take place between neighboring particles, at a rate sufficient to
seal off all residual porosity and isolate it from the external environment. Now the density must
be at least 92% of the fully dense crystalline phase; any lesser value is taken as an indication that
closed porosity has not been achieved, and that subsequent HIPing will not succeed.

In the last step, the successfully sintered compact is placed into a hot isostatic press, where it
is again heated to a temperature about the same as (or perhaps a bit more than) that at which it had
been sintered, but now while immersed in a nondiffusible gas (typically argon or nitrogen) that is
pressurized on the order of 50 ksi. Holding the specimen under these conditions drives the resid-
ual pores to close or diffuse out of the bulk of the compact, bringing it to essentially the same den-
sity as that of the single crystal (>99.5%), but in the form of a pore-free polycrystalline mass.
Finally (as before), the specimens were polished prior to evaluation.

3.4. EVALUATION OF HOT-PRESSED STRONTIUM HAFNATE

The various hafnate specimens were subjected to a comprehensive series of characterization
measurements. Many of the BaHfO; and Lu,Hf,05 results have been presented in previous reports
and will not be repeated here. Both of these materials exhibited their own unique attractions, but, for
reasons discussed earlier, ultimately fell by the wayside. Consequently the subsequent discussion
will focus on the strontium hafnate material, which we deemed to have the greatest potential as a scin-
tillator for nuclear physics applications. Each type of relevant measurement will be discussed in turn.

3.4.1. Chemical Fidelity

Prior to any consolidation experiments, a primary consideration is the chemical integrity of
the material. As we had noted earlier, we had a great deal of concern regarding whether the non-
negligible vapor pressure of SrO at processing temperatures could be a factor in driving the material
off stoichiometry during the synthesis or consolidation processes. Consequently, we ran a series of
tests on powders specifically prepared with various proportions of the constituent oxides, SrO and
HfO,. These powders were then calcined at temperatures ranging as high at 1200 C, followed by
chemical analysis by ICP (Dirats Laboratories, Westfield MA) and crystallographic analysis by XRD
on a Bruker AX.S dlffractome- Table 1. ICP Analysis of Strontium Hafnate Powder
ter at Boston University. S

Table 1 shows the results | Nominal Composition ICP (mol%) (Sr+Ce)
of ICP analysis on two differ- Sr | Hf'| cCe Al | (HT+Al)

ent STHfO3:Ce powder batch- | St 00sCep 00sHfo.905A10.00503| 0.318 | 0.316]0.00105(0.00196| 1.003

es made with 0% and 10%
excess strontium oxide (SrO), Sr1.To95Ceolo_ostol9951_Xlo.00593 0.34210.304 10.00070|0.00451| 1.111
excluding ZrO, impurities

respectively. Here we see that
the initial proportions of the constituents, with or

without excess SrO, are preserved in the calcined L

SrHfOs:Ce powders. Thus it would appear that no

significant amount of SrO escapes during calcina- 3

tion, even at temperatures as high as 1200°C. i | l ) l e G o
X-ray diffraction (XRD) spectra of StHfO3:Ce @ A | . l 7,050 sy sl s s

powders synthesized with different amounts of £ [ [

SrO are shown in Figure 5. The standard ICDD L A e

XRD pattern of orthorhombic SrHfO; (PDF card o B | X l ) om0t Tonlosed®

No. 01-089-5606) is also shown, as reference. All ] . Standard SrHIO

diffraction patterns of SrHfOs:Ce powders confirm 20 30 40 5'0 "800 70 80 90

their orthorhombic structure regardless of any ex- Two Theta (°)

cess amount of SrO. These observations are in Figure 5. X-ray diffraction spectra of various
contrast with those of Villanueva-Ibafiez et al. [12] strontium hafnate powders.
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where monoclinic HfO, impurities were observed for 0.66 < Sr/Hf < 1.04. We attribute the
presence of HfO; in their powders to their inhomogeneous preparation by the sol-gel method.

Note that XRD measurements do not detect free SrO in the SrHfO3:Ce powders, even when
ICP data clearly indicate the presence of excess Sr over Hf. A possible explanation would be the
formation of a solid solution of SrO and SrHfO; in the Sr-rich range (St/Hf > 1) of the HfO,-SrO
phase diagram [13]. However, at the moment we cannot confirm this hypothesis.

3.4.2. Phase Fidelity

Although our concerns about compositional drift have been largely allayed, this does not hold
true for the crystallographic structure as well. Indeed (as mentioned previously), StHfOs exhibits
several phase changes in the solid [14]. Consequently, we performed both Differential Thermal
Analysis (DTA) on powders and Thermal Expansion measurements on hot-pressed ceramics, with
the intent to quantify these effects. DTA measurements were performed using a TA Instruments
SDT Q600 using an alumina reference in flowing argon. Approximately 35 mg of StHfO3; powder
was measured. The furnace temperature was increased at a rate of 3°C/min. up to 1450°C, held
for 2 hours and subsequently decreased at a rate of 5°C/min. The software provided with the Q600
was used to calculate the heat flow. Thermal Expansion measurements were performed at Netzsch
Instruments (Burlington MA) using a DIL 402C vacuum-tight, horizontal pushrod dilatometer.
Ceramic samples were mounted on an alumina
holder and heated at a rate of 5°C/min. The ther- 50 -
mal expansion was measured from 100 to 1400°C,
using sapphire as calibration standard. 40

Heat flow measurements as function of tempera-
ture, shown in Figure 6, clearly indicate the pres-
ence of several transitions in the temperature range
500-1400°C. Kennedy and Howard [14] conclud-
ed that STHfO; can exist in four phases, two ortho-
rhombic, one tetragonal and one cubic. At room .
temperature, the phase of SrHfOs is orthorhombic 0' Ramp 0O :

(Pnma) which rearranges into a second orthorhom- 0 200 400 600 800 1000 1200 1400
bic phase at 500£100 C (Cmcm). Subsequently, Temperature (°C)

the material transforms into a tetragonal phase Figure 6. Differential thermal analysis (DTA)
(I4/mcm) at 675+75C, and finally converts into of SfHfO;:Ce powder.

the cubic (Pm3m) structure at 1105+25C; i.e.,

673-873K 873-1023K
S e

304

20

Heat Flow (mW)

104

Pnma Cmcm T4/mem 2551408 prgm .

These transition temperatures are indicated in Figure 6 by dotted lines. The most evident transition is
that from I4/mcm to Pm3m, corresponding to a local minimum in the heat flow measurements at
~1100°C. The transitions from Pnma to Cmcm and from Cmcm to 14/mcm are not readily apparent.
From the lattice constants, we derived the approximate densities of the various StHfOs phases (see
Table 2). Overall, the density decrease

from Pnma to Pm3m is about 3%. Table 2. Calculated densities of the STHfO; phases
The thermal expangion behayior_of Structure | SPace Cell V)%\l- 7 DenSI'gy Density
a SrHfO;:Ce ceramic is shown in Fig- group | ume (A) (g/cm”) | Change
ure 7. Note that the dotted curve de- |Orthorhombic| Pnma | 26970 | 4 | 7.736
scribing the mean thermal expansion ; -1.59%
coefficient (o) shows sudden changes Orthorhombic| Cmem | 548.09 | 8 7.613 1.12%
in slope at about 670°C, 1060°C and | Tetragonal |I4/mcm| 27537 | 4 | 7.577 047
1350°C. The first two can be related Cubic Pm3m | 69.62 1 7492 170

to the phase change from Cmcm to

10
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I4/mcm, and from I4/mcm to Pm3m, respectively.
Even without these irregularities the curve is decid-
edly nonlinear, rising significantly with tempera-
ture at the lower end of the range but leveling off
at about 10x10°K™" by ~1100°C. The solid curve
showing the total linear expansion (averaged over
all grain orientations) is much smoother, with
barely perceptible jogs or slope changes over the
entire temperature range.

Yamanaka et al. [15] obtained similar results for
the density and thermal expansion coefficient. In
addition, the Young’s modulus and Vickers hard-
ness of a sintered sample was found to be 219.8 and
9.31 GPa, respectively, making SrHfO;:Ce a some-
what harder but equally stiff material compared to
other perovskites such as SrZrOs; and SrTiO:s.

The implications of the observed phase transi-
tions for the achievement of a high degree of trans-
parency in the ceramic are not immediately appar-
ent. What is important here is not the magnitude
of the average bulk properties but the extent to
which they vary with crystallographic orientation.
Although the transitions are an undesirable compli-
cation, the density changes and irregularities in ther-
mal expansion are small enough to minimize the
chances of self-destruction through thermal stress.

3.4.3. Microstructure of the Ceramic

The next thing we examined was the influence
of chemical composition on the microstructure of
the StHfO3 ceramic. For this we fabricated speci-
mens from two batches of STHfO3; powder contain-
ing 0.5 mol percent each of Ce’” and AI’". The
only difference was that one was stoichiometric
with regard to SrO and HfO, (i.e., in 1:1 ratio),
while the other had a 5 mol percent excess of SrO.
The resulting microstructures are shown in Figures
8 and 9, respectively. Here each grain is seen in its
own distinct shade of gray, presumably because
their differences in orientation affects electron chan-
neling and hence signal intensity*. The digits super-
imposed on each figure identify five points in each
specimen that were chosen for microprobe meas-
urements, four within well-defined grains and one

* The various levels of gray cannot be due to atomic number
backscattering differences, since the grains have virtually iden-
tical chemical composition (See Table 3). Also note high
incidence of trapped porosity; this indicates overly rapid grain
growth, which was subsequently corrected (see Figure 10).

1

duiL,
w0 -
o

Alpha (10° K™)

1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 7. Thermal expansion of SrHfO;:Ce ce-
ramic. The solid and dotted lines represent the
linear expansion and change in expansion coeffi-
cient (alpha), respectively.

BES17
Figure 8. Microprobe photograph of strontium
hafnate ceramic made from stoichiometric pow-
der (i.e., Sro.995Ce0.005sHf0.995Al0,00503).

BES13

Figure 9. Microprobe photograph of strontium
hafnate ceramic made from powder containing 5%
excess SrO (i.e., Sty oasCeo.00sH0.995A10.005s03.05)-

11
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at a grain boundary or triple point. Table 3. Elemental content at designated locations in StHfO; ceramic
As .shown in Table 3, each of the Composition (weight percent)
grains has an elemental content in | Excess Sr | Label

good agreement with the nominal Sr Ce Hf Al ©
composition of the bulk, but with nominal*| 27.80 | 0.22 | 56.63 | 0.04 | 15.31
one key exception: almost none of 1 2728 | 021 | 5633 | 000 | 16.17
the grains contains any detectable

aluminum. In contrast, the phase at .none 2 27.22 | 023 | 56.54 | 0.02 | 15.99
the triple point is not only deficient | (Figure8) | 3 27.28 | 0.30 | 56.10 | 0.00 | 16.32
in hafnium anﬁ celrliur%l,hbut1 also 4 27.74 | 0.24 | 56.23 | 0.01 | 15.78
contains virtually all ot the alumi-

num, at a level more than two orders 5 2729 | 022 | 56.26 | 0.00 | 16.23
of magnitude greater than theoreti- nominal*| 28.72 0.22 56.63 0.04 | 15.31
cal. Moreover, this is not an iso- 1 2758 | 021 | 57.06 | 0.00 | 15.15
lated occurrence, but was found 50, 5 2787 | 0.19 | 56.65 | 0.00 | 15.30

everywhere measurements were _
made, over the entire surface of | (Figure9) 3 27.47 | 0.21 | 56.98 | 0.00 | 15.34

the cer%rPic specimens. It appears 4 26.17 | 0.07 | 45.66 | 6.19 | 2191
that Al’", which is essential for 5 2759 | 0.16 | 56.95 | 0.00 | 15.30

. 3+

fsh:‘;gheeszggggcs){ig; ne?(ff;glee d goﬂ; * i.e., according to formulas stated in the respective figures.
the host lattice, or is never accepted in the first place. Either way, its absence annuls the purpose of
charge compensation, namely to prevent the formation of Ce*" located at Hf*" lattice sites, with ad-
verse impact on the emission of the ceramic. Note that both specimens have the same Sr content re-
gardless of whether excess was present in the powder. Each grain appears to be homogeneous, with
no secondary phase. Since no signs of strontium depletion had been seen in the calcined powder
(see Section 3.4.1), we assume that it was lost during hot pressing.

We also studied the dependence of grain size on hot-press temperature. Figure 10 shows
SEM micrographs of strontium hafnate ceramics hot-pressed at 1500, 1600, and 1700°C. At
1500°C the grains are approximately 1 um and equiaxed. However, at 1600°C the grain size
distribution is decidedly bimodal, with the large grains having straight sides. This is usually an
indication that grain growth was controlled by a grain boundary liquid phase. Since SrO is lost
during hot pressing and Al,O; segregates at grain boundaries, formation of a liquid phase is
probable. By 1700°C the small grains are no longer present, once again revealing a near equi-
axed structure, albeit with grains some two orders of magnitude larger.

3.4.4. Optical Properties of the Ceramic

To evaluate the transparency of SrHfOs:Ce ceramics, visual inspection using a light box and
measurements of the angular distribution of scattered light were performed. Conventionally, a ce-

1500°C 1600°C 5 < 1700°C

Figure 10. Grain size of SrHfO; ceramic as function of hot pressing temperature. Magnification 2500x.

12



Radiation Monitoring Devices, Inc.,

ramic sample is placed directly onto

BNL-91284-2009

Contract No. DE-FG02-05ER84160

a back-lit pattern, taking the sharp- y A . /-" ; 4 .. ﬂ
ness of the pattern perceived 1450 1500 f 1600 - 1700
through the specimen as a measure \—/ ) K _ y '

of its transparency. This is termed
contact transparency. But full trans-
parency (which is our ultimate goal)

sequently, we also examined the ce-
ramics in terms of the more stringent
property of distance transparency,

does not involve direct contact; con- ( 1450 ) 'k 1500 (

S——

Figure 11. Transparency of specimens hot-pressed at the indi-

with the specimens placed I ¢m  (aed temperatures (°C). Upper picture shows specimens in
above the back-lit pattern. InFigure  .ontact with text; lower, 1 cm above text.

11 we see how the temperature of hot
pressing affects the transparency of the
SrHfO;:Ce ceramic specimens under the
two different conditions of observation.
Note that while the contact transparency
hardly varies at all, there is a progressive
loss of distance transparency with
increasing hot press temperature.

Although the above gives us a quali-
tative indication of the transparency of
SrHfO;:Ce ceramics, it is not adequate to
determine if a sample will transmit an
image of a more distant object, such as
would be perceived though a glass window.
In order to obtain a quantitative measure
of the transparency, we used a Stover scat-
terometer (Figure 12) to examine the ex-
tent to which a light beam is degraded, as
function of angle from the incident beam,
upon passing through the SrHfO;:Ce ce-
ramic specimen. The spectra (Figure 13)
consist of two distinct features: a relatively
low-level background that rises to a broad
maximum centered at zero degrees, corres-
ponding to light that has been scattered;
and a tall sharp central peak generated by
forward-propagated light that passes
through the sample without being scattered.
This is a fundamental distinction: while
forward-scattered light can provide contact
transparency, imaging of distant objects
depends on light passing unscattered di-
rectly through the specimen®*. Thus we

* This is why simple in-line transmission fails as cri-
terion; it records all forward-propagated light, mak-
ing no distinction for whether it has been scattered.

Signal
--------------------- Detector

«"d. -
e
.-"f ol
Chopper / Y kY
LASER .N s e ——
Specimen
Beam 3
Monitor 1"\
R“‘*-... o
COMPUTER

Motion & Aperture Control;
Data Acquisition

1450°C 3

1600°C

Intensity (a. u.)

10-2 il Y T M R R P
43-21-5-1 1 51234

I iy il |
-30 -20 -10 -5 0 5 10 20 30
Angle (degrees)
Figure 13. Scatterometer traces of the four SrHfOs:Ce
samples shown previously in Figure 11, hot-pressed at
the indicated temperatures. The y-axis is logarithmic to
accommodate the great dynamic range, while the x-axis is
scaled as square root of angle so as to display a broad an-
gular range without losing detail at small angles.
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can quantify the true (remote) transparency of
various specimens by means of the relative Y 0% excess Sr
magnitudes of their central peaks.

The heights of the central peaks show a well-
defined inverse relationship with the hot-press
temperature. From 1450°C up to 1700°C, the
transparency of the SrHfO;:Ce samples de-
creases from 24.2% to 0.55% relative to that of |
glass. Thus, these measurements confirm that 5% excess Sr |~
samples whose contact transparencies are virtu- ' y
ally identical can differ widely when used for im- I
aging remote objects (see Figure 11), and that to . .
maximize the latter, hot-pressing of StHfO3:Ce 300 V\?OO N 500 600
should be done at the lowest possible tempera- avelength (nm)
ture consistent with achieving full density.

3.4.5. Radioluminescence of the Ceramic

The radioluminescence of SrHfO;:Ce ce- : , : , : , :
ramics is affected by many factors, both chemi- L e 1800°C -
cal and physical. The next two figures present .
two of these influences. Figure 14 shows the - T areere
effect of various concentrations of excess Sr in Y 72 1600°C
the initial powder batches. Also shown is the
spectrum of a BGO crystal for comparison. The
spectrum of StHfO3:Ce consist of a broad emis-
sion band in the near UV and visible violet spec-
tral region, which is attributed to the 5d—4f i
transition of Ce** [17]. The radioluminescence i
intensity of the SrHfO;:Ce ceramics decreases
dramatically with an increasing amount of ex-
cess Sr. To the extent that the hafnate lattice can
accommodate this excess in solid solution, it
would introduce a charge imbalance that could Figure 15. Radioluminescence spectra of stoichio-
be redressed by the conversion of some of the metric SrHfO;:Ce ceramics hot-pressed at various
Ce’" activator to the nonradiative tetravalent temperatures.
state. While this is only speculative, it is consistent with the known chemistry of the corresponding
strontium cerate (SrCeQs), and would explain the observed luminescence decrease.

Figure 15 shows how the radioluminescence spectra of stoichiometric StHfO5:Ce ceramics
(no excess Sr) are affected by the temperature at which the specimens were hot-pressed. Here we
see that the luminescence intensity of the stoichiometric samples increases with hot-press
temperature, although the range of variation is much smaller than in the previous case. Thus we are
faced with a trend conflict, with optimal transparency at the lowest of the acceptable hot pressing
temperatures, but optimal emission at the highest. Nevertheless even the worst of the three is
substantially brighter than BGO, so that it may yet be feasible to reach an acceptable trade-off.

3.5. EVALUATION OF SINTER-HIPED STRONTIUM HAFNATE

The sinter-HIP approach to the fabrication of strontium hafnate ceramics became a feasible
alternative to hot pressing only quite late in the program (essentially the last nine months), when
nanopowders of the material became available from Nanocerox. Consequently, studies of the con-
solidation process and evaluation of the resulting specimens could not be conducted at quite as

2% excess Sr

Intensity (a. u.)

Figure 14. Radioluminescence spectra of StHfO;:Ce
ceramics made from powders containing various con-
centrations of excess Sr.

Counts (a. u.)

_BGO

1 " "
400 500 600
Wavelength (nm)

1
300
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comprehensive level as for the hot pressed material.
Nevertheless, evidence thus far indicates that the
technology has great promise, and work beyond
the expiring SBIR program is continuing in-house
as time and resources permit. The next two sec-
tions summarize the state of this effort.

3.5.1. Similarities with Hot-Pressed Material

Itis reasonable to expect that once processes are
optimized, the properties of fully dense transparent
strontium hafnate ceramics should be independent
of the manner by which they were fabricated. For
many of the physical observables this is largely
true. Certainly the issue of Phase Fidelity (Section
3.4.2) is as relevant with regard to sinter-HIPing
as for hot pressing. Kinetics aside, the various
phases themselves and the transitions between
them are strictly material properties, and do not
depend on processing conditions. We have not
found these transitions to be a major impediment
to the achievement of fully dense and transparent
optical ceramics by means of hot pressing, and we
have encountered no evidence to the contrary in
the sinter-HIPing as well.

With regard to Chemical Fidelity, the same com-

ments apply. In sinter-HIPing as with hot pressing |

the deliberate addition of extra SrO to forestall
strontium loss during processing is deleterious to
the radioluminescence (compare Figures 16 and
14). Moreover, the ultimate grain sizes are quite
comparable (see Figure 17), although with sinter-
HIPing the change-over from submicron to large
grains appears to occur at somewhat lower tempera-
tures. And, finally, sinter-HIPing has achieved a
respectable level of contact transparency (see Fig-
ure 18), although a comparable level of distance
transparency is yet to be reached.

3.5.2. Differences with Hot-Pressed Material

However, the sinter-HIP process still has quite
a ways to go before it can reach the level already
demonstrated by hot pressing. The latter has a two-
year head start, and sinter-HIPing still has many
more problems that remain to be resolved. Most
notable of these (and clearly evident in Figure 17) is
the abundant presence of an apparent glassy phase
(or at least one that had been molten at sintering tem-
perature). From EDS measurements (Figure 19)
this anomalous phase appears to have a composition
resembling that of the grain proper, but with a Hf:Sr

100 T T T T T T T T T T T T

80 -

Stoichiometric
60 |-
40 -

: BGO .
20 Excess SrOf(1 mol%)

Intensity (arb. units)

, — S X
300 400 500 600
Wavelength (nm)

Figure 16. Radioluminescence spectra of sin-
tered SrHfO;:Ce disks made from powders with
and without excess SrO.
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Figure 17. SEM micrograph of sinter-HIPed
SrHfO;:Ce disk, showing grain structure and
residual inhomogeneities. Top picture shows
sintered compact before HIPing; lower picture,
after HIPing.
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ratio some 75% higher. This phase is segregated at
the grain boundaries and may well be playing a sig-
nificant role in the growth of the grains. HIPing ap-
pears to remove most of this anomalous phase (again
see Figure 17), but remnants persist. It is difficult to
believe that these can be anything but deleterious.
Indeed, the high incidence of all inhomogeneities
(inclusions and pores along with the interfacial
phases) makes the achievement of any transparency
at all even more remarkable, and an indication of
the potential of the sinter-HIP approach. Clearly,
much further study is warranted.

4. CONCLUSION

We have studied the morphology, transparency,
and optical properties of STHfO3:Ce ceramics. Ce-
ramics can be made transparent by carefully control-
ling the stoichiometry of the precursor powders.
When fully dense, transparent samples can be ob-
tained. Ceramics with a composition close to stoi-
chiometry (Sr:Hf ~ 1) appear to show good trans-
parency and a reasonable light yield several times
that of BGO. The contact and distance transparen-
cy of ceramics hot-pressed at about 1450°C is very
good, but deteriorates at increasingly higher hot-
press temperatures. If these ceramics can be pro-
duced in large quantities and sizes, at low cost, they
may be of considerable interest for PET and CT.
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